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In 1990, Dr. E Donnall Thomas received the Nobel Prize for the development 
of hematopoietic stem cell transplantation. In the more than three decades 
since, the procedure has become much more frequently used, far safer, and 
increasingly effective at eradicating disease. In 1990, roughly 10,000 trans-
plants were performed annually worldwide. Today, that number has increased 
tenfold. Some of this increase is due to expanded donor availability, but 
equally important is the improved safety of the procedure, allowing its use in 
more settings and in older patients. When Thomas won the award, the risk of 
dying within 6  months from a complication of allogeneic transplantation 
approached 30%. Now, it is less than a third of that. As a result, cure rates for 
virtually every disease treated with transplantation have improved substan-
tially. Much of this progress is the result of improved methods to prevent and 
treat the most feared complications of the procedure, including acute and 
chronic infections, organ failure, and graft-versus-host disease.

Part of Thomas’s genius was his realization that the ultimate success of 
transplantation would require a team of experts from multiple disciplines 
focused on overcoming the various barriers to a successful outcome. 
Accordingly, he created his own multidisciplinary group, including pulmon-
ologists, infectious disease experts, gastroenterologists, nephrologists, etc. 
Other transplant programs around the world followed suit. The result of their 
combined efforts is that over the last three decades the frequency of virtually 
every morbid complication of transplantation has dropped markedly, in most 
cases by 75% or more. While this progress is reason to celebrate, still too 
many of our patients die of the procedure or are left crippled because of a 
transplant-associated complication.

Now, Dr. Ayman Soubani, a pulmonary and critical care specialist who has 
long been a leader in conducting research and caring for hematopoietic stem 
cell transplant patients, has assembled an outstanding group of colleagues to 
create a textbook addressing pulmonary and critical care issues in stem cell 
transplant patients. While most transplant textbooks focus on the diseases 
being treated, Soubani and colleagues instead orient this book around the 
prevention and treatment of transplant-associated complications. Limiting 
the scope of the book to transplant complications allows the editor to broaden 
the range of complications included in the text, including some significant 
ones that are often ignored, such as sleep disturbances and caregiver burnout. 
The focus also allows each chapter to go deeper into its respective subject. 
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The authors of the individual chapters come from the leading transplant cen-
ters worldwide, thus providing a diverse, global voice.

By combining their expertise, Soubani and his coauthors have created a 
book that will be an extremely valuable resource for researchers and caregiv-
ers from all the multiple disciplines who come together to care for patients 
undergoing hematopoietic stem cell transplantation. But it goes further than 
that. The history of transplantation is now being echoed as a tsunami of novel 
immunotherapies and gene therapies are upon us. These new technologies 
offer enormous promise, but they also come with significant, sometimes fatal 
complications. Some of these toxicities overlap with those of transplantation 
while others are unique to the specific intervention. In either case, the 
approach first taken by Thomas and now detailed by Soubani and coauthors 
of the creation of a multidisciplinary group of experts focused on overcoming 
the complications of new technologies will be vital for the ultimate success of 
these new therapies and others yet to come.

Division of Medical Oncology Frederick R. Appelbaum
University of Washington 
Seattle, WA, USA

Foreword I
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It is a privilege to have been asked to write the foreword for this textbook, 
Pulmonary and Critical Care Considerations of Hematopoietic Stem Cell 
Transplantation, edited by Professor Ayman O. Soubani, a leading expert in 
this field. Hematopoietic stem cell transplantation (HSCT) has a long history, 
with first use in humans dating back to the 1950s. Since then, the number of 
patients receiving this therapy has increased rapidly, with more than 22,000 
transplants performed in the USA in 2020 for both malignant (e.g., multiple 
myeloma, acute myeloid leukemia, and non-Hodgkin lymphoma) and non-
malignant (e.g., aplastic anemia and sickle cell disease) conditions. Many of 
these patients will develop acute complications affecting multiple organ sys-
tems, some of which may be predicted and limited or prevented with careful 
patient assessment and management. Often such complications require 
admission to an intensive care unit for specialized care. With the increasing 
numbers of patients with HSCT, it is thus essential that all acute care physi-
cians are aware of the possible complications.

In this comprehensive textbook, Professor Soubani has brought together, 
for the first time, 37 chapters covering all possible aspects of HSCT, from 
pulmonary, renal, neurological, and cardiac effects, through different infec-
tious complications, including COVID, to sleep disturbance in patients, ICU 
organization for HSCT recipients, and burnout in healthcare providers. Each 
chapter is written by international experts in the field, providing readers with 
expertise in the care of HSCT patients from around the world. Appropriate 
and relevant Figures and Tables are included in each chapter.

This textbook provides the very latest advances in the care of this specific, 
increasingly large patient population and I am sure it will be of value to all 
involved in the direct management of HSCT recipients and all who may be 
responsible for dealing with any associated acute complications.

Department of Intensive Care
Erasme University Hospital
Brussels, Belgium

Foreword II

Jean-Louis Vincent
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Hematopoietic stem cell transplantation (HSCT) is an important treatment 
that is increasingly offered around the world for a variety of malignant and 
nonmalignant conditions. The survival of HSCT recipients has been steadily 
improving because of advances in conditioning regimens, supportive mea-
sures, and management of complications. However, HSCT recipients con-
tinue to have issues related to pancytopenia, side effects of conditioning 
regimens, and GVHD and its management. These complications range from 
infectious to noninfectious and affect almost every organ, occasionally lead-
ing to critical illness requiring admission to the intensive care unit.

This book focuses on the spectrum of pulmonary conditions that may 
develop following HSCT. These conditions continue to be a major cause of 
mortality and morbidity in this patient population and range from infec-
tious—including bacterial, fungal, and viral—to noninfectious—such as dif-
fuse alveolar hemorrhage, idiopathic pneumonia syndrome, interstitial lung 
disease, and bronchiolitis obliterans syndrome. The chapters also provide an 
overview of the major complications associated with other organs that may 
lead to critical illness including cardiac, neurologic, gastrointestinal, and 
renal complications. Experts from around the world discuss risk factors, clin-
ical presentations, and advances in the diagnosis and management of these 
conditions.

This book is unique in several ways. It is the first work that is solely 
devoted to the topic of pulmonary and critical care complications of 
HSCT. While there are a limited number of works that address pulmonary 
and critical care issues following HSCT as part of the global discussion about 
transplant, there is no comprehensive textbook that provides such an in-depth, 
state-of-the-art presentation of the significant complications in this patient 
population. The authors represent a panel of international experts in this field 
who were able to successfully bridge the scientific basis of the conditions that 
lead to pulmonary and critical illness in HSCT recipients with the clinical 
knowledge necessary to provide the best care for this unique group of patients, 
both in the clinic and the intensive care unit. The chapters are written in a way 
that benefits all clinicians involved in the care of these patients including 
pulmonologists, intensivists, oncologists, and transplant specialists. It also 
informs specialists who are commonly involved in the management of HSCT 
recipients such as those in the fields of infectious disease, neurology, gastro-
intestinal, and nephrology. It provides insight on matters that arise during the 
care of patients such as provider burnout, nursing care, intensive care unit 

Preface
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organization, nutritional support, and pulmonary and physical rehabilitation. 
Researchers, students, trainees, and allied healthcare providers involved in 
the care of HSCT recipients will find comprehensive information about this 
patient population as well.

I am grateful for the willingness of these experts to share their experience 
and knowledge in this field. I also would like to thank Ms. Anila Vijayan and 
Margaret Moore with the Springer Publishing Group for their support 
throughout the process.

Detroit, MI, USA Ayman O. Soubani   

Preface
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 Introduction

Hematopoietic stem cell transplantation (HSCT) 
is an important therapeutic modality for several 
hematologic malignancies and benign condi-
tions. It is the only curative treatment for many 
patients. There are two major types of stem cell 
transplant: autologous which uses patient’s own 
hematopoietic stem cells to reconstitute the bone 
marrow and allogeneic in which hematopoietic 
stem cells from a donor (family member, unre-
lated donor, or umbilical cord blood) are used. 
According to the Center for International Blood 
and Marrow Transplant Research (CIBMTR) 
estimates, 11,557 autologous and 8326 alloge-
neic stem cell transplants were performed in the 
USA in 2020 [1]. The most common indications 
for HSCT in the USA in 2020 were multiple 
myeloma and lymphoma accounting for 58% of 
all HSCT [1].

 Autologous Stem Cell Transplant

The most common indications for autologous 
stem cell transplant (SCT) are hematologic 
malignancies such as multiple myeloma, amyloi-

dosis, and Hodgkin and non-Hodgkin lymphoma. 
Testicular cancer is the only solid tumor where 
autologous SCT is used as a curative modality. 
The mechanism of cure relies on the delivery of 
higher doses of chemotherapy (conditioning regi-
men) to overcome tumor cell resistance. The che-
motherapy chosen for transplant is usually one or 
more agents which have nonoverlapping toxici-
ties and provide appropriate antitumor activity. 
Hematopoietic stem cells are infused after condi-
tioning regimen to restore hematopoietic recon-
stitution as the high dose chemotherapy 
eliminates patients’ marrow. The timing of autol-
ogous SCT depends on the disease and disease 
status. In multiple myeloma, autologous SCT is 
most often performed as consolidation after ini-
tial myeloma therapy. In 2019, 7663 autologous 
SCT were performed for multiple myeloma. In 
other diseases such as Hodgkin lymphoma and 
diffuse large B cell lymphoma (DLBCL), autolo-
gous SCT is offered after failure of initial ther-
apy. A thorough pretransplant evaluation is 
performed to assess fitness for SCT which include 
bone marrow biopsy, EKG, echocardiogram, pul-
monary function test, chest X-ray, and assess-
ment of liver and kidney function.

 Collection of Stem Cells

Hematopoietic stem cells are harvested prior to 
transplant from either bone marrow (BM) or 

D. Modi (*) · J. Uberti 
Department of Oncology, Barbara Ann Karmanos 
Cancer Institute, Wayne State University,  
Detroit, MI, USA
e-mail: modid@karmanos.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28797-8_1&domain=pdf
https://doi.org/10.1007/978-3-031-28797-8_1
mailto:modid@karmanos.org


2

peripheral blood. Peripheral blood stem cells 
(PBSC) are now more commonly used due to 
ease of collection, rapid engraftment, less con-
tamination of infused cells with tumor cells, 
improved quality of life, and lower transplant- 
associated costs [2, 3]. No difference in disease- 
free survival was noted with PBSC compared to 
BM grafts [2, 4, 5]. Due to low concentration of 
stem cells in the peripheral blood, hematopoietic 
growth stimulating agents such as granulocyte 
colony stimulating factor (G-CSF) (10  μg/kg/
day) alone or G-CSF plus cyclophosphamide are 
administered for stem cell mobilization. A mini-
mum of 2 × 106 CD34+ cells/kg of recipient body 
weight is necessary for one transplant [6–8]. 
Most stem cell collection occurs in a single 
apheresis session. However, some patients 
require additional apheresis session(s) to achieve 
the stem cell goal. In patients with multiple 
myeloma, the most common practice is to collect 
enough stem cells for two transplants (4  ×  106 
CD34+ cells/kg). The combination of cyclophos-
phamide 2 to 4 g/m2 with G-CSF 10 μg/kg may 
also be used for stem cell mobilization. Although 
cyclophosphamide provides additional cytore-
duction, this approach is associated with an 
increased rate of complications including febrile 
neutropenia, hemorrhagic cystitis, and pancyto-
penia. Most centers commonly administer G-CSF 
for 5 days prior to stem cell collection.

 Risk Factors of Poor Mobilization

Exposure to multiple prior lines of chemother-
apy, prior radiation to marrow sites, and older 
age affect stem cell mobilization [9, 10]. In 
patients who fail mobilization with either 
G-CSF or G-CSF plus chemotherapy, plerixafor 
may be administered the evening prior to PBSC 
collection [11–15]. Plerixafor inhibits the inter-
action between stromal cell-derived factor 1 
(SDF-1) and its receptor CXCR4, which plays a 
key role in the “trafficking” of PBSC [16, 17]. 
Interruption of this interaction results in the 
mobilization of highly functional PBSC into the 
circulation [18–21]. Plerixafor is currently 
approved for use in multiple myeloma and non-
Hodgkin lymphoma.

 Conditioning Regimen

The conditioning regimen used prior to autologous 
SCT is based on the underlying disease. Melphalan 
200 mg/m2 is the most commonly used condition-
ing regimen for multiple myeloma. For lymphoma, 
the conditioning regimen usually consists of mul-
tiple agents with nonoverlapping extramedullary 
toxicities. BEAM (BCNU, etoposide, cytarabine, 
melphalan) and CBV (cyclophosphamide, BCNU, 
etoposide) are commonly used regimens for 
Hodgkin and non-Hodgkin lymphoma. Side effects 
related to conditioning regimens include pancyto-
penia and direct organ toxicity. Patients are usually 
pancytopenic for 10–12 days after transplant and 
usually require blood and/or platelet transfusions. 
The resultant neutropenia and profound immuno-
suppression from chemotherapy increase the sus-
ceptibility to infections. Patients frequently require 
systemic antibiotics. In addition, the chemotherapy 
may cause damage to the normal barriers of the 
gastrointestinal tract, oral mucosa, and skin which 
allows translocation of various pathogens into the 
circulation. Nausea, vomiting, and diarrhea are 
common during the conditioning regimen and 
immediate posttransplant period. These side effects 
are generally temporary, and management consists 
of symptomatic and supportive care.

 Allogeneic Stem Cell Transplant

Acute leukemias [acute myeloid leukemia 
(AML), acute lymphoblastic leukemia (ALL)] 
and myelodysplastic syndrome (MDS) [com-
bined with myeloproliferative neoplasm (MPN)] 
are the most common indications for allogeneic 
HSCT accounting for 76% of allogeneic trans-
plants [1]. The procedure differs from autologous 
SCT in that it requires use of a donor hematopoi-
etic stem cell to replace and reconstitute patients’ 
hematopoietic system after administration of the 
conditioning regimen. The mechanism of cure 
from this type of transplant is more complex than 
the autologous SCT.  Conditioning regimen is 
given to overcome tumor resistance. In addition, 
the administration of donor cells provides an 
immunologically directed antitumor activity 
known as “graft-versus-tumor effect.”
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 Donor Selection for Allogeneic HSCT

The most important requirement for successful 
allogeneic HSCT is to find a human leukocyte 
antigen (HLA) matched donor for the patient. In 
general, the donor and recipient are matched for 
HLA class I (HLA-A, HLA-B, and HLA-C) and 
class II (HLA-DRB1 and HLA-DQB1) loci. The 
standard criterion for a perfect match is currently 
an 8/8 match which indicates that the patient and 
donor are matched on the antigen and allele level 
at the A, B, C, and DRB1 locus. Donor and recip-
ient matching minimizes the development of 
acute and chronic graft versus host disease 
(GVHD), which is often the most difficult com-
plication of donor transplants.

Historically, an HLA matched sibling donor 
was the only source of stem cells with each 
sibling having only a 25% chance of matching 
the patient. To overcome the lack of an HLA 
matched sibling donor, the National Marrow 
Donor Program (NMDP) was established in 
1986 as a repository for unrelated stem cell 
donors. Subsequently, many registries have 
developed around the world to allow search for 
appropriate donors, and now all registries are 
linked as a common donor pool. With the growth 
of this registry, our ability to find HLA matched 
donors for patients who do not have sibling 
donors has increased dramatically. At present, 
the NMDP provides access to more than 39 mil-
lion donors around the world. This has resulted 
in a dramatic change in the use of donors. As 
an example, HLA-identical sibling donors were 
most commonly used until 2013 when the use 
of unrelated donors increased, and now they 
represent the most common type of donors in 
the USA in 2020 [1]. Compared to matched sib-
ling donors, matched unrelated donors (MUD) 
provide similar overall survival (OS), relapse-
free survival (RFS), and non-relapse mortal-
ity (NRM) [22–26]. Three factors have driven 
the use of unrelated donors: First, more trans-
plants are being performed in patients older than 
65 years of age. In this setting, sibling donors 
are difficult to use as they are older and have 
comorbidities often making it difficult to go 
through stem cell collection. Second, more data 
has accumulated showing that younger donors 

provide a better overall outcome than older 
donors. This suggests that in the situation where 
we have an older HLA matched sibling donor 
and a younger HLA matched unrelated donor, 
the outcomes favor using the unrelated donor. 
Finally, in the USA and most developed coun-
tries, families are becoming smaller with less 
siblings making it harder to find HLA matched 
sibling donors.

Unfortunately, finding an unrelated donor 
typically takes 2–3 months. Our ability to find a 
fully MUD in the current registries depends on 
the ethnic and racial background of the patient 
with the highest possibility among whites of 
European descent at 75% and the lowest possi-
bility among blacks of South or Central 
American descent at 16% [27]. The lower pos-
sibility of finding an optimal donor for African 
Americans and Asian Americans could be 
related to underrepresentation in the registry or 
polymorphic HLA repertoire. In situations 
where urgent transplantation is required and/or 
MUD is not available, umbilical cord blood 
(UCB) grafts and haploidentical donor (4/8 
HLA match) are considered. Unrelated UCB 
grafts offer certain advantages over unrelated 
donors which include less requirement of HLA 
matching and decreased risk of GVHD. However, 
UCB grafts are associated with delayed engraft-
ment, increased risk of infections, and graft fail-
ure. Previously, haploidentical donor transplants 
were associated with high rates of graft failure, 
acute and chronic GVHD, and NRM. Recently, 
Johns Hopkins University has pioneered a 
GVHD prevention strategy involving tacroli-
mus, mycophenolate, and cyclophosphamide 
which has allowed patients to undergo trans-
plants using haploidentical donors [28–30]. The 
use of these multiple HLA-mismatched family 
donors provides excellent outcomes equivalent 
in some cases to using a fully matched sibling or 
unrelated donors. Use of haploidentical donors 
is increasing since 2012 and represented 21% of 
transplants in the USA in 2019. Umbilical cord 
blood (UCB) was the fourth common source of 
transplant in the USA in 2019 [31].

In addition to HLA matching, other donor 
characteristics including CMV serostatus, age, 
sex, and parity in female donors may influ-
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ence transplant outcomes. Young donors [32], 
male donors, and nulliparous female donors 
are typically preferred. CMV-seropositive 
recipients experience worse survival, while 
 CMV- seronegative recipients with CMV-
seronegative donors have improved transplant 
outcomes. If the recipient is CMV-seronegative, 
a CMV- seronegative donor is preferred. If the 
recipient is CMV-seropositive, some centers 
advocate for the use of a CMV-seropositive 
donor. ABO and Rh compatibility are not typi-
cally required between the donor and recipient 
and may not affect survival [33].

 Sources of Hematopoietic Stem Cells

 Bone Marrow
Historically, donor stem cell collection was 
done harvesting bone marrow from the poste-
rior iliac crest under regional or general anes-
thesia. Approximately 500–1000 cc of marrow 
is harvested from the donor to collect enough 
stem cells necessary for engraftment. The goal 
is to collect 2–4 × 106 CD34+ cells/kg of patient 
weight which is associated with rapid hemato-
poietic recovery, reduced transplant-related 
mortality, and improved long-term survival 
[34–36].

In adult populations, donor bone marrow har-
vest is performed generally for patients with 
benign hematologic conditions such as thalas-
semia or aplastic anemia to minimize chances of 
GVHD and NRM. In pediatric population, how-
ever, there is still reliance on the bone marrow 
over PBSC. Bone marrow grafts represented 87% 
of matched related donor transplants and 52% of 

unrelated donor transplants among pediatric 
recipients in 2019 [31].

 Peripheral Blood
Among adults, PBSC is frequently used as the 
source of allograft for hematologic malignancies 
and accounted for 79% of unrelated donor trans-
plants in 2019. In children, PBSC accounted for 
only 13% of matched related and 18% of unre-
lated donor transplants [31]. As mentioned above, 
hematopoietic growth factor stimulating agents 
are commonly used to mobilize stem cells from 
bone marrow.

 Umbilical Cord Blood (UCB)
UCB grafts accounted for 29% of pediatric unre-
lated transplants and 7% of unrelated donor grafts 
among adult recipients in 2019 [31]. UCB contains 
high concentration of HSC at the time of delivery. 
These cells can be cryopreserved and stored in cord 
blood banks. It can be used at any time for alloge-
neic stem cell transplantation upon request.

 Conditioning Regimen

Conditioning regimen plays an important role in 
allogeneic HSCT. They are divided into three sub-
types based on intensity and toxicity (Table 1.1):

 1. Myeloablative conditioning (MAC) regimen
 2. Reduced intensity conditioning (RIC) 

regimen
 3. Nonmyeloablative (NMA) regimen

MAC regimens provide intense cytoreduc-
tion to maximize antitumor activity prior to 

Table 1.1 Conditioning regimens for allogeneic HSCT

Myeloablative conditioning 
regimen

Reduced intensity conditioning 
regimen

Nonmyeloablative conditioning 
regimen

Busulfan/fludarabine Busulfan/fludarabine Fludarabine/TBI
Cyclophosphamide/TBIa Fludarabine/melphalan Low dose TBI
Busulfan/cyclophosphamide Fludarabine/cyclophosphamide
VP16/TBI

aTBI total body irradiation

D. Modi and J. Uberti
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Conditioning regimen

Stem cell
Transplant 

(Day 0)

Pre-transplant phase Pre-engraftment 
phase

Day +30

Post-transplant period

Early post-
engraftment phase

Day +100

Late post-
engraftment phase

Fig. 1.1 Timeline of stem cell transplant

allogeneic HSCT.  Conversely, RIC and NMA 
rely on graft-versus-tumor effect by donor stem 
cells and less on the cytotoxicity of the chemo-
therapy [37]. RIC and NMA regimens are better 
tolerated in patients with advanced age and 
multiple comorbidities resulting in less NRM 
compared to MAC regimens. Selection of the 
conditioning regimen is influenced by the age 
and comorbidity of the patient and disease 
characteristics.

MAC regimens are associated with nausea, 
vomiting, pancytopenia, diarrhea, mucositis, and 
infertility. Initial busulfan containing regimens 
used high dose oral busulfan, which led to vari-
able pharmacokinetics, high rate of sinusoidal 
obstructive syndrome (SOS), and seizures [38]. 
Subsequently, busulfan given intravenously led 
to better pharmacokinetic properties and reduced 
rates of toxicity [39]. Carmustine (BCNU) is a 
part of BEAM regimen and is associated with high 
rates of pulmonary toxicity, particularly in those 
who received radiation therapy to the chest [40].

TBI-containing MAC regimens use a TBI dose 
of 12–15 Gy, typically given over 4 days to reduce 
toxicity and improve tolerability. Although higher 
TBI dose (16  Gy) has been shown to reduce 
relapse rates compared to lower TBI dose (12 Gy), 
radiation induced pulmonary toxicity and NRM 
were significantly higher compared to lower TBI 
dose [41]. Long-term complications of TBI-
containing conditioning regimens are pulmonary 
toxicity, cataracts, sicca syndrome, hypothyroid-
ism, and thyroiditis [42]. The timeline of HSCT is 
shown in Fig. 1.1.

 Complications of Stem Cell 
Transplantation

 Early Complications

Graft-Versus-Host Disease (GVHD)
Graft-versus-host disease is a common complica-
tion occurring after allogeneic HSCT.  It is an 
immune reaction driven by the donor stem cells. It 
is one of the most common causes of morbidity 
and mortality among allogeneic HSCT survivors. 
GVHD prophylaxis focuses on inhibition of donor 
T-cell activation using immunosuppressive medi-
cations. They are usually initiated prior to alloge-
neic HSCT and tapered around 6  months after 
HSCT in the absence of GVHD symptoms. GVHD 
prophylaxis varies with HLA mismatch, graft 
source, and institutional preference. It mainly con-
sists of calcineurin inhibitors (CNI) such as tacro-
limus or cyclosporine in combination with 
antimetabolites such as methotrexate or mycophe-
nolate. The combination of CNI and antimetabo-
lite has shown to reduce incidence of acute GVHD 
and improve survival compared to CNI or antime-
tabolite alone [43]. Antithymocyte globulin 
(ATG), an in vivo T-cell depleting agent, is often 
used in MUD allogeneic HSCT. The addition of 
ATG to standard GVHD prophylaxis has shown to 
reduce incidence of acute and chronic GVHD 
without any impact on survival in MUD allogeneic 
HSCT [44–48]. Abatacept, a T-cell costimulation 
inhibitory agent, is the first drug approved by the 
FDA for acute GVHD prophylaxis. The combina-
tion of abatacept with CNI and methotrexate was 
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associated with significantly lower rate of acute 
GVHD and severe acute GVHD-free survival 
compared to CNI and methotrexate [49].

For patients undergoing haploidentical donor 
transplants, high dose cyclophosphamide in 
 combination with tacrolimus and mycopheno-
late is used for GVHD prophylaxis. 
Cyclophosphamide 50  mg/kg when given on 
day +3 and +4 selectively depletes alloreactive 
T cells and spares memory T cells. It has signifi-
cantly reduced acute and chronic GVHD rates 
and improved NRM and survival in haploidenti-
cal donor transplants [30].

The incidence and severity of GVHD depends 
on the degree of HLA mismatch between the 
donor and the recipient and intensity of the con-
ditioning regimen. Based on the timing of onset, 
GVHD is divided into two types: acute GVHD 
and chronic GVHD.

Acute GVHD: Acute GVHD manifests early, 
typically within the first 100 days posttransplant. 
It is thought to be initiated by profound gastroin-
testinal mucosal injury caused by the condition-
ing regimen leading to release of cytokine storm 
and inflammatory cascade reactions. It primarily 
affects the skin, GI tract, and liver. Based on the 
degree of involvement of the skin, GI tract, and 
liver, acute GVHD is graded by the Glucksberg 
criteria [50]. Moderate to severe acute GVHD 
occurs in approximately 40% of allogeneic 
HSCT recipients.

Chronic GVHD: Chronic GVHD occurs in 
40% of HLA-identical siblings and more than 
70% of MUD transplants. Its onset is beyond 
day 100 posttransplant. It resembles autoim-
mune disorders such as Sjogren syndrome, 
scleroderma, primary biliary cirrhosis, and 
immune cytopenias and is characterized by 
fibrosis of several organs including the skin, GI 
tract, joints, eyes, lungs, and other organs. 
Fibrosis and collagen deposition lead to irre-
versible tissue damage. It is a major cause of 
late onset morbidity and mortality after alloge-
neic HSCT. It is graded by the National 
Institutes of Health (NIH) consensus criteria 
[51].

Infectious Diseases
Autologous transplant patients are at increased 
risk of infections during the cytopenic period. 
Once neutrophil count recovers, risk of infection 
reduces significantly. In allogeneic HSCT recipi-
ents, the risk of infection is more prolonged 
extending into the post-engraftment period. 
Antibacterial prophylaxis has been shown to 
reduce fever, infections, NRM, and infection- 
related mortality. Therefore, we routinely initiate 
antibacterial prophylaxis with fluoroquinolones 
during conditioning regimen and continue until 
engraftment in both autologous and allogeneic 
HSCT.

Furthermore, patients undergoing HSCT are 
susceptible for Candida spp. and Aspergillus 
spp. during the pre-engraftment period. Thus, we 
administer antifungal and antimold prophylaxis 
with fluconazole and other azoles such as 
posaconazole. We also offer antiviral prophy-
laxis to prevent reactivation of herpes simplex 
virus (HSV), varicella-zoster virus (VZV), cyto-
megalovirus (CMV), and Epstein-Barr virus 
(EBV). Prophylaxis against Pneumocystis jir-
ovecii pneumonia (PJP) is initiated for alloge-
neic HSCT patients after neutrophil engraftment 
and continues until immunosuppressive medica-
tions are discontinued [52]. Allogeneic HSCT 
recipients are at increased risk of CMV reactiva-
tion, and the risk is particularly high in the CMV-
seropositive recipients. The use of letermovir 
prophylaxis significantly reduced clinically sig-
nificant CMV infection (37.5 vs. 60.6%) and all-
cause mortality at week 24 compared to placebo 
(10.2 vs. 15.9%) [53].

 Pre-engraftment: From HSCT 
to Engraftment (Day 0 to +30)
Patients are typically neutropenic during pre- 
engraftment period. Disruptions of mucosal bar-
riers from chemotherapeutic agents, impaired 
cellular and humoral immunity, and functional 
asplenia from TBI-containing conditioning regi-
men increase the risk of systemic infections. 
Patients develop cellulitis, pneumonia, sinusitis, 
and urinary tract infections. Gram-positive and 
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gram-negative bacteria, Candida spp., and HSV 
are the most common organisms responsible 
for infections. Endogenous flora in the GI tract 
is the common source of gram-negative bacte-
ria, whereas the presence of exogenous device 
such as vascular catheter is the source of gram-
positive bacteria. Only 30%–35% of febrile epi-
sodes in neutropenic patients can be documented 
microbiologically.

 Early Post-engraftment: Day +30–100
Neutropenia and mucositis have been resolved 
during this period. However, patients receive 
systemic immunosuppressive medications for 
GVHD, which affect immunity and predis-
pose to CMV, adenovirus, BK polyomavirus, 
Pneumocystis jirovecii, Candida spp., Aspergillus 
spp., and other mold infections.

 Late Post-engraftment: Beyond 
Day +100
Patients are at high risk of infections from encap-
sulated bacteria (Streptococcus pneumoniae, 
Haemophilus influenzae, and Neisseria menin-
gitidis), Aspergillus spp. and other molds, 
Pneumocystis jirovecii, and VZV due to impaired 
cellular and humoral immunity from chronic 
GVHD. To prevent such infections, vaccination 
against encapsulated bacteria is employed start-
ing 6 months after transplant.

Oral Mucositis
The incidence of oral mucositis is approximately 
68% in autologous SCT and 98% in allogeneic 
HSCT [54, 55]. It is caused by the severe muco-
sal damage from the conditioning regimen. Its 
manifestations range between mild inflammation 
and mucosal ulceration, resulting in pain and dif-
ficulty swallowing. It typically occurs between 6 
and 12  days after HSCT and resolves with 
engraftment. Breakdown of mucosal barrier 
increases chances of systemic infections and sep-
sis. Mucositis-related pain and infection cause 
significant morbidity and mortality among SCT 
recipients. There is no optimal approach for pre-
vention of oral mucositis. For patients receiving 

high doses of melphalan containing myeloabla-
tive conditioning regimen, oral cryotherapy (ice 
chips swished around the mouth for 30 minutes) 
has been shown to prevent mucositis [56]. 
Although photo-biomodulation (laser therapy) 
and palifermin (recombinant human keratinocyte 
growth factor) are available for prevention of oral 
mucositis [57], they are not widely utilized due to 
the cost and inconvenience with use. Treatment 
of oral mucositis consists of supportive care. In 
severe mucositis, narcotic pain medications, 
sometimes in the form of patient-controlled anal-
gesia (PCA), and systemic dexamethasone are 
considered.

Hemorrhagic Cystitis
Hemorrhagic cystitis (HC) is a serious complica-
tion occurring in 5%–30% of HSCT recipients 
[58]. Patients typically present with urinary 
urgency and frequency, burning urination, pain-
ful urination, suprapubic pain, nocturia, or uri-
nary incontinence. Hematuria is graded as 
microscopic (grade 1), macroscopic (grade 2), 
with clots (grade 3), and requiring instrumenta-
tion for clot evacuation or leading to urinary 
retention or requiring surgical intervention (grade 
4). Its onset can be early within 2  weeks after 
conditioning regimen or late beyond 2  weeks 
after HSCT. Early onset HC is usually caused by 
direct toxicity of chemotherapeutic agents of the 
conditioning regimen. Cyclophosphamide, ifos-
famide, busulfan, etoposide, and TBI are most 
common agents implicated in HC. It is mediated 
by the active metabolite of cyclophosphamide 
and ifosfamide, acrolein, which causes direct 
toxicity to the inner lining of the urothelium. Late 
onset HC is caused by BK polyomavirus infec-
tion and sometimes by adenovirus or CMV infec-
tion. Damaged urothelium provides a milieu for 
virus replication, and immunosuppression leads 
to virus reactivation and viruria.

Prophylaxis: Hydration with forced diuresis 
3 L/m2/day with a goal of diuresis of >250 mL/h 
during and until the day after administration of 
alkylating agent is a commonly employed pre-
ventive strategy. For patients receiving cyclo-
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phosphamide or ifosfamide, mesna 1–1.5×, the 
daily dose of cyclophosphamide is used.

Treatment: Aggressive hydration and continu-
ous bladder irrigation is commonly used. If HC is 
related to BK or adenovirus, administration of 
systemic or intravesical cidofovir, ciprofloxacin, 
or ribavirin can be considered. In refractory 
cases, selective embolization of the bladder arter-
ies or cystectomy may be considered.

Sinusoidal Obstruction Syndrome (SOS)
SOS is characterized by jaundice, fluid retention, 
and tender hepatomegaly occurring in the first 
35–40 days after HSCT. The incidence of SOS is 
reported at 8% in allogeneic HSCT and 3% in 
autologous SCT [59]. The incidence is 10–15% 
after MAC and <5% after RIC allogeneic HSCT. It 
is caused by the damage and inflammation of the 
endothelial cells of the hepatic sinusoids. This 
leads to loss of fenestrae in sinusoidal endothelial 
cells (SEC) and formation of gaps within and 
between SEC. Subsequently, SEC dissects off and 
activates coagulation cascade and clot formation 
resulting in narrowing of the sinusoids. Preexisting 
liver disease, busulfan or TBI based conditioning 
regimen, HLA-mismatched donor, inotuzumab, 
and gemtuzumab are known risk factors of 
SOS. Seattle [60] and Baltimore criteria [61] are 
commonly used to diagnose SOS.

Prophylaxis: Avoidance of hepatotoxic agents 
and busulfan containing conditioning regimen 
and use of NMA/RIC regimen may reduce risk of 
SOS.  Prophylaxis with ursodeoxycholic acid is 
frequently used as prophylaxis and has shown to 
reduce incidence of SOS and SOS-related mor-
tality without any impact on overall survival [62].

Treatment: It mainly consists of supportive 
care measures including close monitoring of fluid 
status in mild to moderate SOS.  Defibrotide 
remains the only FDA approved drug for the 
treatment of SOS [63, 64].

Transplant-Associated Microangiopathy 
(TMA)
TMA is a life-threatening complication caused 
by the endothelial dysfunction leading to small 
vessel thrombosis in the microcirculation. Its 
incidence is 3% among allogeneic HSCT recipi-

ents [65]. TBI based conditioning regimen, CNI, 
GVHD, infections (CMV), and unrelated donors 
are risk factors for TAM.  It is characterized by 
microangiopathic hemolytic anemia with schis-
tocytes and thrombocytopenia from platelet con-
sumption. TMA is a multisystem disease 
involving the kidneys, gastrointestinal system, 
CNS, and pulmonary systems. Defects in the 
complement system leading to formation of 
C5b-9 complex are likely etiology of this disor-
der. It usually occurs within 1 and 2 months after 
HSCT. The diagnosis requires evidence of hemo-
lytic anemia. Patients with renal TMA experi-
ence uncontrolled hypertension and proteinuria, 
and those with pulmonary involvement present 
with hypoxia, chest pain, tachycardia, and pul-
monary hypertension. Intestinal TMA often sim-
ulates acute GVHD symptoms such as abdominal 
pain, diarrhea, vomiting, and GI bleeding. Cause 
of GI bleeding is ischemia in the bowel walls due 
to microangiopathy. X-ray shows ileus and thick 
mucosal walls. Polyserositis with pericardial and 
pleural effusion and ascites can occur due to dif-
fuse vascular injury. Treatment consists of total 
plasma exchange and eculizumab.

 Late Complications
Majority of transplant survivors experience at 
least one late complication of HSCT. The 5-year 
cumulative incidence of nonmalignant late effect 
was 45% after autologous and 79% after alloge-
neic HSCT [66]. Late complications can affect 
any organ systems and impair quality of life and 
mortality. Transplant recipients with late compli-
cations had a higher rate of hospitalization and 
all-cause mortality than the general population 
[67]. The most common late complications are 
shown in Table 1.2.

In summary, HSCT has gone through a 
remarkable transformation over the past few 
decades including expansion of donor pool, 
availability of different sources of stem cells, and 
development of effective GVHD and infectious 
disease prophylaxis strategies. Nevertheless, dis-
ease relapse, non-relapse mortality from condi-
tioning regimen toxicity, opportunistic infections, 
and acute and chronic GVHD are major impedi-
ments to survivorship.
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 Introduction

It is essential for consultants who provide care 
for allogeneic hematopoietic cell transplant 
(AHCT) recipients to have an understanding of 
the procedure and the main determinants of mor-
bidity and mortality. Accordingly, an understand-
ing of graft-versus-host disease (GVHD) is 
required to provide thoughtful care. For pulmon-
ologists, intensivists, and other providers, this 
requires the ability to recognize the diverse mani-
festations of the disease, predictors of outcomes, 
and familiarity with the therapies used for pre-
vention and treatment along with their potential 
for toxicity and infectious risks. This chapter is 
meant to provide such an overview.

GVHD is a multisystem disorder that occurs 
when immune cells transplanted from a noniden-
tical donor (the graft) recognize the recipient 

(host) as foreign resulting in an immunologic 
process causing tissue injury. Two forms of 
GVHD are distinguished, acute and chronic. 
Historically, the arbitrary time point of day 100 
was used to distinguish acute from chronic. More 
recently, the limitations of this artificial time 
point has been recognized, and instead clinical 
manifestation and histologic findings are now the 
sole factors used in defining these entities. 
Inherent in this distinction is the belief that acute 
and chronic GVHD have distinct, albeit interre-
lated, pathophysiology for which our understand-
ing is unfolding and driving the development of 
novel therapies.

 Pathophysiology of GVHD

The pathophysiology of acute GVHD can be con-
ceptualized as occurring in three phases, which 
proposes a central role of the gastrointestinal (GI) 
tract in the initiation and propagation of the cyto-
kine storm characteristic of this disease [1]. The 
priming phase occurs as a result of tissue dam-
age, especially the intestinal mucosa, caused by 
the conditioning chemoradiotherapy leading to 
the release of inflammatory cytokines (e.g., inter-
leukin-6 [IL-6], tissue necrosis factor [TNF]), 
alarmins (IL-1α and IL-33), damage- associated 
molecular patterns (DAMPs), and pathogen-
associated molecular pattern (PAMP) molecules 
[2], which could be bacterial (e.g., lipopolysac-
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charides, lipoproteins, peptidoglycan, and flagel-
lin), fungal components (e.g., β-glucans, 
α-mannans), or viral nucleic acids. These tissue- 
and microbiota-derived molecules further stimu-
late the production of other inflammatory 
cytokines (e.g., TNF, IL-1, IL-6, IL-33, IL-12, 
IL-23, type1 interferon [IFN]) and chemokines 
(e.g., CCL5), which enhance the expression of 
MHC antigens and augment alloantigen presen-
tation by the recipient antigen-presenting cells 
(APCs) [3]. The second phase is characterized by 
the activation and expansion of donor T cells. 
The infused mature donor CD4 and CD8 T cells 
activate, expand, and differentiate into effector T 
cells upon the recognition of alloantigens on the 
recipient. In the final phase, effector T cells 
secrete cytokines (e.g., IFN-γ, TNF, IL-2, IL-17), 
which render monocytes and macrophages 
extremely sensitive to endogenous LPS leading 
to target tissue apoptosis [1].

The pathophysiology of chronic GVHD is 
more complex and less understood. Similar to 
acute, chronic GVHD pathophysiology can also 
be conceptualized into three phases: phase 1: tis-
sue injury causing acute inflammation; phase 2: 
chronic inflammation, thymic injury, and dysreg-
ulated B-cell and T-cell immunity; and phase 3: 
tissue repair and subsequent fibrosis [4, 5]. 
Similar to acute, the first phase of chronic GVHD 
also starts with the tissue damage caused by the 
conditioning regimen, which in addition to the 
activation of T cells also leads to the activation of 
innate immune cells and non-hematopoietic cells 
such as endothelial cells and fibroblasts. 
Additional stimuli such as infections and acute 
GVHD further increase the DAMPs and the 
PAMPs. The second phase is characterized by 
adaptive immune responses leading to the activa-
tion of alloreactive effector cells, particularly T 
cells and B cells, autoreactive CD4 T cells that 
escape thymic selection and produce IL-17A, and 
activated follicular helper T cells (Tfh) that pro-
duce IL-21. This immune dysregulation is further 
intensified with the loss of regulatory cell popula-
tions, including regulatory T cells (Tregs), regu-
latory type 1 T cells, regulatory B cells, regulatory 
natural killer (NK) cells, and invariant natural 
killer (iNK) T cells, in part due to conditioning 
regimen-related thymic injury causing loss of 

thymic epithelial cells. In the third phase, acti-
vated macrophages secrete platelet-derived 
growth factor-α (PDGF-α) and transforming 
growth factor-β (TGF-β), which cause activation 
of fibroblasts resulting in the sclerotic manifesta-
tions of chronic GVHD.  In addition, differenti-
ated B cells/plasma cells, in the presence of 
B-cell activating factor (BAFF), produce isotype-
switched immunoglobulins which are deposited 
in various organs leading to fibrosis [4].

 GVHD: Incidence and Impact on Non- 
relapse Mortality (NRM)

Despite GVHD prophylaxis, a significant propor-
tion of transplant recipients develop acute and/or 
chronic GVHD. Variability in identifying, mea-
suring, and documenting GVHD across centers 
makes reliable estimates for its true incidence 
challenging. Nonetheless, estimates for grades 
II–IV and grades III/IV acute GVHD range from 
25 to 50% and 5 to 20%, while incidences for 
chronic and extensive chronic range from 15 to 
65% and 10 to 50%, respectively, after myeloab-
lative conditioning (MAC) [6–10]. Incidences are 
lower after reduced-intensity conditioning (RIC) 
and can vary widely based on the presence of risk 
factors reviewed below. Despite challenges in 
estimating incidences of GVHD, its impact on 
transplant outcomes is clear as a leading cause of 
non-relapse mortality (NRM) beyond day 100 in 
human leukocyte antigen (HLA) matched sibling 
donor (MSD) and the second leading cause of 
NRM in HLA matched unrelated donor (MUD) 
recipients [11]. At the same time, outcomes are 
improving for patients who develop acute 
GVHD. A recent Center for International Blood 
and Marrow Transplant Research (CIBMTR) 
analysis showed a significant decrease over time 
in the proportion of grades III–IV disease among 
patients who develop grades II–IV acute GVHD 
and corresponding improvements in overall sur-
vival and NRM [12]. Similarly, a recent retro-
spective review demonstrated significant 
improvement in survival through reduction in 
NRM for patients who developed grades III/IV 
acute GVHD in more recent time periods [13]. In 
contrast to the declining rates for acute GVHD, 
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CIBMTR has shown an increased incidence of 
chronic GVHD, which could be partly attributed 
to growing recognition and diagnosis or increased 
use of peripheral blood (PB) graft, with no 
improvement in the 5-year NRM among those 
who develop the disease [14].

Among patients with acute GVHD, the risk of 
NRM ranges from <10% to 30–35% at 6 months 
[15] and up to 50% at 2  years [16], depending 
upon the risk stratification. Organ involvement 
and clinical GVHD stage and overall grade are 
key factors predictive of NRM in those who 
develop acute GVHD. Additional factors include 
recipient age, refractory disease (cancer) at the 
time of transplant, shorter time to acute GVHD 
onset, and donor type [13, 17].

Survivors of acute GVHD are at higher risk of 
developing chronic GVHD, which is a major con-
tributor of late morbidity and impaired quality of 
life [18, 19] either related to GVHD itself or due 
to its prolonged treatment, which could be lifelong 
in some patients. Studies have shown that about 
15% of transplant recipients were still on immuno-
suppressive treatment (IST) at 7 years’ follow-up 
[20]. The cumulative incidence of discontinuation 
of IST after the resolution of chronic GVHD has 
been shown to be 50%, with a median duration of 
roughly 2 years. Beyond chronic GVHD’s impact 
on the need for prolonged IST, it is a major con-
tributor to late NRM with one recent study report-
ing a cumulative incidence of NRM at 5 years of 
22% which increased to 40% at 12 years [21]. In 
this analysis, predictors for NRM included hav-
ing any degree of lung GVHD, advanced skin 
involvement, and an impaired distance walk test 
(among others). Thus, minimizing chronic GVHD 
is deemed essential for reducing late mortality and 
impaired QOL.

 Risk Factors of GVHD

HLA matching between the donor and recipient 
is the single most important determinant of 
GVHD [22–25]. However, even with HLA 
matching between a patient and donor, substan-
tial numbers of patients still develop acute and/or 
chronic GVHD due to differences in minor histo-
compatibility antigens (MiHA) that lie outside 

the HLA loci. The major histocompatibility com-
plex (MHC) in humans, also known as the HLA, 
comprises more than 220 genes and over 29,000 
allele sequences and is the most polymorphic 
region of the human genome. In addition to 
numerous classical and nonclassical HLA genes, 
more than 100 MiHA have been identified and 
sequenced. Unrelated donors are expected to har-
bor greater differences in MiHA than the HLA 
genotypically identical sibling donors, and data 
suggest that more than half of the acute and 
chronic GVHD cases are attributed to MiHA 
mismatching [26].

Other risk factors for GVHD include older age 
of recipient or donor, female donor for a male, 
parity of the female donor causing allo- 
sensitization, granulocyte colony-stimulating 
factor (G-CSF) mobilized PB versus bone mar-
row (BM) graft, conditioning intensity, use of 
donor lymphocyte infusion (DLI), receipt of total 
body irradiation (TBI)-based regimens, and the 
absence of serotherapy for GVHD prevention, to 
name a few [27–30].

 Classification of GVHD

The 2005 National Institutes of Health (NIH) 
Consensus Criteria established definitions for 
acute and chronic GVHD based on clinical fea-
tures. According to these criteria, acute GVHD 
occurring within 100 days is “classic acute” and 
that occurring after 100  days is “late acute.” 
Further, a new category of “overlap syndrome” 
was coined to include patients with concurrent 
features of acute and chronic GVHD.  Patients 
with overlap GVHD have significantly greater 
functional impairment and poorer prognosis than 
classical chronic GVHD [31, 32]. The median 
time of development of chronic GVHD is approx-
imately 5  months, and about 90% of chronic 
GVHD develops within 1 year of HCT [14].

 Staging and Grading of Acute GVHD

The diagnosis, staging, and grading of acute 
GVHD are purely clinical. Biopsy confirmation 
is helpful; however, pathological grading is not 
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part of staging or grading. Acute GVHD is 
instead graded using a standardized system which 
takes into account the clinical stages in the pri-
marily affected organs: skin, liver, and GI tract. 
The skin is the most commonly affected organ of 
acute GVHD and typically manifests as an mor-
billiform (macular-papular) eruption; however, 
less common manifestations may include pruri-
tus alone, dysesthesias, or erythema. The 
 gastrointestinal tract is the second most com-
monly involved organ and can present as “upper” 
GI (defined by clinical manifestations of nausea, 
vomiting, and anorexia) or “lower” GI involve-
ment manifesting as a secretory diarrhea. In the 
modern era, the liver is the least common affected 
organ by acute GVHD with its hallmark being a 
cholestatic jaundice associated with elevated 
alkaline phosphatase and bilirubin.

Recently, a simplified and updated staging/
grading system for acute GVHD staging/grading 
was proposed by the Mount Sinai Acute GVHD 
International Consortium (MAGIC) [33]. Based 
on this, each organ is staged as 0–4, with 0 being 
no GVHD and 4 being the worst stage (Table 2.1). 
Skin stage is based on the body surface area 
(BSA) involvement using the “rules of nines” 
with stage 1: <25%; stage 2: 25- <50%; and 
stage 3: ≥50% BSA. The development of bullae 
or a positive Nikolsky sign heralds the onset of 
more severe disease (stage 4) characterized by 
epidermal denudation often with involvement of 

other mucosal surfaces including the eye and 
mucus membranes. The presence of upper GI 
GVHD symptoms (anorexia, nausea, vomiting, 
and dyspepsia) is called stage 1 GI GVHD; and 
biopsy confirmation, although encouraged, is 
not mandated. As the symptoms of upper GI 
GVHD can be caused by several non-GVHD eti-
ologies, it is suggested that in patients with 
milder symptoms, a diagnosis other than GVHD 
should be considered. Lower GI GVHD staging 
relies on stool volume and the presence of hema-
tochezia or severe abdominal pain. Adults with 
stool volume of 500–999 mL/day are classified 
as stage 1, 1000–1500  mL/day as stage 2, and 
>1500 mL/day as stage 3. Patients with severe 
abdominal pain (requiring intravenous narcotic 
pain medication) with or without ileus or grossly 
bloody stool are classified as stage 4 regardless 
of the stool volume. As formal measurement of 
stool volume can be challenging, the number of 
diarrhea episodes can be used for staging 
(Table 2.2). Formed or mostly formed stools are 
not included in this assessment. Liver GVHD is 
categorized based on total bilirubin, and values 
2–3  mg/dL, 3.1–6  mg/dL, 6.1–15  mg/dL, and 
>15  mg/dL represent stages 1, 2, 3, and 4, 
respectively. An overall grade is calculated based 
on the combination of individual stages. Patients 
with stage 2–3 liver and/or GI GVHD are cate-
gorized as grade III, and higher stages make 
them grade IV.

Table 2.1 Acute GVHD grading systems

Overall 
grade Original Glucksberg criteria

“Modified Glucksberg” 
or “Keystone” criteria MAGIC criteria

0 No organ involvement (skin = 0; and liver = 0; and GI = 0) corresponds to the absence of aGvHD
I Skin = 1 or 2, without liver/GI 

involvement or decrease in performance 
status/fever

Skin = 1 or 2, without 
liver/GI involvement

Stage 1–2 skin without liver, upper 
GI, or lower GI involvement

II Skin = 1 or 2 and (liver and/or GI 
involvement = 1 or 2) with mild decrease 
in performance status

Skin = 3, and/or 
liver = 1, and/or 
GI = 1

Stage 3 rash and/or stage 1 liver 
and/or stage 1 upper GI and/or stage 
1 lower GI

III (Skin and/or liver and/or GI = 2, 3, or 4) 
with marked decrease in performance 
status

Liver = 2 or 3; and/or 
GI = 2–4

Stage 2–3 liver and/or stage 2–3 
lower GI, with stage 0–3 skin and/
or stage 0–1 upper GI

IV (Skin and/or liver and/or GI = 2, 3, or 4) 
with Karnofsky <30%

Skin = 4; and/or 
liver = 4

Stage 4 skin, liver, or lower GI 
involvement, with stage 0–1 upper 
GI

The overall aGvHD grade typically corresponds to the highest grade conferred by the individual staging of each organ. 
GI gastrointestinal tract, GvHD graft-versus-host disease, IBMTR International Bone Marrow Transplantation Registry, 
MAGIC Mount Sinai Acute GvHD International Consortium
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Table 2.2 Acute GVHD staging systems

Organ 
severity 
stage Original Glucksberg criteria

“Modified Glucksberg” or 
“Keystone” criteria MAGIC criteria

Skin
0 No rash No rash No rash
1 Rash <25% of BSA Rash <25% of BSA Rash <25% of BSA
2 Rash 25% to 50% of BSA Rash 25% to 50% of BSA Rash 25% to 50% of BSA
3 Rash >50% of BSA Rash >50% of BSA Rash >50% of BSA
4 Generalized erythroderma 

with bullous formation
Generalized erythroderma with 
bullous formation

Generalized erythroderma (> 50% 
BSA) plus bullous formation and 
desquamation >5% of BSA

Liver
0 Total serum bilirubin 

<34 μmol/L (<2 mg/dL) or 
AST/SGOT 150–750 IU

Total serum bilirubin 
<34 μmol/L (<2 mg/dL)

Total serum bilirubin <34 μmol/L 
(<2 mg/dL)

1 Total serum bilirubin 
34–50 μmol/L (2 to 3 mg/
dL)

Total serum bilirubin 
34–50 μmol/L (2 to 3 mg/dL)

Total serum bilirubin 34–50 μmol/L (2 
to 3 mg/dL)

2 Total serum bilirubin 
51–102 μmol/L (3.1 to 
6 mg/dL)

Total serum bilirubin 
51–102 μmol/L (3.1 to 6 mg/
dL)

Total serum bilirubin 51–102 μmol/L 
(3.1 to 6 mg/dL)

3 Total serum bilirubin 
103–255 μmol/L (6.1 to 
15 mg/dL)

Total serum bilirubin 103–
255 μmol/L (6.1 to 15 mg/dL)

Total serum bilirubin 103–255 μmol/L 
(6.1 to 15 mg/dL)

4 Total serum bilirubin 
>255 μmol/L (>15 mg/dL)

Total serum bilirubin 
>255 μmol/L (> 15 mg/dL)

Total serum bilirubin >255 μmol/L (> 
15 mg/dL)

Upper GI
0 NA No persistent nausea and no 

histologic evidence of GvHD in 
the stomach or duodenum

No or intermittent anorexia or nausea 
or vomiting

1 NA Persistent nausea with 
histologic evidence of GvHD 
in the stomach or duodenum

Persistent anorexia accompanied by 
weight loss or nausea or vomiting
(should last at least 3 days or be 
accompanied by at least two vomiting 
episodes per day for at least 2 days)

Lower GI
0 Diarrhea <500 mL/day Diarrhea <500 mL/day Diarrhea <500 mL/day or <3 episodes/

day for adultsa,b

1 Diarrhea >500 mL/day Diarrhea >500 mL/day Diarrhea 500–999 mL/day or three to 
four episodes/day for adultsa,c

2 Diarrhea >1000 mL/day Diarrhea >1000 mL/day Diarrhea 1000–1500 mL/day or five to 
seven episodes/day for adultsa,d

3 Diarrhea >1500 mL/day Diarrhea >1500 mL/day Diarrhea >1500 mL/day or >7 episodes/
day for adultsa,e

4 Diarrhea >2000 mL/day Severe abdominal pain with or 
without ileus

Severe abdominal pain with or without 
ileus or grossly bloody stools 
(regardless of stool volume)

AST aspartate transaminase, BSA body surface area, GI gastrointestinal tract, GvHD graft-versus-host disease, IBMTR 
International Bone Marrow Transplantation Registry, IU international units, MAGIC Mount Sinai Acute GvHD 
International Consortium, NA not applicable, SGOT serum glutamic oxaloacetic acid transaminase
aOne episode of diarrhea is considered to be about 200 mL for an adult and 3 mL/kg for a child (<50 kg) [16]
bDiarrhea <10 mL/kg/day or <4 episodes/day for children
cDiarrhea 10–19.9 mL/kg/day or four to six episodes/day for children
dDiarrhea 20–30 mL/kg/day or seven to ten episodes/day for children
eDiarrhea >30 mL/kg/day or >10 episodes/day for children
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 Staging/Grading of Chronic GVHD

Historically, chronic GVHD was classified as lim-
ited or extensive. Limited chronic GVHD included 
localized skin involvement or hepatic dysfunction 
due to chronic GVHD, and all others were classi-
fied as extensive [34, 35]. As this classification 
system was based on a small retrospective study 
and was not shown predictive of NRM, the NIH 
convened a working group in 2004 to standardize 
the criteria for diagnosis and scoring of chronic 
GVHD.  The first NIH consensus criteria were 
published in 2005 [36] and updated in 2014 [37].

Based on these criteria, signs and symptoms 
of chronic GVHD are categorized as either “diag-
nostic” (manifestations that are sufficient to 
establish the diagnosis of chronic GVHD without 
need for further testing) or “distinctive” (mani-
festations that are usually not seen in acute 
GVHD, and are commonly seen in chronic 
GVHD, but are insufficient alone to establish an 
unequivocal diagnosis of chronic GVHD). 
Distinctive features require additional testing to 
establish the diagnosis of chronic GVHD, which 
could include a biopsy, other tests (e.g., pulmo-
nary function test (PFT), Schirmer’s test), or 
evaluation by a specialist (e.g., ophthalmologist, 
gynecologist). For the diagnosis of chronic 
GVHD, the NIH consensus criteria require at 
least one diagnostic manifestation or at least one 
distinctive manifestation plus additional testing.

Chronic GVHD commonly involves eight 
organs—the skin (and appendages such as hair 
and nails), mouth, eyes, GI tract, liver, lungs, 
joints/musculoskeletal system, and genitalia. 
Diagnostic features in the skin are poikiloderma, 
lichen planus, lichen sclerosus-like eruptions, 
deep sclerotic features, or morphea-like superfi-
cial sclerotic features. Lichen planus-like changes 
in the mouth are diagnostic of oral GVHD, 
and lichen planus- or lichen sclerosus-like fea-
tures in the genitalia are diagnostic of genital 
GVHD.  Other diagnostic criteria for genital 
GVHD include vaginal scarring or clitoral/labial 
agglutination in females and phimosis or urethral/
meatus scarring or stenosis in males. Esophageal 
webs, strictures, and stenosis in the upper to mid-
third of the esophagus are diagnostic features of 
chronic GI GVHD. Diagnostic findings of the 
musculoskeletal system GVHD include fasciitis, 
joint stiffness, or contractures secondary to fasci-
itis or sclerosis. Bronchiolitis obliterans syndrome 
(BOS) is diagnostic of lung GVHD. Cryptogenic 
organizing pneumonia (COP) and restrictive lung 
disease are neither diagnostic nor distinctive of 
lung GVHD. There are no diagnostic features for 
ocular, hair, or nail, and there is no diagnostic or 
distinctive feature of liver GVHD. Diagnostic, 
distinctive, and other features of chronic GVHD 
are elaborated in Table 2.3.

Each of the common eight organs/sites (skin, 
mouth, eyes, GI tract, liver, lungs, joints/fascia, 

Table 2.3 Signs and symptoms of chronic GVHD

Organ or site Diagnostic 
(sufficient to 
establish the 
diagnosis of 
chronic GVHD)

Distinctivea (seen in 
chronic GVHD, but 
insufficient alone to 
establish a diagnosis)

Other features or 
unclassified entitiesb

Commonc (seen 
with both acute 
and chronic 
GVHD)

Skin Poikiloderma Depigmentation Sweat impairment Erythema
Lichen planus–
like features

Papulosquamous lesions Ichthyosis Maculopapular 
rash

Keratosis pilaris Pruritus
Sclerotic features 
Morphea-like 
features

Hypopigmentation

Hyperpigmentation
Lichen 
sclerosus–like 
features
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Table 2.3 (continued)

Nails Dystrophy
Longitudinal ridging, 
splitting or brittle features
Onycholysis
Pterygium unguis
Nail loss (usually 
symmetric, affects most 
nails)

Scalp and body 
hair

New onset of scarring or 
nonscarring scalp 
alopecia (after recovery 
from chemoradiotherapy)

Thinning scalp hair, 
typically patchy, coarse or 
dull (not explained by 
endocrine or other causes)

Loss of body hair Sealing Premature gray hair
Mouth Lichen planus–

like changes
Xerostomia Gingivitis

Mucoceles Mucositis
Mucosal astrophy Erythema
Ulcers Pain
Pseudomembranes

Eyes New onset dry, gritty, or 
painful eyes

Photophobia

Periorbital 
hyperpigmentation

Cicatricial conjunctivitis Blepharitis (erythema of 
the eyelids with edema)

KCS
Confluent areas of 
punctate keratopathy

Genitalia Lichen planus–
like features

Erosions

Lichen 
sclerosus–like 
features

Fissures

   Female Vaginal scarring 
or clitoral/labial 
agglutination

Ulcers

   Males Phimosis or 
urethral/meatus 
scarring or 
stenosis

CI Tract Esophageal web Exocrine pancreatic 
insufficiency

Anorexia

Strictures or 
stenosis in the 
upper to mid 
third of the 
esophagus

Nausea

Vomiting
Diarrhea
Weight loss
Failure to thrive 
(infants and 
children

(continued)
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Table 2.3 (continued)

Liver Total bilirubin, 
alkaline 
phosphatase > 2 × 
upper limit of 
normal
ALT > 2 × upper 
limit of normal

Lung Bronchiolitis 
obliterans 
diagnosed with 
lung biopsy

Air trapping and 
bronchiectasis on chest 
CT

Cryptogenic organizing 
pneumonia

BOSd, f Restrictive lung diseasec

Muscles, 
fascia, joints

Fasciitis Myositis or polymyositise, f Edema
Joint stiffness or 
contractures 
secondary to 
fasciitis or 
sclerosis

Muscle cramps

Arthralgia or arthritis
Hematopoietic 
and immune

Thrombocytopenia
Eosinophilia
Lymphopenia
Hypo- or 
hyper- 
gammaglobulinemia
Autoantibodies (AIHA, 
ITP)
Raynaud’s phenomenon

Other Pericardial or pleural 
effusions
Ascites
Peripheral neuropathy
Nephrotic syndrome
Myasthenia gravis
Cardiac conduction 
abnormality or 
cardiomyopathy

Ref: Biol Blood Marrow Transplant. 2015 Mar; 21(3): 389–401.e1
ALT alanine aminotransferase, AIHA autoimmune hemolytic anemia, ITP idiopathic thrombocytopenic purpura
aIn all cases, infection, drug effect, malignancy, or other causes must be excluded
bCan be acknowledged as part of the chronic GVHD manifestations if diagnosis is confirmed
cCommon refers to shared features by both acute and chronic GVHD
dBOS can be diagnostic for lung chronic GVHD only if distinctive sign or symptom present in another organ (see text)
ePulmonary entities under investigation or unclassified
fDiagnosis of chronic GVHD requires biopsy

and genital tract) is staged from 0–3, with 0 being 
normal and 3 being the worst score. Based on the 
number and severity of organs/sites involved, a 
global score is calculated, based on which chronic 
GVHD is categorized as mild, moderate, or 
severe. Mild chronic GVHD includes one or two 
organs/site(s) with no more than score 1 and a 

lung score of 0. Moderate chronic GVHD 
includes more than two organs/sites involved 
with no more than score 1 or one organ/site (not 
lung) with a score of 2 or lung score 1. Severe 
chronic GVHD includes at least one organ/site 
with a score of 3 or a lung score of >1. The degree 
to which the presence of even mild lung GVHD 
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(BOS) impacts scoring is reflective of the 
increased mortality associated with this organ 
involvement (Table 2.4). At the time of chronic 

GVHD onset, a majority have mild (45–55%) or 
moderate (35–40%) chronic GVHD, while severe 
(5–15%) is relatively uncommon [31, 32].

Ref: Biol Blood Marrow Transplant. 2015 Mar; 21(3): 389–401.e1

Table 2.4 Organ scoring of chronic GVHD

(continued)
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Table 2.4 (continued)
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Table 2.4 (continued)
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 Introduction of the Concept of GVHD 
Prophylaxis
The first evidence that interventions could be used 
to prevent GVHD came with the recognition that 
treating animals with antimetabolites (such as 
methotrexate (MTX)) improved engraftment as 
well as survival by limiting “secondary syndrome” 
which was later recognized as GVHD [38–46]. 
Simultaneously, several other  antimetabolites 
(6-mercaptopurine, azathioprine, procarbazine, 
and cytosine arabinoside, cyclophosphamide (Cy), 
6-mercaptopurine, azathioprine) and other drugs 
(cyclosporine A (CsA), prednisone, and antithymo-
cyte globulin (ATG)) either alone or in combination 
were tested in animal models. Among antimetabo-
lites, both MTX and Cy were found to be effective 
for GVHD prevention in preclinical models leading 
to human trials examining MTX for GVHD pro-
phylaxis [35, 47]. These trials determined a shorter 
course of MTX to be as effective as longer course 
therapy [48]. Accordingly, MTX is administered on 
days +1, +3, +6, and +11 posttransplant, with some 
omitting the day +11, especially in the recipients of 
low-intensity conditioning.

 Introduction of Cyclosporine 
A for GVHD Prophylaxis
In the late 1970s, a novel antilymphocytic agent—
CsA—was described by Jean Borel and col-
leagues [49]. It is a calcineurin inhibitor (CNI) 
that exerts its immunosuppressive effects by 
blocking transcription of cytokine genes, includ-
ing interleukin- 2 (IL-2) and IL-4 [50]. After enter-
ing T lymphocytes, it binds to an intracellular 
protein—cyclophilin A forming a cyclophilin- 
CsA complex which inhibits calcineurin, a Ca+/
calmodulin-dependent serine/threonine phospha-
tase required for early T-cell activation. 
Calcineurin normally dephosphorylates the 
nuclear factor of activated T cells (NFAT), allow-
ing it to translocate into the nucleus and activate 
expression of genes involved in the transcription 
of cytokines. Therefore, by preventing calcineurin- 
mediated dephosphorylation, CsA inhibits the 
nuclear translocation of NFAT and subsequent 
cytokine gene expression in activated T cells [50].

After the discovery of CsA, controlled studies 
were done in animals and subsequently in humans 

demonstrating efficacy with a reduction in acute 
GVHD and improved survival [51–54]. While 
effective as GVHD prophylaxis, CSA has sig-
nificant toxicities including hypertension, neph-
rotoxicity, hypomagnesemia, risks for seizures, 
hypertrichosis, gingival hyperplasia, tremors, and 
anorexia [55]. Typically CSA is initiated intrave-
nously 1–2  days prior to stem cell infusion and 
converted to oral dosing when possible. The risk of 
acute GVHD increases when cyclosporine trough 
concentrations drop below a target level [56].

 Use of Combination Drugs for GVHD 
Prophylaxis
Preclinical models examining the addition of 
CSA to MTX for GVHD prophylaxis demon-
strated synergism between these agents and 
improved survival [51]. From these experiments, 
it was learned that CsA has to be present early 
after HCT to prevent sensitization between donor 
and recipient cells, and when delayed, lympho-
cytes could proliferate into cytotoxic effector 
cells. Subsequently, two prospective randomized 
clinical trials in humans showed a significant 
reduction in acute GVHD and improved overall 
survival (OS) with the combination of CSA to 
MTX when compared to MTX alone [57, 58].

 Trials Assessing Tacrolimus Versus CsA
Tacrolimus (FK506), another CNI, is a macro-
lide lactone that was first isolated from the fer-
mentation broth of Streptomyces tsukubaensis 
in 1984 and was noted to have more potent 
in vitro and in vivo immunosuppressive effects 
in mice than CsA [59–61]. Tacrolimus and CsA 
both bind to immunophilins but belong to dis-
tinct families, called FK506-binding proteins 
(FKBPs) and cyclophilins, respectively, which 
form distinct drug: immunophilin complexes  - 
CsA-cyclophilin and FK506-FKBP-12, respec-
tively [62]. These complexes bind to and inhibit 
the activity of calcineurin.

After its introduction, studies in dogs [63] and 
four prospective randomized trials in humans 
compared the safety and efficacy of tacrolimus to 
CsA in combination with MTX [64–67] for 
GVHD prophylaxis. These trials differed signifi-
cantly by donor type, patient population, and tar-
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get calcineurin inhibitor (CNI) levels, in addition 
to other factors. These differences led to conflict-
ing conclusions regarding the benefit of tacroli-
mus vs. CSA with respect to a number of key 
transplant outcomes including reduction in 
(severe) acute and chronic GVHD, mortality and 
relapse. The implications of these studies and 
their oftentimes divergent findings are unclear, 
and generally CSA and tacrolimus are viewed as 
equivalent agents.

 Mycophenolate Mofetil (MMF)

Another antimetabolite often used for GVHD 
prophylaxis is MMF. MMF is rapidly hydrolyzed 
to an active metabolite—mycophenolic acid 
(MPA), which is a potent, selective, and revers-
ible inhibitor of inosine 5′-monophosphate dehy-
drogenase (IMPDH), a key enzyme in the de 
novo synthesis of guanine nucleotides, and is 
expressed in activated human T and B lympho-
cytes [68]. MMF has a more potent cytostatic 
effect on lymphocytes than other cells [69]. 
Canine models demonstrated synergy between 
MMF and CsA [68]. In practice, MMF is often 
used as an alternative to MTX, mostly in older- 
aged or frail patients receiving NMA or RIC [70]. 
The most common side effects attributed to MMF 
are cytopenia and GI side effects. A few prospec-
tive trials compared MMF to MTX, both in com-
bination with a CNI [71–73]. One study in MUD 
and MSD recipients who received either MAC or 
RIC showed a higher risk of severe acute GVHD 
with MMF vs. MTX, 19% vs. 4%, respectively, 
P = 0.03, with no differences in other outcomes 
[71]. Two other smaller studies showed no differ-
ences in GVHD or survival for MMF vs. MTX 
arms in MSD recipients receiving MAC [72, 74].

 Antithymocyte Globulin (ATG) 
for In Vivo T-Cell Depletion

Several preclinical studies in the late 1960s and 
early 1970s showed that pretreatment of donor 
cells with horse or rabbit antilymphocyte serum 
(ALS) or antithymocyte serum (ATS) was effec-

tive in preventing acute GVHD [75–79]. Several 
formulations of these polyclonal sera have been 
tested in humans, and it is important to recognize 
the differences in these formulations. They are 
broadly classified as antithymocyte globulin 
(ATG) or anti-T-lymphocyte globulin (ATLG). 
Both of these can be derived from either horse or 
rabbit source [80, 81] and rarely from pigs [82] 
by inoculation of human thymocytes (generating 
antithymocyte globulin, ATG) or human cell 
lines, such as Jurkat T-lymphoblastoid cell line, 
which resembles human activated T lymphocytes 
(thus, generating anti-T-lymphocyte globulin, 
ATLG). Rabbit ATG more efficiently depletes 
lymphocytes in vivo and is more cytotoxic on a 
weight basis in vitro as compared to horse ATG 
[81]. Also, rabbit ATG but not horse ATG induces 
the development of regulatory T cells (Tregs) 
[83, 84]. Antithymocyte polyclonal sera derived 
from horses is known as “ATGAM®” (hATG, 
Pfizer Inc. NY, US) or lymphoglobulin/hATG 
(Lymphoglobulin, Genzyme, Cambridge, MA, 
USA), which was later withdrawn from the mar-
ket and replaced by the one derived from rabbits, 
known as thymoglobulin or simply ATG (Sanofi 
Genzyme, Cambridge, MA) [80]. Anti-T- 
lymphocyte polyclonal sera are available only 
from rabbit source and is known as ATLG (for-
merly ATG Fresenius®, Neovii Biotech, 
Lexington, MA) [80]. Since polyclonal serum 
reacts against both host and donor lymphocytes, 
the expected effects are the reduction of the risk 
of GVHD and the prevention of graft failure.

Several large phase III prospective clinical tri-
als assessed the safety and efficacy of ATG/
ATLG in the MAC setting with either MSD [9] or 
MUD [7, 85, 86] using different formulations and 
doses. One prospective randomized trial was 
conducted in the MSD setting, where patients 
with acute leukemia received MAC and PB graft 
and CsA/MTX for GVHD prophylaxis with or 
without ATLG/ATG Fresenius (30  mg/kg over 
3 days—days −3, −2, and −1). There was no dif-
ference in the risk of grades II–IV or grades III–
IV (2% vs. 8%, p  =  0.10) acute GVHD with 
ATLG vs. no ATLG, respectively; however, the 
risk of chronic GVHD (32% vs 69%; P < 0.001) 
and moderate-severe chronic GVHD (11% vs. 
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47%, P  <  0.001) were significantly lower with 
ATLG.  There were no differences in relapse, 
infectious complications, adverse events, or OS 
between the groups [9].

Three prospective phase III randomized trials 
were conducted in the MUD setting. A European 
trial included acute leukemia patients who 
received MAC, and a majority received PB graft 
(82%). GVHD prophylaxis included CsA/MTX 
with or without ATLG (60  mg/kg over 3  days; 
days −3, −2, −1). The use of ATLG was associ-
ated with a significantly lower risk of grades II–
IV acute GVHD (33% vs. 51% [HR 0.56; 
p = 0.011]), grades III–IV acute GVHD (12% vs. 
25% [HR 0.50; p = 0.054]), chronic GVHD (31% 
vs. 59% [HR 0.34; p  <  0.0001]), and extensive 
chronic GVHD (12% vs. 43% [HR 0.22; 
p < 0.0001]). There were no differences in relapse, 
NRM, OS, or mortality from infectious causes 
[86]. A Canadian trial included patients with vari-
ous hematologic malignancies, most of whom 
were treated with MAC, and a majority received 
PB (88%). GVHD prophylaxis included CNI plus 
either MTX or MMF, with or without rabbit 
ATG.  The rates of grades II–IV acute GVHD 
(50% vs. 65%; p  =  0.012) and moderate- severe 
chronic GVHD (13% vs. 29%; p = 0.0083) were 
significantly lower with ATG. Again, there was no 
difference in relapse, NRM, and OS, but more 
Epstein-Barr virus (EBV) reactivations occurred 
in the ATG arm [85]. The most recent addition to 
these trials was a double-blind placebo- controlled 
trial conducted in the USA. This study included 
patients with acute leukemia or myelodysplastic 
syndrome, all treated with MAC, and a majority 
received PB (~ 75%) grafts. GVHD prophylaxis 
included Tac/MTX with or without ATLG (ATG 
Fresenius). The rates of grades II–IV acute GVHD 
(23% vs. 40%; p  =  0.004), grades III–IV acute 
GVHD (4.3% vs. 11%; p = 0.09), chronic GVHD 
(16% vs. 38%; p < 0.001), and moderate-severe 
chronic GVHD (12% vs. 33%; p  <  0.001) all 
favored the ATLG arm. There was no difference 
in relapse or NRM. However, DFS (65% vs. 47%; 
p = 0.04) and OS (74% vs. 59%; p = 0.034) were 
significantly worse in the ATLG arm (predomi-
nantly seen in patients who received TBI), and 
CMV reactivation was higher with ATG [7].

Although ATG/ATLG is effective in reducing 
the risk of graft rejection and GVHD, it depletes 
T cells nonselectively, resulting in global immu-
nodeficiency. Moreover, the mean elimination 
half-life of ATG in humans ranges from about 
6 days (equine source) to as long as 30 days (rab-
bit source) [87] and increases the risk of viral [7, 
85, 88] and fungal infections [89] and posttrans-
plant lymphoproliferative disorders (PTLD) [90].

Another agent used for in  vivo T-cell 
depletion is alemtuzumab (Campath-1H or 
“Cambridge Pathology 1”), which is a mono-
clonal antibody directed against CD52 [91]. 
As CD52 is expressed on the surface of B and 
T lymphocytes, natural killer (NK) cells, mono-
cytes, macrophages, and some dendritic cells, 
alemtuzumab is broadly immunosuppressive. 
One study assessing pharmacokinetics of alem-
tuzumab showed potentially lympholytic levels 
(>0.1 μg/mL) of alemtuzumab for approximately 
56 days post- HCT in the RIC group, which was 
26 days longer than in the MAC group [92]. This 
results in significantly prolonged lymphopenia 
and delayed CD4 reconstitution [92]. A sub-
sequent study conducted at the MD Anderson 
Cancer Center only included patients with CD52 
expressing malignancies and used a lower dose 
of alemtuzumab (10 mg/day, days −7 to −3) with 
Cy/TBI MAC. Alemtuzumab level was undetect-
able in all serum samples tested between days 
−1 and +21 post-HCT; all patients engrafted and 
all patients attained 100% donor chimerism by 
3 months post-HCT [93]. Several other studies 
evaluated the role of alemtuzumab for GVHD 
prevention (reviewed in [94]), but there are no 
large-scale prospective randomized trials with or 
without alemtuzumab or comparing its efficacy 
against ATG/ATLG.

 Posttransplantation 
Cyclophosphamide (PTCy)

Hematopoietic stem cells express high levels of 
cytosolic aldehyde dehydrogenase (ALDH), an 
enzyme responsible for Cy metabolism, thus 
making HSCs resistant to Cy, whereas B and T 
lymphocytes and NK cells express low levels of 
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the enzyme and are extremely sensitive to the 
cytotoxic properties of Cy [95, 96]. Post-HCT 
Cy is hypothesized to induce tolerance by three 
mechanisms: (a) clonal destruction of antigen- 
stimulated rapidly proliferating peripheral T 
cells while sparing T cells that do not react to 
either host or donor alloantigens, (b) depletion 
of intrathymic clonal donor-reactive T cells, and 
(c) generation of tolerogen-specific suppressor T 
cells [97].

The use of Cy for GVHD prophylaxis dates 
back over five decades where preclinical models 
demonstrated a reduction GVHD in a dose 
dependent fashion [98–100]. The interest in Cy 
prophylaxis reemerged after further studies from 
Johns Hopkins in the late 1990s and early 2000s 
demonstrated its efficacy in HLA-mismatched 
models [101]. The use of posttransplantation Cy 
(PTCy) 200 mg/kg on day +3 in preclinical mod-
els led to the induction of stable, mixed chime-
rism after MHC-mismatched BMT and NMA 
conditioning. Survival was prolonged in the 
recipients of PTCy compared with animals that 
received alloBMT without PTCy [101]. 
Subsequently, a prospective phase I/II trial evalu-
ated PTCy in recipients of T cell-replete BM 
graft from HLA-haploidentical donors [102]. 
The study included 13 patients who received 
NMA conditioning and PTCy 50 mg/kg on day 
+3 along with MMF and tacrolimus starting from 
day +4. The cumulative incidence of graft failure 
and severe GVHD was about 60% at 6 months. 
The conditioning regimen was then modified, 
and PTCy 50 mg/kg was given on either day +3 
alone or days +3 and +4 in two different cohorts 
[103]. All patients also received MMF and tacro-
limus starting a day following the completion of 
Cy. With this regimen, graft rejection occurred in 
13%, and grades II–IV and III–IV acute GVHD 
by day 200 were 34% and 6%, respectively, with 
no statistically significant differences between 
patients who received one versus two doses of 
PTCy. However, most impressively, the incidence 
of extensive chronic GVHD at 1 year was 5% in 
those who received two doses of PTCy versus 
25% in those who received one dose (hazard ratio 
[HR] 0.21; 95% confidence interval [CI] 0.04–
1.01; P  =  0.05). The cumulative incidence of 

relapse, NRM, and survival did not differ between 
the groups [103].

Since then, the use of PTCy has been extended 
to the HLA-matched/HLA-mismatched related/
unrelated donor setting after either MAC or RIC 
HCT. In the setting of MAC, when used as the sole 
prophylactic agent in patients undergoing HLA-
matched related or MUD HCT with BM graft, the 
incidence of grades II–IV acute GVHD was 51%, 
grades III–IV was 15%, and chronic GVHD at 
2 years was 14% [104]. The incidence of GVHD 
can be reduced further when additional prophy-
laxis is added with PTCy. In a prospective phase II 
clinical trial at MDACC [105], patients with HLA-
matched or HLA-mismatched related or unrelated 
donors received IV Bu/Flu+/−thiotepa MAC and 
GVHD prophylaxis with PTCy/Tac/MMF.  The 
rates of grades II–IV and III–IV acute GVHD 
were 38% and 9%, respectively; 1-year chronic 
GVHD and extensive chronic GVHD rates were 
10% and 8%, respectively [105].

In the setting of RIC, a prospective phase III 
clinical trial conducted by the Blood and Marrow 
Transplant Clinical Trials Network (BMT CTN) 
compared PTCy/Tac/MMF prophylaxis with two 
other novel GVHD prophylaxis regimens includ-
ing bortezomib (with Tac/MTX) and maraviroc 
(with Tac/MTX). Each of these arms was com-
pared separately to a contemporary nonrandom-
ized prospective control group who received Tac/
MTX prophylaxis. The best GVHD-free relapse- 
free survival (GRFS) was noted in the PTCy arm 
(HR 0·72; p  =  0·044), while bortezomib (HR 
0·98; p  =  0·92) and maraviroc arms (HR 1·10; 
p = 0·49) were not different as compared to the 
control group. The rates of grades II–IV acute 
GVHD and overall chronic GVHD were not sta-
tistically different across the three investigational 
arms when compared to contemporary controls. 
However, the rates of grades III–IV acute GVHD 
and immunosuppression-requiring chronic 
GVHD were both significantly lower in the PTCy 
arm (2% and 22%) than bortezomib (8% and 
29%), maraviroc (9% and 33%), and the controls 
(13% and 37%) [6]. The BMT CTN is now con-
ducting a randomized prospective phase III clini-
cal trial comparing PTCy/Tac/MMF to the Tac/
MTX regimen.
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 Sirolimus

Sirolimus is produced by the bacterium 
Streptomyces hygroscopicus, which was first iso-
lated from a soil sample collected from Rapa Nui 
commonly known as Easter Island in 1972 by 
Surendra Nath Sehgal and colleagues [106]. The 
compound was named rapamycin after the native 
name of the island. It was developed as an anti-
fungal, given its potent anti-candida activity, but 
was also found to possess antitumor, antiprolif-
erative, and immunosuppressive properties in 
subsequent studies [106]. Sirolimus shares struc-
tural similarity with tacrolimus in the binding 
domains, and they both bind to FKBP, but siroli-
mus exerts different biological activities than 
tacrolimus, and it neither affects calcineurin 
activity, nor does it interfere with T-cell receptor- 
induced NFAT nuclear translocation. The target 
of the sirolimus-FKBP complex is the mamma-
lian target of rapamycin (mTOR), the inhibition 
of which blocks IL-2 mediated signal transduc-
tion pathways that prevent cell cycle progression 
from G1 to S phase in T cells [107]. Sirolimus is 
also postulated to facilitate the expansion of reg-
ulatory T cells (CD4 + CD25 + FoxP3+; Tregs) 
which have a protective effect against GVHD 
[108, 109], making it a particularly appealing 
drug for use as GVHD prophylaxis.

A Blood and Marrow Transplant Clinical 
Trials Network (BMT CTN) phase III random-
ized prospective clinical trial compared the use of 
Tac/MTX to Tac/Siro after MSD HCT and Cy/
TBI or TBI/Etoposide MAC.  The trial initially 
allowed myeloablative busulfan-based condition-
ing; however, it was later removed due to excess 
toxicity and veno-occlusive disease (VOD)/sinu-
soidal obstruction syndrome (SOS) of the liver 
observed in the sirolimus arm. The study showed 
no difference in acute or chronic GVHD; how-
ever, sirolimus was associated with faster engraft-
ment of neutrophils and platelets and less severe 
mucositis than MTX [110].

Sirolimus-based CNI-free GVHD regimens 
were also demonstrated to be safe in the setting 
of haploidentical [111] and MMUD [112] HCT 
after either NMA or MAC and in the setting of 
double-unit umbilical cord blood transplantation 

(UCBT) after RIC [113]. A recent phase II pro-
spective clinical trial by the National Marrow 
Donor Program/Be The Match (NMDP) enrolled 
80 patients across 11 US centers and assessed the 
role of PTCy/sirolimus/MMF prophylaxis in 
patients undergoing mismatched unrelated donor 
(MMUD) HCT with BM graft after myeloabla-
tive (n = 40) or non-myeloablative (n = 40) con-
ditioning. In the MAC and the RIC groups, the 
cumulative incidence of grades II–IV acute 
GVHD at day 100 was 43% and 33%, grades III–
IV was 18% and 0%, 1-year chronic GVHD was 
36% and 18%, and 1-year OS was 72% and 79%, 
respectively. Only one case of VOD/SOS was 
noted, and there was no case of thrombotic 
microangiopathy (TMA) [112]. Another prospec-
tive phase II trial assessed the role of PTCy/siro-
limus/MMF prophylaxis in patients undergoing 
PB haploidentical HCT demonstrating low rates 
of acute and comparable rates of chronic GVHD 
as other forms of prophylaxis [111].

The addition of sirolimus to standard CNI/
MMF prophylaxis enhanced the outcomes after 
NMA MUD HCT, with a lower risk of GVHD, 
lower NRM, and improved survival. This was 
shown in a multicenter, randomized, phase III 
trial comparing sirolimus/CsA/MMF to CsA/
MMF prophylaxis in patients undergoing MUD 
HCT after NMA conditioning. The sirolimus- 
based regimen was associated with a significantly 
lower risk of grades II–IV acute GVHD (26% vs. 
52%), 1-year NRM (4% vs. 16%), and better PFS 
(77% vs. 64%) as well as OS at 1 year (86% vs. 
70%) than CsA/MMF regimen. There was no dif-
ference in grades III–IV acute GVHD (2% vs. 
8%) or chronic GVHD (49% vs. 50%) between 
the arms [114].

 Ex Vivo T-Cell Depletion for GVHD 
Prophylaxis

In the early 1980s, multiple studies were con-
ducted using ex vivo T cell-deplete (TCD) grafts 
without the need for post-grafting immunosup-
pression. These studies indeed showed a signifi-
cant reduction in the risk of both acute and 
chronic GVHD but also showed higher risks of 
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graft rejection, delayed immune reconstitution, 
increased PTLD, and disease relapse. The degree 
of T-cell depletion needed to prevent GVHD was 
also studied; some studies showed that reducing 
the T-cell content in the BM graft from 
1 × 106 cells/kg to 0.5 × 106 cells/kg can reduce 
the risk of acute GVHD by half from 45% to 22% 
[115, 116], and others showed that even a lower 
CD3 dose (0.03 × 106 cells/kg) was sufficient for 
successful engraftment and resulted in no GVHD 
in recipients of haploidentical HCT, although the 
risk of relapse and NRM remained high [117]. 
Then several prospective and retrospective stud-
ies independently assessed the role of TCD 
(reviewed [118]), but prospective randomized tri-
als comparing its safety and efficacy to other 
techniques remained unanswered until recently.

In a recent prospective phase III randomized 
trial (BMT CTN 1301) [119], patients aged 
65  years or younger with acute leukemia or 
myelodysplasia with MSD (about 40%) or MUD 
(about 60%) were randomized to one of three 
CNI-free GVHD approaches. Group 1 received a 
CD34+ selected PB graft without any post-HCT 
immune suppression, group 2 received BM graft 
and PTCy alone for GVHD prophylaxis, and 
group 3 (control) received BM graft and standard 
Tac/MTX prophylaxis. Of note, only 85% of 
patients in group 1 received the planned CD34+ 
selected graft. The primary endpoint was chronic 
GVHD-free relapse-free survival at 1 year, which 
was not statistically different between the groups. 
The CD34+ selected arm was associated with 
impressive reductions in the rates of acute and 
chronic GVHD (including severe manifesta-
tions); however, despite reducing GVHD, this 
arm was associated with the worst NRM, DFS, 
and OS of all groups. The DFS was 76% for 
CD34+ group (HR 1.74, p = 0.02; HR for CD34 
vs. PTCy was 1.77, p = 0.02) versus 85% in the 
PTCy (HR 1.02, p = 0.95) and 84.2% in the con-
trols. Rates of NRM at 1 year were 16.5% (HR 
2.76 vs. control, p  =  0.01), 12% (HR 2.01 vs. 
control, p = 0.09), and 7% for CD34, PTCy, and 
control, respectively. The rates of grades II–III 
infections at 2 year were high in both CD34+ and 
PTCy groups, with a significantly higher risk of 
EBV reactivation by day 180.

 Targeting T-Cell Co-stimulatory 
Receptors

CD28 and cytotoxic T-cell lymphocyte-4 
(CTLA-4) are two of the opposing costimula-
tory receptors on T cells that bind to the same 
ligands (CD80 and CD86) on APCs and pro-
vide positive and negative feedback, respec-
tively, for T-cell activation. Abatacept is a 
fusion protein composed of the Fc region of 
the immunoglobulin IgG1 fused to the extra-
cellular domain of CTLA- 4. In a randomized 
double-blind placebo- controlled phase II trial 
[120], patients with 8/8-HLA-matched donors 
were randomized to receive either abatacept 
(10  mg/kg/dose, on days −1, +5, +14, and 
+28) or placebo. In addition, all patients 
received a CNI (Tac or CsA) and MTX. Patients 
in the abatacept arm had a reduced risk of 
grades III–IV acute GVHD at day 100 (6.8%) 
as compared to placebo (14.8%), but it did not 
reach statistical significance (HR, 0.45; 80% 
CI, 0.22 to 0.9, p  =  0.13). Day 180 severe 
acute GVHD-free survival was significantly 
better in the abatacept arm (93.2%) than in 
placebo (82.0%): HR, 0.37; 80% CI, 0.19 to 
0.73, p  =  0.05. The rates of chronic GVHD 
were not different nor were differences in the 
risk of relapse, NRM, OS, or viral reactiva-
tions. In addition to the 8/8-HLA group, the 
study also had a 7/8-HLA cohort which was 
treated with open- label abatacept along with 
CNI/MTX.  This cohort was compared to a 
CIBMTR control group that received no 
ATG. In this 7/8-MUD group, patients treated 
with abatacept had a substantial decrease in 
the risk of grades III–IV acute GVHD at day 
100 (2.3% vs. 30.2% in controls; HR, 0.0, 
P < 0.001) and significantly improved severe 
acute GVHD-free survival at day 180 (97.7% 
vs. 58.7%; HR: 0.00, P < 0.001). The rates of 
grades II–IV acute GVHD and chronic GVHD 
at 1  year were not different. Based on these 
results, the US Food and Drug Administration 
(FDA) granted it breakthrough therapy desig-
nation for the prevention of moderate to severe 
acute GVHD in patients undergoing HCT from 
unrelated donors.
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 Treatment of GVHD

The detailed management of acute and chronic 
GVHD is beyond the scope of the chapter and is 
reviewed elsewhere [121–125]. Briefly, the stan-
dard first-line therapy for acute GVHD is high- 
dose corticosteroids. The addition of 
immunosuppressants to steroid therapy, includ-
ing mycophenolate mofetil [126, 127], pento-
statin [127], denileukin diftitox [127], etanercept 
[127], daclizumab [128], anti-interleukin-2 
receptor monoclonal antibody [129], infliximab 
[130], or antithymocyte globulin [131], has not 
shown additional benefits in multiple randomized 
trials. Response to first-line treatment varies from 
about 40% to 70% based on the stage and organs 
involved [17, 121, 124], and only 25–40% of 
patients achieve durable responses [132]. Failure 
to respond to corticosteroids (steroid-refractory 
(SR)-acute GVHD, defined as progression of 
GVHD after 3 days or no response by 7–10 of 
treatment) is a marker of poor prognosis, with an 
overall response rate (ORR) of generally less 
than 50% and complete response (CR) rate of 
<30% to subsequent therapies [133]. Although 
day 28 overall response to treatment is a well- 
validated surrogate marker of NRM [15, 17, 134–
136], physicians generally do not have time to 
wait for a month before starting second-line treat-
ment, and decisions are often made early based 
on the response within the first 7–10  days of 
treatment. Patients who do not respond to ste-
roids early (within a week) generally remain 
treatment-resistant by day 28. However, about 
40% of the patients who are deemed treatment- 
refractory at 1  week subsequently respond to 
treatment by day 28 [135], suggesting that these 
patients are delayed responders rather than truly 
steroid-refractory. Ruxolitinib is the only Food 
and Drug Administration (FDA)-approved ther-
apy for SR-acute GVHD, as it showed promising 
efficacy in a phase III clinical trial leading to an 
ORR of 62% at day 28 and 40% at day 56 and a 
median overall survival (OS) of about 11 months 
[137].

Similar to acute GVHD, corticosteroids are 
the standard first-line therapy for patients with 
moderate to severe chronic GVHD. As in acute 

GVHD, roughly half of the patients with chronic 
GVHD require treatment with a second-line 
agent, and until recently, ibrutinib was the only 
FDA-approved in this setting [138]. Ibrutinib 
inhibits Bruton tyrosine kinase (BTK) in B cells 
and interleukin-2-inducible T-cell kinase (ITK) 
in T cells. Approval of ibrutinib was based on an 
open-label, multicenter, single-arm study of 42 
patients with chronic GVHD who had failed at 
least 1 prior treatment and were treated with ibru-
tinib 420 mg orally once daily. At a median fol-
low- up of about 14  months, the best overall 
response was 67%. The median time-to-response 
was about 3 months, and the responses were seen 
across all organs evaluated (skin, mouth, gastro-
intestinal tract, and liver). Responses lasting 5 
months or longer were observed in less than half 
of the patients (48%). Also, about one-third 
(31%) of patients needed dose reductions due to 
an adverse event (AE)—the most common being 
fatigue—and AEs led to treatment discontinua-
tion in another one-third of patients: the most 
common being fatigue and pneumonia [138]. 
Other drugs that have been tested in the treatment 
of SR-chronic GVHD are ruxolitinib [139] and 
belumosudil [140].

Belumosudil is a novel oral selective rho- 
associated coiled-coil kinase 2 (ROCK2) inhibi-
tor. In a phase II, open-label, randomized, 
multicenter study, patients with cGVHD who had 
received two to five prior lines of therapy were 
treated with belumosudil 200  mg once a day 
(n  =  66) or twice a day (n  =  66) [141]. Most 
(67%) patients had severe cGVHD and over half 
(52%) had ≥4 organs involved, and 72% had 
received 3 or more previous lines of treatment. In 
this highly advanced population, with a median 
follow-up of 8 months, the overall response rate 
(ORR) was 73% (once daily arm) and 74% (twice 
daily arm). The ORR was 65% and 72%, respec-
tively, in patients who previously received ruxoli-
tinib and 73% and 71%, respectively, in patients 
who previously received ibrutinib. The median 
time-to-response was 4 weeks, and about half of 
the patients (49%) maintained the response for 
≥20  weeks. The drug was very well tolerated, 
and only 10% of patients discontinued therapy 
due to possible drug-related AE leading to recent 

R. Mehta et al.



35

FDA approval in patients 12 years and older with 
chronic GVHD that has failed at least two prior 
lines of systemic therapy.

Ruxolitinib was evaluated in a phase III, open- 
label, randomized study in patients with SR- or 
steroid-dependent chronic GVHD [139]. Of note, 
patients treated with ≥2 prior lines of systemic 
therapy for chronic GVHD in addition to cortico-
steroids ± CNI were excluded. Patients were ran-
domized (1:1) to ruxolitinib 10 mg orally twice 
daily (n = 165) versus investigator-selected best 
available therapy (BAT; n = 164) for six cycles of 
28 days each, along with the continuation of cor-
ticosteroids +/− CNI. At data cutoff, 50% in the 
ruxolitinib arm and 74% in the BAT arm had dis-
continued the treatment (reason: lack of efficacy 
(15% vs. 43%), adverse events (17% vs. 5%), and 
relapse (5% vs. 4%), respectively). After 
six cycles, the ORR was significantly higher in 
the ruxolitinib arm (50%) versus the BAT arm 
(26%): odds ratio, 2.99, P < 0.0001. The rates of 
grade ≥3 AEs were similar in both arms (57% vs. 
58%). The most common AEs were anemia (29% 
vs. 13%), hypertension (16% vs. 13%), pyrexia 
(16% vs. 9%), and ALT increase (15% vs. 4%), 
respectively, and infections of any type occurred 
in 64% vs. 56%, respectively [139].

 Pulmonary Perspectives

A significant proportion of allogeneic HCT 
recipients will develop pulmonary complications, 
whether infectious or noninfectious [142]. In the 
setting of GVHD, these complications can occur 
as a result of immunosuppression, increasing the 
chance for opportunistic and routine infections, 
or as direct alloimmune injury to the lung, result-
ing in GVHD.  As a result, when a pulmonary 
complication is suspected, a thorough knowledge 
of the range of pulmonary diseases that can affect 
HCT recipients, as well as a knowledge of the 
appropriate and timely workup for these condi-
tions (discussed in Chap. 6), is crucial. HCT 
recipients can be immunocompromised for 
numerous reasons, including incomplete or par-
tial graft recovery, pharmacological immunosup-
pression, or other mechanisms. Therefore, the 

evaluation of new pulmonary disease requires a 
broad evaluation for infectious pathologies, often 
necessitating bronchoscopy, as recommended for 
immunocompromised hosts [143]. These infec-
tions, considered in detail in Chaps. 8–14, require 
close communication and collaboration between 
pulmonary, transplant, and infectious diseases 
experts in order to achieve prompt diagnosis and 
initiation of treatment.

Noninfectious pulmonary complications 
(NIPCs) occur in about 20% of allogeneic HCT 
recipients and are linked to higher mortality 
[144]. NIPCs are discussed in detail in Chaps. 
15–20. Some entities, such as cryptogenic orga-
nizing pneumonia and idiopathic pneumonia syn-
drome, may be indistinguishable from infectious 
pneumonia without a prompt pulmonary 
 evaluation. The pathophysiology underpinning 
these conditions has become clearer over time, 
requiring pulmonary consultants to remain 
engaged with these scientific advances. For 
example, the advent of widespread nucleic acid 
amplification testing led to the insight that occult 
viral infections were often found in cases of pre-
sumed “idiopathic” pneumonia [145]. Finally, 
the knowledge of the mechanisms of disease in 
the general population helps guide us when see-
ing similar entities in HCT recipients, particu-
larly when crucial differences are evident. For 
example, while diffuse alveolar hemorrhage in 
the general population is often due to autoim-
mune vasculitis and requires prompt, aggressive 
immunosuppression, support for aggressive 
immunosuppression to treat alveolar hemorrhage 
in the setting of HCT is less convincing [146].

One of the most common NIPCs that affect 
allogeneic HCT recipients is lung GVHD, 
almost always in the form of bronchiolitis oblit-
erans syndrome (BOS), an obstructive airways 
disorder that is discussed in detail in Chap. 18. 
BOS is rare, occurring in 3–5% of HCT recipi-
ents, and the median onset is often during a 
time period where lung function monitoring is 
less frequent [147]. Because the symptoms of 
BOS occur insidiously, new-onset BOS is often 
detected by pulmonary function testing [148]. A 
thorough pulmonary consultation must not only 
distinguish BOS from mimicking conditions, 
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like asthma or viral bronchiolitis, but also dis-
tinguish BOS from other conditions that cause 
lung impairment. For example, BOS may occur 
in the setting of truncal sclerosis, which may 
hinder the detection of an obstructive disor-
der when in the background of significant lung 
restriction. Furthermore, BOS often occurs in 
the context of GVHD of other organs and must 
occasionally be detected against the background 
of muscle weakness caused by corticosteroids 
[149] or pleural disease due to serositis [150]. 
Furthermore, diaphragmatic weakness can cause 
breathlessness and can occur even in the absence 
of overt peripheral muscle weakness. It should be 
considered as a possible cause of dyspnea in any 
patient who has received extensive corticoste-
roid therapy and can often worsen breathlessness 
already present in patients with BOS. Diagnostic 
evaluations for BOS and other pulmonary com-
plications are discussed in detail in Chap. 6. 
Finally, pulmonary rehabilitation is beneficial 
for patients with BOS [151] but is likely to be 
underutilized [152], particularly when consider-
ing the pleiotropic benefits of exercise against 
the minimal drawbacks. Pulmonary rehabilita-
tion is discussed in detail in Chap. 21.

Finally, pulmonary consultants must be aware 
of the dire prognosis of patients with GVHD who 
are admitted to intensive care units [153]. In part 
due to necessary immunosuppression and coex-
isting frailty, the care of patients with GVHD 
with critical illness requires a detailed, multidis-
ciplinary approach, outlined in the second half of 
this book. Even in modern cohorts, the in- hospital 
mortality of GVHD patients with respiratory fail-
ure who require intensive care unit admission is 
often well over 50% [154].

In short, a broad understanding of GVHD and 
its treatments as outlined in this chapter will ben-
efit all pulmonary consultants who care for these 
patients.
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 Introduction

Since the first successful HSCT done by Edward 
Donnall Thomas in 1957 [1], HSCT has been a 
very important treatment modality in the man-
agement of a variety of benign and malignant 
conditions with more than one and a half million 
transplants done worldwide [2]. It is useful to 
consider the pulmonary diseases post-HSCT sep-
arated by infectious and noninfectious etiologies 
(Fig. 3.1) which span a time frame segmented by 
the immunologic status of the patient. The time-
line and immunologic status posttransplantation 
can be divided into three phases: phase I or the 
pre-engraftment phase from days 0 to 30 post- 
HSCT associated with severe neutropenia, phase 
II or the early post-engraftment phase from days 
30 to 100 post-HSCT associated with cellular 

dysfunction, and phase III or the late post- 
engraftment phase after 100 days associated with 
cellular and humoral dysfunction (see Chap. 1). 
For each phase, it is important to consider not 
only the immunologic status of the patient but 
also the prophylactic medications the patient is 
receiving, as well as any graft-versus-host dis-
ease (GVHD) that may be contributing as well 
(see Chap. 2).

During the last few decades, tremendous 
improvements in critical care management, infec-
tion prophylaxis, and supportive care have 
resulted in decreased morbidity and mortality for 
these patients [3, 4] and thereby emphasize the 
need to develop a survivorship model of care 
(outlined in Chap. 37). Despite these advances, 
the incidence of pulmonary complications is still 
relatively high with about one-third of recipients 
developing at least one respiratory concern dur-
ing the first year after transplant [5, 6]. Respiratory 
diseases remain one of the common causes of 
non-relapse mortality in HSCT recipients [7, 8]. 
Particularly in the subset of patients who develop 
critical illness, the need for an optimal approach 
for respiratory support (see Chap. 25) and a mul-
tidisciplinary team (see Chap. 36) is paramount 
to achieving the best outcomes for the critically 
ill HSCT patient (see Chap. 24).

Understanding the risk factors which make 
patients more susceptible to developing these 
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Fig. 3.1 The spectrum and time course of pulmonary 
complications post-HSCT. BOS bronchiolitis obliterans 
syndrome, COP cryptogenic organizing pneumonia, CRV 
common respiratory viruses, CMV cytomegalovirus, DAH 
diffuse alveolar hemorrhage, HSV herpes simplex virus, 
HZV herpes zoster virus, ILD interstitial lung disease, IPS 
idiopathic pneumonia syndrome, MTB Mycobacterium 

tuberculosis, PE pleural effusion, PERDS peri- 
engraftment respiratory distress syndrome, PH pulmo-
nary hypertension, PJP pneumocystis jirovecii 
pneumonia, PTLPD posttransplant lymphoproliferative 
disorder, PVOD pulmonary veno-occlusive disease, 
SARS-CoV-2 severe acute respiratory syndrome coronavi-
rus 2, TALS thoracic air leak syndrome

complications is critical. Older age and a his-
tory of preexisting lung disease are examples of 
 baseline risk factors, which are discussed in the 
pretransplant evaluation in Chap. 4. Other 
important risk factors include gender, condi-
tioning regimen, indication for transplant, 
modality of transplant harvest, and history of 
previous pulmonary infections [6, 9–12]. In this 
chapter, important hazards will be highlighted 
in the context of the pulmonary condition 
described, with references to the appropriate 

chapter for more information (Table 3.1). Given 
the complex and wide variety of infectious and 
noninfectious pulmonary complications, it is 
necessary to have a framework in mind when 
approaching the HSCT patient – Chap. 5 delves 
into this topic in more detail (Table 3.2). As a 
part of this workup, radiographic findings are 
extremely important and will be discussed in 
Chap. 6. The following sections provide a brief 
overview of the bulk of the respiratory condi-
tions outlined in this text.
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Table 3.1 Potential risk factors for pulmonary complica-
tions post-HSCT

Consistent Allogeneic HSCT
Chronic GVHD
Myeloablative therapy (compared to 
reduced intensity regimens)
Serostatus of the recipient and donor (for 
viral infections and PTLPD)
Seasonal outbreaks (RVI and 
SARS-CoV-2)
Longer duration of neutropenia (for 
fungal infections)

Probable HLA mismatch
Unrelated donor HSCT
Smoking
Abnormal pretransplant PFT
Transplant for hematologic malignancy
Low performance scores
Total body irradiation
Older age of recipient
Severe acute GVHD
Mucositis (for bacterial infections)
Indwelling catheters (for bacterial 
infections and thrombosis)
Corticosteroid use
Conditioning regimen
Lung-gut microbiome

Possible CMV infection
Source of HSCT (cord blood or 
peripheral blood)
Bacterial colonization with MRSA and 
VRE (for bacterial infections)
Use of granulocyte macrophage colony 
stimulating factor (PERDS)
Fluoroquinolone prophylaxis
Younger age
Female to male HSCT
Use of antithymocyte globulin
Toll-like receptor polymorphisms
Iron overload

Table 3.2 Relative frequencies of infectious and nonin-
fectious complications based on type of transplant

Disease Autologous Allogeneic
Infectious

Bacterial (gram + and −) + + + + +

Nocardia ± +
MTB and NTM ± +
Fungal + + + + +
PJP + + +
CMV ± + +
Other viruses ++ + + +
Noninfectious
PERDS + + ++
DAH + ++
IPS + ++
BOS ± + +
COP + + + +
ILD + + +
PH and PVOD ± + +
TALS ± +
Pleural effusion + + + +
VTE + + + +
PCT ± ±
PTLPD ± +
PAP ± ±

+ + +: common; + +: less common; +: rare; ±: very rare
BOS bronchiolitis obliterans syndrome, COP cryptogenic 
organizing pneumonia, CRV common respiratory viruses, 
CMV cytomegalovirus, DAH diffuse alveolar hemorrhage, 
HSV herpes simplex virus, HZV herpes zoster virus, ILD 
interstitial lung disease, IPS idiopathic pneumonia syn-
drome, MTB Mycobacterium tuberculosis, NTM nontu-
berculous mycobacterium, PAP pulmonary alveolar 
proteinosis, PCT pulmonary cytolytic thrombi, PERDS 
peri-engraftment respiratory distress syndrome, PH pul-
monary hypertension, PJP Pneumocystis jirovecii pneu-
monia, PTLPD posttransplant lymphoproliferative 
disorder, PVOD pulmonary veno-occlusive disease, 
SARS-CoV-2 severe acute respiratory syndrome coronavi-
rus 2, TALS thoracic air leak syndrome, VTE venous 
thromboembolism

 Infectious Complications

It is not surprising given the severity of the 
immune compromise patients undergoing HSCT 
therapy experience those infectious complica-
tions are not only more common than noninfec-
tious complications but also are responsible for a 
large percentage of non-relapse mortality among 
HSCT recipients. Given the more intense 
 conditioning regimen necessary for allogeneic 

HSCT and the ongoing concerns for GVHD, 
infectious complications are usually more com-
mon in allogeneic HSCT.

 Bacterial Complications

 Pneumonia
It is a common infection with a reported inci-
dence of 15–25% of post-HSCT patients meet-

3 Pulmonary Complications Following Hematopoietic Stem Cell Transplantation: Spectrum, Incidence…
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ing a clinical diagnosis of pneumonia, making it 
the predominant infection in the early-stage 
post- HSCT [13, 14]. Bacterial pneumonia usu-
ally develops during phase I and II. Risk factors 
such as mucositis, neutropenia, prolonged use 
of central venous catheters, low performance 
status, GVHD, prior use of fluoroquinolones, 
and colonization of bacteria may predispose 
patients to these infections [15]. Gram negative 
bacteria like E. coli, Pseudomonas (including 
multidrug resistant organisms), and Klebsiella 
pneumoniae, as well as gram positive bacteria 
such as pneumococcus, streptococcus species, 
and staphylococci, are the most common causes 
of pneumonia [13, 14, 16, 17]. Early recognition 
is important, and early initiation of antibiotics is 
of paramount importance as mortality can be 
high, particularly in phase I prior to engraft-
ment. Please refer to Chap. 7 for more details 
about bacterial infections.

 Nocardia
Infection is less common than other bacterial 
infections with an incidence of less than 2% [18, 
19] and usually occurs late during phase III post- 
HSCT.  Risk factors for Nocardia infections 
include use of corticosteroids, chronic GVHD, 
CMV reactivation, high calcineurin inhibitors’ 
levels, and trimethoprim sulfamethoxazole free 
periods. The presence of pulmonary nodules, 
cavities, masses, and consolidations or failure to 
respond to beta-lactam antibiotic therapy should 
raise the suspicion for Nocardia infections [20]. 
Treatment should be started with trimethoprim 
sulfamethoxazole. Outcome is usually good with 
most patients responsive to treatment.

 Mycobacterium tuberculosis (MTB)
Infections are rare in non-endemic areas with 
incidence less than 0.1% compared to 16% in 
endemic areas [21–23]. Risk factors include allo-
geneic HSCT, older age, chronic GVHD, pro-
longed immunosuppression, use of tyrosine 
kinase inhibitors, total body irradiation, and cor-
ticosteroid use [22, 24–26]. It usually occurs dur-
ing the second and third phase post-HSCT. Fever 
is very common [27] and cough, dyspnea, and 
extra pulmonary involvement are also common. 
The outcomes for MTB disease are favorable if it 

is localized with no resistant organisms but less 
favorable in allogeneic HSCT, multidrug resis-
tant or extensively drug resistant tuberculosis, or 
disseminated disease [22, 24, 28].

 Nontuberculous Mycobacterial 
Infections
The incidence of nontuberculous mycobacterial 
infections in HSCT is about 1–3% [29, 30] and, 
overall, much more common in the USA com-
pared to MTB. In a retrospective review of 1047 
allogeneic HSCT patients, important risk factors 
included CMV viremia and the presence of 
severe chronic GVHD [29]. Patients present with 
diffuse lymphadenopathy, skin and soft tissue 
infections, pneumonia, or a disseminated blood-
stream infection [31]. Treatment can be complex 
in the setting of multiple drug interactions and 
concomitant GVHD; in this same retrospective 
study, the median survival after diagnosis was 
398  days, with a survival of 40.8% at 2  years 
[29].

 Viral Complications

As depicted in Fig.  3.1, viral infections post- 
HSCT can happen at any stage: cytomegalovirus 
(CMV) and respiratory virus infections (RVI) 
typically occur during phase II and III, while her-
pes simplex virus (HSV) reactivation pneumoni-
tis is typically diagnosed early in phase I.

 Cytomegalovirus
Although the use of prophylactic and preemptive 
treatment of patients at risk resulted in decrease 
in the incidence of CMV pneumonitis, it is still 
one of the common viral infections posttrans-
plant. The rate of reactivation has dropped from 
around 60 to 70% to a little over a third of patients 
with improved treatment regimens [32–34]. The 
most important risk factor is the serostatus of the 
recipient and donor (highest risk if seropositive 
recipient and seronegative donor), total body irra-
diation, myeloablative conditioning, acute or 
chronic GVHD, unrelated or mismatched donor, 
use of alemtuzumab or fludarabine in seroposi-
tive patients, and high doses of corticosteroids 
[35–37]. CMV infection can present with a wide 
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range of presentations from asymptomatic vire-
mia to tissue invasive disease of the lung, gut, 
eye, liver, or brain, and it can – through immuno-
modulation – increase the risk of other infections. 
Tissue biopsy is the gold standard of diagnosis, 
but this is rarely performed in HSCT patients, 
and the diagnosis can still be made clinically 
using blood or bronchoalveolar lavage (BAL) 
PCR.  Treatments used for CMV infections 
include valganciclovir, foscarnet, and cidofovir 
[33]. CMV viremia is associated with increased 
mortality, but it is infrequently linked as the cause 
of death for these patients [33, 34]. In a retro-
spective cohort study of 926 post-HSCT patients, 
346 patients (37%) had reported plasma viral 
load greater than 150 IU/mL, but CMV disease 
was listed as a cause of death in only three 
patients (1%) during the first year after transplant 
[33]. For more information regarding CMV dis-
ease, see Chap. 10.

Herpesviruses (including HSV, VZV, and 
other herpesviruses) involvement in the course of 
the HSCT is an exciting area of future study. 
Previously herpes simplex virus 1 or 2 (HSV-1, 
HSV-2) were felt to be rare causes of pneumoni-
tis in this population [38]. Prophylaxis with acy-
clovir is commonly administered in antibody + 
HSV + VZV HSCT recipients to reduce the risk 
of reactivation, which is most common in phase I 
of the time frame [39, 40]. An emerging area of 
study is the identification of latent human herpes-
viruses (commonly HHV-6, but HSV and EBV 
also described) in the BAL fluid of patients later 
diagnosed to have idiopathic pneumonia syn-
drome and bronchiolitis obliterans syndrome, 
two important noninfectious causes of non- 
relapse mortality [41]. There is ongoing work 
regarding the association of diagnosed respira-
tory infections within the first 100  days post-
transplant (phases I and II) as an important 
identified risk factor for later noninfectious pul-
monary diseases.

 Respiratory Virus Infections (RVI)
This category includes influenza, parainfluenza, 
respiratory syncytial virus (RSV), human meta-
pneumovirus, rhino viruses, corona viruses (other 
than SARS-CoV-2), and adenoviruses. They col-
lectively infect a high percentage of HSCT recip-

ients. The reported incidence has increased with 
the use of more advanced techniques such as 
nasopharyngeal multiplex PCR with ranges of 
11%–40% [42, 43]. Risk factors include seasonal 
outbreaks, exposure to household infected con-
tacts, GVHD, immunosuppressive therapy, and 
unvaccinated status. Risk factors for progression 
to pneumonia include age greater than 65 years, 
lymphopenia, neutropenia, use of high dose cor-
ticosteroids, and GVHD [44]. Fever, cough, 
shortness of breath, sneezing, fatigue, and sore 
throat are common. Acute respiratory distress 
syndrome can develop in severe cases. Initiating 
appropriate antiviral therapy may help decrease 
mortality in some infections. The overall mortal-
ity of RVI pneumonias is about 12%–15% [43, 
45]. Treatment with oseltamivir can decrease 
morbidity and mortality in influenza virus infec-
tions [46], and use of ribavirin is proven to 
decrease mortality in RSV pneumonias [44]. 
Mortality of different viruses may vary and can 
be high in some viruses like influenza A/H1N1 
strains and reach up to 29.6% [47]. For more 
information, please refer to Chap. 11.

 SARS-CoV-2
It is still an ongoing pandemic. Its incidence is vari-
able across many studies and reflects the changing 
pandemic status in different areas of the world. 
SARS-CoV-2 infection may range from asymp-
tomatic infection to a life-threatening acute respira-
tory distress syndrome and multi- organ failure. 
Fever, myalgia, cough, shortness of breath, and 
upper respiratory tract symptoms are common. 
Diagnosis is confirmed with PCR testing of swabs 
from the throat and nasopharynx or samples from 
BAL. Treatment is evolving, but use of dexametha-
sone in severe cases has shown a mortality benefit 
in the non-HSCT population, as well as immuno-
modulatory medications such as IL-6 inhibitors 
(tocilizumab, sarilumab) or Janus kinase (JAK) 
inhibitors (baricitinib) [48]. Older age, developing 
SARS-CoV 2 during the first year, allogeneic 
HSCT, and transplantation for lymphomas may 
have a higher risk for severe disease and mortality 
[49]. The outcomes in HSCT recipients appear to 
be worse than the general population with a mortal-
ity of about 22%–36% [49–51] 30 days after infec-
tion. Mounting an appropriate immune response to 
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vaccines may be suboptimal [52] depending on 
when the vaccine is given in the post-HSCT time-
line. The European Conference on Infections in 
Leukemia, along with the American Society for 
Transplantation and Cellular Therapy and the 
CDC, has endorsed COVID-19 vaccines for use in 
HSCT recipients. The current guidance is to initiate 
the vaccine series (with preference for m-RNA 
vaccines) at least 6 months after HSCT but can be 
considered as soon as 3 months post- HSCT if com-
munity transmission is high, though the efficacy is 
felt to be less optimal. For further reading on this 
emerging pathogen, please refer to Chap. 12.

 Invasive Fungal Infections

Invasive fungal infections (IFI) may occur at any 
phase posttransplant but peak during the early neu-
tropenic phase which is associated with profound 
cellular immunodeficiency or late phase second-
ary to the immunosuppressive effects of medica-
tions used to treat chronic GVHD.  Commonly 
encountered invasive fungi include aspergillus 
species, candida species, zygomycetes species, 
fusarium, scedosporium, and others.

The incidence of invasive fungal infections in 
HSCT recipients has decreased due to the use of 
antifungal prophylaxis [53, 54]. The annual inci-
dence of IFI is 1.3%–10% with Aspergillus spe-
cies being the most common IFI [55]. Risk 
factors for IFI include neutropenia, use of anti-
thymocyte globulin, radiation, use of corticoste-
roids and other immunosuppressive therapy that 
affect T cells, severe GVHD, HLA-mismatched 
donors, use of cord blood as graft, CMV reactiva-
tion, toll-like receptor polymorphisms, and iron 
overload [56, 57]. Patients with IFI and HSCT 
are often critically ill and are admitted to an ICU 
more often [55, 56] compared to other types of 
infections. Mortality of different types of IFI 
continues to be high despite treatment and can 
reach 12%–65% [55, 58].

Invasive pulmonary aspergillosis is the most 
common invasive fungal infection and carries a 
high mortality. Imaging may show nodules, 
masses, cavities, peribronchial infiltration, halo 
sign, tree-in-bud appearance, air crescent sign, and 
pulmonary hemorrhage [59]. A proven diagnosis 

requires tissue biopsy demonstrating angioinva-
sion which is rarely performed. A probable diag-
nosis may be made with culture of Aspergillus spp. 
or by indirect tests such as elevated β-d- glucan and 
galactomannan (in serum or BAL) in a patient 
with appropriate host features. Finally, a possible 
diagnosis may be made with appropriate clinical 
features and imaging findings but absence of posi-
tive mycologic data [60]. Treatment with voricon-
azole should be started in confirmed or suspected 
cases. For more information, please see Chap. 8.

Mucormycosis is a cause of invasive sinusitis 
and pneumonia and usually requires surgical 
treatment in addition to antifungals with a high 
mortality. For more information on this life- 
threatening infection, please see Chap. 9.

Pneumocystis jiroveci pneumonia (PJP) 
usually occurs in the second or third phase post- 
HSCT. The incidence rate of PJP decreased dra-
matically with the use of trimethoprim 
sulfamethoxazole (TMP-SMX) prophylaxis. The 
incidence is about 2.5% in one retrospective 
study of 519 allogeneic stem cell transplanted 
patients, and prophylaxis had been discontinued 
in all but three [58]. Patients present with fever, 
dry cough, dyspnea, and acute respiratory failure. 
Microscopic examination of respiratory samples, 
as well as PCR and β-d-glucan, is used in diagno-
sis. First line treatment is with TMP-SMX. See 
Chap. 9 for more information.

Fusarium infections (incidence is 5.97 per 
1000 transplants [58]) and scedosporium are rare 
examples of IFI which can involve the lungs and 
may be rising in incidence given widespread mold-
active prophylaxis and selection pressure. See 
Chap. 9 for more information on these infections.

 Noninfectious Complications

Modern HSCT medicine has shown a decline in 
the incidence and severity of the infectious pul-
monary complications with the use of prophylac-
tic antibiotics and preemptive diagnosis and 
treatment. This trend has placed greater emphasis 
and recognition for the noninfectious pulmonary 
complications, which continue to be a very 
important cause of morbidity and mortality fol-
lowing HSCT in both the near and long term.
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 Idiopathic Pneumonia Syndrome (IPS)

IPS is defined as idiopathic syndrome of pneu-
mopathy following HSCT and characterized by 
respiratory symptoms with deranged lung physi-
ology and multilobar lung infiltrates on imaging 
and requires the exclusion of infectious causes, 
cardiac dysfunction, acute renal failure, or fluid 
overload [61]. The incidence of IPS is about 
3%–21% and usually develops a median of 
25 days post-HSCT [62, 63]. Risk factors for IPS 
include allogeneic HSCT, full-intensity condi-
tioning, total body irradiation >12  Gy, acute 
GVHD, older age, and pretransplant poor lung 
function [61, 63, 64]. More recent investigations 
have identified HHV-6 infection as an important 
risk factor for later development of IPS [41].

Treatment is usually supportive; many patients 
will be on empiric antibiotics while undergoing 
simultaneous infectious disease evaluation. There 
may be benefits from adding corticosteroids with 
or without etanercept [65]. The outcome for IPS 
is poor with high mortality that can reach more 
than 75%. Many patients will progress to fulmi-
nant respiratory failure and die within a few days. 
The need for mechanical ventilation and the pres-
ence of renal insufficiency were associated with 
higher mortality [62, 64]. For more information 
on IPS, please see Chap. 16.

 Peri-Engraftment Respiratory 
Distress Syndrome (PERDS)

PERDS is defined as new-onset acute lung injury 
requiring oxygen supplementation with radio-
graphic abnormalities that happen within 5 days 
of neutrophil engraftment in the absence of car-
diac or infectious etiologies. It reflects the pul-
monary subtype of the engraftment syndrome 
(ES). It is more frequent in autologous HSCT 
compared to allogeneic HSCT. The incidence of 
PERDS varies widely in the literature due to the 
heterogeneity of ES definitions, but in a retro-
spective study of 3473 patients undergoing an 
autologous transplant, the reported incidence was 
4.8% [66]. Risk factors for PERDS include autol-
ogous HSCT, female sex, use of granulocyte 
macrophage colony stimulating factor, non- 

myeloablative conditioning, and peripheral blood 
versus bone marrow source of HSCT [67–71]. 
The clinical presentation of PERDS is nonspe-
cific and may mimic other diagnoses. Treatment 
is largely supportive with a portion of patients 
improving without therapy; however, corticoste-
roids are efficacious in those requiring treatment 
with excellent outcomes and only 3.6% in- 
hospital mortality [66] but may increase the non- 
relapse mortality at 2  years [70, 72]. For more 
information on PERDS, please see Chap. 15.

 Diffuse Alveolar Hemorrhage (DAH)

DAH is characterized by acute respiratory failure 
with bilateral lung infiltrates resulting from 
bleeding into the alveolar surfaces. It can prog-
ress rapidly to respiratory failure and result in 
death. In addition to the diffuse alveolar infil-
trates and new oxygen requirement, the diagnosis 
is made by progressively bloody return from con-
secutive bronchoalveolar lavages. A cutoff of 
“20% hemosiderin laden macrophages” is also 
used to obtain a cytologic definition of hemor-
rhage. The incidence of DAH is 2%–16% [73–
75] based on variable applications of the 
definition. Risk factors include allogeneic HSCT, 
delayed platelet engraftment, myeloablative ther-
apy, and older age [74, 76, 77].

Treatment is with supportive care, corticoste-
roids, and correction of platelet and coagulation 
abnormalities. The outcome is poor with high 
mortality and the need for mechanical ventilation 
in many patients [78, 79]. Early DAH in the first 
month carries a better prognosis and outcome 
compared to late DAH [75]. For more informa-
tion regarding DAH, please see Chap. 14.

 Cryptogenic Organizing Pneumonia 
(COP)

COP is a pneumonia-like syndrome character-
ized by fever, cough, and shortness of breath with 
alveolar and interstitial changes on imaging. 
Pulmonary function testing will show a restric-
tive physiology. The incidence is between 2% 
and 11% and usually occurs between 2- and 
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15-month post-HSCT [79, 80]. Risk factors 
include HLA disparity, female sex, and  peripheral 
blood HSCT. On the other hand, busulfan based 
myeloablative conditioning and fludarabine 
based reduced intensity conditioning have lower 
risk [81, 82]. COP usually has a favorable prog-
nosis with good response to corticosteroids, but 
up to 30% may relapse [79, 82].

 Bronchiolitis Obliterans Syndrome (BOS)

BOS is a new-onset obstructive lung disease 
that develops after allogeneic HSCT secondary 
to bronchiolar wall fibrosis and narrowing. The 
incidence rate of BOS is 3.4%–10% [83] and is 
considered the most common late presenting 
noninfectious pulmonary complication. It is 
most often diagnosed well into phase III, typi-
cally around the 1-year mark post-HSCT.  The 
typical presentation will include new cough, 
dyspnea, and exercise limitation, which may be 
progressive in nature or slowly stabilizes. 
Important risk factors include myeloablative 
conditioning regimen, chronic GVHD, multipa-
rous female donors, unrelated donors, and a 
lower respiratory tract infection prior to day 
100. Antithymocyte globulin administration and 
reduced intensity regimen were associated with 
reduced risk [84–88].

After ruling out infectious etiologies, BOS 
can be diagnosed based on PFT showing irrevers-
ible obstruction, a decline of FEV1 < 75% of pre-
dicted with ≥10% decline over less than 2 years 
and either HRCT findings of air trapping and 
bronchiectasis, or PFT findings of air trapping 
[89]. Treatment is difficult with no curative ther-
apy known. Corticosteroids, azithromycin, 
inhaled budesonide/formoterol, and montelukast 
can be used [90–92] with variable reports of sta-
bilizing lung function decline. Lung transplant is 
an option in advanced disease [93]. BOS is a sig-
nificant source of mortality in the phase III HSCT 
patient, and estimates of mortality range from 
approximately 50% in 5 years, with early onset 
BOS as an independent risk factor for poor sur-
vival [86, 94, 95]. For more information on BOS, 
please see Chap. 17.

 Interstitial Lung Disease (ILD)

ILD is a late complication of HSCT with a low 
incidence of 2.4%–2.6% [96, 97]. The median 
duration from transplantation to diagnosis in 
one cohort was 44  months [96]. Risk factors 
include peripheral blood allogeneic HSCT and 
extra- thoracic GVHD [97]. ILD pathology var-
ies and includes pleuroparenchymal fibroelas-
tosis, diffuse alveolar damage, nonspecific 
interstitial pneumonia, organizing pneumonia, 
or lymphoid interstitial pneumonia [97, 98]. 
The outcome for ILD is poor especially in pleu-
roparenchymal fibroelastosis with no clear 
guidelines on treatment. The median survival at 
2 years is 61% [97]. Please refer to Chap. 18 for 
more details.

 Pulmonary Hypertension and Pulmonary 
Veno-Occlusive Disease (PVOD)

Pulmonary hypertension after HSCT is likely an 
underreported condition with most cases reported 
in children. It is common in patients with BOS 
with an incidence of 32.5% [99]. PVOD is a rare 
form of pulmonary hypertension defined by post-
capillary intimal fibrosis of the pulmonary 
venules seen via a surgical lung biopsy. Clinically 
it can mimic heart failure on imaging – making 
the syndrome difficult to recognize. There is a 
suggestion that PVOD may be a result of endo-
thelial injury from cytotoxic treatment or radia-
tion [100]. Patients with PVOD often do worse if 
treated with pulmonary vasodilator therapy that 
is typically used for pulmonary arterial hyperten-
sion, at the time of diagnosis; it is recommended 
to refer such patients to lung transplant as the 
effective 1-year mortality approaches 70% [101]. 
For more information on pulmonary hyperten-
sion and PVOD, please see Chap. 19.

 Thoracic Air Leak Syndrome (TALS)

It refers to the presence of extra-alveolar air 
known as the development of pneumothorax, 
pneumomediastinum, pneumopericardium, and/
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or subcutaneous emphysema following alloge-
neic HSCT.  The reported incidence is 0.83%–
3.1% [102–104]. Risk factors include chronic 
GVHD, history of invasive fungal infection, 
male sex, younger age, and tacrolimus based 
GVHD prophylaxis with BOS being the main 
risk factor for this condition [105]. It is typically 
a late presenting condition; in one retrospective 
review of 18 patients with TALS, the onset was 
on average day 425 after HSCT, and the mean 
duration of air leak was long at 16 days [104]. 
Treatment is largely supportive, focused on oxy-
gen therapy and chest tube placement when 
appropriate. TALS—especially if associated 
with severe GVHD—reflects a poor overall con-
dition with high mortality that can reach 88.9% 
[102, 104]. For more information on TALS, 
please see Chap. 19.

 Pleural Effusions

Pleural effusions are frequent after HSCT with an 
incidence of 9.9% at 1 year posttransplant. They 
can result from infectious processes, fluid over-
load, GVHD related serositis, ES, or malignancy. 
Treatment is directed toward correcting the 
underlying condition. The development of pleu-
ral effusions is associated with decrease in over-
all survival [106] regardless of underlying 
etiology. More information on pleural effusions 
is available in Chap. 19.

 Venous Thromboembolic Disease 
(VTE) and Pulmonary Cytolytic 
Thrombi (PCT)

Following a stem cell transplant, patients are at 
an above average risk of VTE; in one meta- 
analysis, this risk has been estimated to be as 
high as 5% for the post-HSCT population at day 
180 [107]. The most prevalent and strongest risk 
factors are identified as prior VTE, indwelling 
catheter devices, and GVHD [107–111]. 
Somewhat counterintuitively, VTE can be seen 
even in patients with profound thrombocytope-
nia, in one series up to 13% of patients with 

platelet counts of less than 20 × 109/L [108]. As 
expected, treatment can be challenging in the 
face of significant thrombocytopenia as this pop-
ulation is at risk for significant bleeding compli-
cations as well. Mechanical thromboprophylaxis 
is widely recommended in those who cannot tol-
erate chemical thromboprophylaxis. Lower 
extremity deep vein thrombosis and pulmonary 
embolism are associated with an increased risk of 
non-relapse mortality [111].

Pulmonary cytolytic thrombi (PCT) are a rare 
and unusual complication following 
HSCT. Patients present with fever and pulmonary 
nodules. After ruling out infectious etiologies, 
the diagnosis is made following a surgical biopsy. 
Pathology will show necrotic occlusive baso-
philic thromboemboli on the small pulmonary 
arteries. PCT can be reversible with treatment 
with immunosuppressive therapy [112, 113].

For more information on VTE and PCT, please 
see Chap. 19.

 Other Noninfectious Complications

Posttransplant lymphoproliferative disorder 
(PTLD) is an Epstein-Barr virus (EBV) related 
lymphoid proliferation that results from signifi-
cant immunosuppression of T-cell immunity. It is 
a rare condition with an incidence of 1–17% and 
usually occurs during the first 6  months post- 
HSCT [114] when the degree of immunosuppres-
sion is the greatest. Risk factors include allogeneic 
HSCT, T-cell depletion of the donor marrow, 
antithymocyte globulin use, unrelated or HLA- 
mismatched grafts, acute and chronic graft- 
versus- host disease, second transplantation, and 
EBV sero-mismatch (recipient-negative/donor- 
positive) [114–116]. Patients may develop fever, 
thoracic lymphadenopathy, and lung parenchy-
mal involvement—though lymph node enlarge-
ment can be identified throughout the body [117]. 
Treatment includes decreasing the immunosup-
pressive therapy, rituximab, and chemotherapy. 
The disease is fatal without treatment, and the 
3-year overall survival with treatment is 37.3% 
[118]. For more information on PTLD, please see 
Chap. 19.
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Pulmonary alveolar proteinosis (PAP) is a 
rare condition related to a dysfunction in surfac-
tant clearance by alveolar macrophages that can 
develop post-HSCT. Pathology will show abnor-
mal periodic acid-Schiff lipo-proteinaceous 
material accumulation inside the airways. The 
outcome is good, and it can be reversible with 
appropriate management [119]; severe respira-
tory failure and death may result without treat-
ment. Please see Chap. 19.

Acute radiation pneumonitis (ARP): ARP is 
directly related to the dose and field that the radia-
tion therapy is applied to. It happens less  commonly 
after whole-body irradiation, but it is more com-
mon in mediastinal lymphomas given the proxim-
ity to the lung fields. Acute radiation pneumonitis 
is typically seen 4–12  weeks after therapy, and 
chronic radiation pneumonitis is seen 6–12 months 
following therapy and is also referred to as the 
fibrotic phase, associated with scar tissue and trac-
tion bronchiectasis [120]. Chapter 21 discusses 
further use of whole-body irradiation.

Drug toxicity: Many of the chemotherapeutic 
and immunosuppressive medications used in 
patients with HSCT can potentially affect the 
lung and cause a wide range of diseases (e.g., 
cyclophosphamide, busulfan, sirolimus etc.). For 
a detailed discussion of pulmonary complications 
following these therapies, please see Chap. 21.

 Acute Respiratory Failure 
and Mechanical Ventilation

It is estimated that 15.7%–20% of patients with 
HSCT will be admitted to the ICU [121, 122] 
within their first year. Acute respiratory failure is 
one of the most common causes for admission to 
the ICU in the HSCT population. Many of the 
infectious and noninfectious conditions discussed 
in this chapter can result in acute respiratory fail-
ure and the need to use mechanical ventilation or 
noninvasive ventilation. Infectious complications 
are the most common cause of respiratory failure 
among HSCT recipients. Despite the tremendous 
improvement in supportive intensive care, 
advancement in technology, and prophylactic 
measures, the mortality for allogeneic HSCT in 

respiratory failure did not improve significantly 
with overall mortality of 51.7% but is higher if 
requiring mechanical ventilation and may reach 
up to 80% [123]. Risk factors for increased ICU 
mortality include the need for mechanical ventila-
tion, use of vasopressors, renal replacement ther-
apy, acute respiratory failure, acute kidney injury, 
acute GVHD, and allogeneic HSCT [123, 124]. 
The long-term survival of more than 6 months is 
40%–86% [125]. Autologous HSCT patients in 
the ICU have a much better prognosis. For more 
information on use of respiratory support in the 
ICU, see Chap. 25, and for critical care outcomes, 
please see Chap. 24.

 Diagnostic Considerations 
of Noninfectious Pulmonary 
Complications Following HSCT

It is important for the management of pulmonary 
complications following HSCT that these patients 
are evaluated pretransplant by thorough history, 
physical examination, pulmonary function test-
ing, and chest radiograph. Chest CT scan may be 
indicated especially in older patients, smokers, or 
those who have an abnormal initial evaluation. 
These investigations should serve as a baseline 
for any posttransplant changes.

Respiratory symptoms in the early posttrans-
plant period (generally in the first 100 days fol-
lowing transplant) should be evaluated in the 
context of acuity of symptoms and patient’s 
immune status (neutrophil count, immunosup-
pressive medications, presence of acute GVHD, 
and antimicrobial prophylactic measures). 
Infectious conditions should be considered first 
during this period. HRCT of the chest is more 
sensitive in detecting pulmonary opacities and 
may provide useful information on the etiology 
of the patient’s symptoms [126]. Bronchoscopy 
with BAL is well tolerated and provides a diag-
nosis in around half of the patients [127]. Recent 
advances in noninvasive diagnostic methods have 
reduced the need for bronchoscopy in this patient 
population. These include viral PCR studies of 
nasal washing and serological tests such as galac-
tomannan and CMV PCR [120]. Surgical lung 
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Fig. 3.2 Suggested diagnostic approach to pulmonary 
complications post-HSCT. HRCT high resolution CT, 
BAL bronchoalveolar lavage, PERDS peri-engraftment 
respiratory distress syndrome, DAH diffuse alveolar hem-

orrhage, COP cryptogenic organizing pneumonia, AIP 
acute interstitial pneumonia, ARDS acute respiratory dis-
tress syndrome, PFT pulmonary function test

biopsies are rarely needed nowadays following 
HSCT, and the decision to proceed with this pro-
cedure should be made in a multidisciplinary 
approach and on a case-by-case basis [128].

In the late post-HSCT period, chronic nonin-
fectious pulmonary complications including 
BOS, ILD, or mixed changes gain more signifi-
cance. Given the limited treatment options once 
the damage associated with these conditions has 
been established, it is recommended to monitor 
patients carefully following HSCT by regular 
outpatient visits and review of the patient’s respi-
ratory symptoms. Screening spirometry every 
3 months after the initial 100 days and for the first 
2  years following allogeneic HSCT is recom-
mended by the National Institutes of Health 2014 
Consensus Conference on chronic GVHD and 
Consensus Conference on Clinical Practice in 
chronic GVHD [129]. The presence of a new 
obstructive pattern as compared to baseline val-
ues is consistent with BOS, while a new restric-
tive finding is suggestive of ILD.  Occasionally, 
patients may have combined new obstructive and 

restrictive changes that reflect a mixed pattern of 
BOS and ILD. If there are persistent new changes 
on PFT, HRCT is helpful in delineating the pul-
monary disease. The findings of nonhomoge-
neous air trapping by expiratory CT (mosaic 
pattern) or small airway thickening or bronchiec-
tasis are consistent with BOS, while ILD associ-
ated with GVHD usually manifests radiologically 
with persistent multilobar opacities (ground 
glass, consolidation, small linear and reticular 
changes) with or without pleural changes. An 
approach to the evaluation of late noninfectious 
pulmonary complications following HSCT is 
summarized in Fig. 3.2. More details about the 
diagnosis of pulmonary complications following 
HSCT are offered in Chap. 5.

 Conclusion

The pulmonary complications following HSCT 
are significant and are a major cause of morbidity 
and mortality. Knowledge of the spectrum of 
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 conditions that are seen in this patient population 
and developing an organized framework to 
approach the HSCT patient are pivotal to timely 
diagnosis and management. An important theme 
in this regard is considering the type of transplant, 
the immune status of the patient, and the timing 
following transplant. The best outcome in the care 
of these patients is when there is systematic com-
munication and collaboration by a multidisci-
plinary team of experts that include the transplant 
specialist, pulmonologist and intensivist, infec-
tious disease specialist, radiologist, bedside nurse, 
pharmacist, and other providers as needed.
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4Pretransplant Pulmonary 
Evaluation

Mansour Alkhunaizi, Ricardo José, 
and Ajay Sheshadri

 Introduction

Since its introduction more than 50  years ago, 
hematopoietic stem cell transplant (HSCT) has 
remained integral for the treatment of many 
benign and malignant hematological conditions. 
More than 50,000 HSCT cases are performed 
annually, and advancements in pre- and post- 
HSCT care have led to a significant reduction in 
transplant-related mortality [1, 2]. However, pul-
monary complications, both infectious and non-
infectious, continue to affect a significant number 
of HSCT recipients and contribute greatly to 
early post-HSCT mortality [3, 4]. Despite 
improvements in outcomes after infections, non-
infectious pulmonary complications (NIPC) con-
tinue to pose a significant challenge [5–7], 
accounting for two-thirds of all pulmonary 
transplant- related mortalities [8]. Finally, impair-
ments in pulmonary function in the general popu-

lation are well known to be associated with 
decreased survival [9]; forced spirometric mea-
surements (FEV1 and FVC) are independent risk 
factors for cardiovascular [10, 11] and all-cause 
mortality [12–14]. By providing objective and 
quantifiable measures of lung function to gain 
insight on post-HSCT outcomes, pulmonary 
function tests represent the cornerstone of the 
pre-HSCT pulmonary evaluation and can help 
shape HSCT strategies to mitigate post-HSCT 
risk.

In this chapter, we explore the pre-HSCT pul-
monary evaluation, which gives crucial informa-
tion to the transplant team for determining who is 
at the greatest risk of respiratory complications 
and non-relapse mortality. We have organized 
this chapter by focusing on the purpose of the 
pre-HSCT pulmonary evaluation, the evidence 
for different components of pulmonary function 
testing (PFT), special considerations regarding 
the use of specific cutoffs, the role of other pul-
monary tests, smoking cessation, and future 
directions regarding cardiopulmonary fitness.

 Pulmonary Function Tests Overview

Pulmonary function testing consists of a suite of 
distinct measurements that help clinicians with a 
diverse array of scenarios, including the diagnosis 
and evaluation of pulmonary and non- pulmonary 
diseases, monitoring disease progression and 
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response to therapy, screening for specific dis-
eases or exposures, and preoperative assessment 
[15]. Measurements from certain pulmonary 
function tests, such as forced vital capacity, have 
far-reaching implications regarding the future risk 
for cardiopulmonary complications and death [16, 
17]. It is critical to minimize variability in PFTs 
in order to eliminate technical variability and iso-
late changes in lung function parameters that are 
related to disease processes. Therefore, PFT labo-
ratories put substantial effort into maintaining and 
calibrating equipment and have standard operat-
ing procedures for lung function physiologists 
and clear instructions coupled with encourage-
ment for patients to give their best performance 
during tests and maximize reproducibility.

General considerations when conducting pul-
monary function tests include asking individuals 
not to smoke on the day of the test, not to drink 
alcohol for at least 4 h before the test, avoid eat-
ing a large meal within 2 h of the test, and avoid 
vigorous activity 30 min before the test. For spe-
cific tests, such as assessment of bronchodilator 
reversibility or bronchial provocation testing, 
bronchodilators should be withheld before the 
test. In certain cases, it is inappropriate to con-
duct lung function tests due to the potential for 
harm during testing where forceful maneuvers 
may aggravate underlying conditions. Relative 
contraindications to spirometry include hemop-
tysis of unknown origin; pneumothorax; recent 
myocardial infarction; unstable cardiovascular 
status or pulmonary embolism; thoracic, abdomi-
nal, or cerebral aneurysms; recent eye, thoracic, 
or abdominal surgery; or the presence of an acute 
illness that may affect the performance of the test 
[18]. More information about the technical 
aspects of performing pulmonary function testing 
are available elsewhere [19].

When conducting PFTs, it is important to 
obtain the individual’s age, birth sex, standing 
height (to the nearest 0.5 cm without shoes), and 
weight (to the nearest 0.5 kg wearing light clothes 
without shoes) as these indices are used to esti-
mate predictive values. Predicted normal values 
for an individual are based on equations derived 
from the testing of large, healthy populations [20]. 
Two approaches have been used to determine 
whether a given PFT result is normal or abnormal. 

Historically, values below a given threshold (e.g., 
80% of predictive values) were used as a cutoff to 
distinguish normal and abnormal PFTs, but more 
recent data suggest that using values below a per-
centile (e.g., fifth percentile or less) may result in 
better classification of health and disease [21], par-
ticularly when considering the diversity of height 
measurements and age in populations of interest 
[22–24]. Therefore, we recommend the use of the 
lower limit of normal (LLN), calculated as the 
mean parameter  −  1.645  ×  standard deviation 
(SD)—and present this as a standardized residual 
(also known as z-score). While the most recent 
recommendations from the European Respiratory 
Society and American Thoracic Society endorse 
this approach [25], fixed cutoffs have shown to 
classify disease better than LLN in certain popula-
tions [26], such as patients with smoking-related 
obstructive lung disease [27]. A similar study 
should be conducted in HSCT recipients to better 
understand which definition of impairment has 
better predictive and diagnostic value.

While it is commonplace to measure self- 
identified race in order to use race-specific equa-
tions, with the intent to give additional normative 
context to pulmonary function data, this practice 
may change in the coming years with the growing 
realization that self-identified race is not an immu-
table biological characteristic [28] and that in cer-
tain contexts, race-neutral interpretation of lung 
function may offer a superior estimate of pulmo-
nary health [29]. Race adjustment has a long history 
based upon observations that certain races or social 
classes have had historically lower values for pul-
monary function after adjusting for age, sex, and 
height. This practice has seeped into the medical 
dogma but has recently come under scrutiny. Most 
studies examining the role of race in spirometry 
have failed to report structural or social determi-
nants of health or environmental exposures, all of 
which can affect maximally attained lung function 
[30–34]. Furthermore, race correction may result in 
the underdiagnosis of lung disease in black indi-
viduals, which can further contribute to biased med-
ical care and health disparities [30–35]. However, in 
the context of HSCT, one crucial concern is that 
race- neutral interpretation may result in patients 
with pulmonary impairment being deemed ineligi-
ble for transplantation due to the use of a race-neu-
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tral interpretative approach as opposed to a 
race- specific equation. It is not clear whether race- 
neutral interpretation is superior to race-specific 
interpretation in the context of determining post- 
HSCT complications, which we will discuss in 
detail in a subsequent section. Further detail regard-
ing the interpretation of spirometry is available else-
where [25]. The following section describes specific 
PFT measurements and their attendant consider-
ations from a pulmonary perspective.

 Spirometry

Spirometry is a useful noninvasive technique to 
detect airflow limitation. It measures the amount 
of airflow over time (L/s). During the procedure, 
the patient is asked by a trained technician to take 

a deep breath in until they have reached maximal 
lung capacity. Within 2  s, the individual force-
fully and rapidly exhales, with ongoing exhala-
tion for at least 6  s or until they reach their 
residual volume and can no longer further exhale. 
This allows determination of the forced expira-
tory volume in 1  s (FEV1) and the forced vital 
capacity (FVC), two of the most important PFT 
measures that are used to determine if a pulmo-
nary impairment is present and if it is due to air-
flow obstruction (Fig. 4.1a, b). To ensure that the 
test results are reproducible and accurate, for 
FEV1 and FVC, the difference between the two 
largest values must be ≤0.150 L [19]. Obstructive 
airway disease is determined on spirometry by an 
FEV1/FVC ratio of <70% predicted or to be 
more accurate by a FEV1/FVC ratio lower than 
the LLN determined by the z-score [36]. While a 

Fig. 4.1 (a) Flow-volume loops. (a, b) Examples of 
obstructive pulmonary defects with a low (a; forced expi-
ratory volume in 1  s (FEV1) 38%; FEV1/vital capacity 
(VC) 46%; peak expiratory flow (PEF) 48%; total lung 
capacity (TLC) 101%) or normal (b; FEV1 57%; FEV1/
VC 73%; PEF 43%; TLC 96%) ratio of FEV1/VC. In both 
cases, TLC is normal, and flows are less than expected 
over the entire volume range. (c) Example of a typical 

restrictive defect (FEV1 66%; FEV1/VC 80%; PEF 79%; 
TLC 62%). The TLC is low and flow is higher than 
expected at a given lung volume. (d) Example of a typical 
mixed defect characterized by a low TLC and a low 
FEV1/VC ratio (FEV1 64%; FEV1/VC 64%; PEF 82%; 
TLC 72%). (b) Patterns of airway obstruction: (a) fixed, 
(b) variable extra-thoracic, and (c) variable intrathoracic 
airway obstruction
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Fig. 4.2 PFT interpretation algorithm. (Reproduced with 
permission from ERS: Interpretative strategies for lung 
function tests. R. Pellegrino, G. Viegi, V. Brusasco, R. O. 
Crapo, F. Burgos, R. Casaburi, A. Coates, C. P. M. van der 
Grinten, P.  Gustafsson, J.  Hankinson, R.  Jensen, D.  C. 
Johnson, N. MacIntyre, R. McKay, M. R. Miller, D. Navajas, 

O. F. Pedersen, J. Wanger. European Respiratory Journal 26 
(5) 948-968; DOI: 10.1183/09031936.05.00035205 
Published 1 November 2005. Acknowledgement Wording: 
Reproduced with permission of the © ERS 2022: European 
Respiratory Journal 53 (1) 1801889; DOI: 
10.1183/13993003.01889-2018 Published 24 January 2019)

symmetric reduction in FEV1 and FVC may 
indicate the presence of a restrictive lung disease, 
lung volumes are necessary to distinguish sym-
metric reductions due to air trapping (e.g., pseu-
dorestriction) [37], which indicates small airflow 
obstruction, from true lung restriction. In cases of 
mixed obstructive and restrictive disorders, 
expert interpretation is needed, and determining 
the relative contribution of airflow obstruction 
and lung restriction toward the degree of pulmo-
nary impairment may not be possible. In these 
cases, the overall severity of impairment will 
likely suffice when determining the risk for post- 
HSCT complications. In cases of airflow obstruc-
tion, it may be helpful to measure FEV1 before 
and after bronchodilation in order to determine 
whether there is reversible airflow limitation, as 
can be seen in asthma. However, in general, pre- 
bronchodilator spirometry has been used in most 
studies examining how pre-HSCT pulmonary 
function impacts post-HSCT health [38]. 

Figure  4.2 demonstrates a general approach to 
interpreting PFTs.

 Lung Volumes

The measurement of static lung volumes, which 
include the residual volume (RV), functional 
residual capacity (FRC), and total lung capacity 
(TLC), provides valuable information regarding 
the presence of restrictive lung diseases as well as 
air trapping (Fig. 4.3). The most common method 
to measure static lung volumes is body plethys-
mography. Helium dilution or nitrogen washout 
methods can also be used but tend to underesti-
mate the FRC in people with obstructive airway 
disease. However, plethysmography may overesti-
mate FRC in obstructive lung disease [39]. 
Generally speaking, either method is acceptable 
and the agreement between the two methods is 
reasonably high [40], but plethysmography is 
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IRV

VT

ERV

IVC

IC

FRC

TLC

RV

Fig. 4.3 Lung volumes. 
IRV inspiratory reserve 
volume, Vt tidal volume, 
ERV expiratory reserve 
volume, IVC inspiratory 
vital capacity, RV 
residual volume, IC 
inspiratory capacity, 
FRC functional residual 
capacity, TLC total lung 
capacity

more commonly used in PFT labs. Gas dilution 
techniques may further be useful in the diagnosis 
of lung graft-versus-host disease [41, 42], but 
unlike plethysmography [43], it is not known 
whether pre-HSCT gas dilution measurements can 
predict post-HSCT risk.

During plethysmography, the patient sits 
upright in a hermetically sealed body box with 
their head in a neutral position (Fig. 4.4). A nose 
clip closes the nostrils and the patient breathes 
normally through a mouthpiece. At the end of 
normal tidal expiration, when a stable end- 
expiratory volume has been achieved, the shutter 
at the end of the mouthpiece is closed and the 
patient pants against the shutter at a rate of 
approximately one breath per second. After 2–3 s 
the shutter is opened and the patient breathes nor-
mally to obtain a baseline of the FRC. Once this 
is established, the patient inhales maximally to 
reach their total lung capacity and then exhales 
fully with a steady flow until no further air can be 
exhaled, reaching their residual volume. The test 
is repeated until three acceptable measurements 
are obtained. Measurement of lung volumes is 
achieved by the principles outlined in Boyle’s 
law − Pressure1 × Volume1 = Pressure2 × Volum
e2—with the lung volumes being estimated based 
upon the change in pressure during the panting 
maneuver. A detailed list of assumptions and 
 calculations involved with plethysmography is 
available elsewhere [44]. In general, a reduction 
in the VC, FRC, and RV is seen in restrictive lung 
disease, while in obstructive airway disease, 
there is an increase in the RV due to air trapping.

 Diffusing Capacity

The ability of the lungs to exchange gases 
between the atmosphere and the pulmonary cap-
illaries is proportional to the lung volume avail-
able for gas exchange, the solubility of the gas, 
and the concentration of the gas on either side of 
the alveolar-capillary membrane while being 
inversely proportional to the thickness of the 
alveolar-capillary membrane. Other factors that 
influence gas exchange include the hemoglobin 
concentration and the blood transit time (i.e., car-
diac output). Carbon monoxide (CO) is used to 
measure gas exchange because it is safe at low 
concentrations and has similar solubility as oxy-
gen, but because of its high affinity for hemoglo-
bin, the rate of uptake of CO is almost completely 
limited by diffusing capacity and not by other 
factors, such as lung perfusion. Furthermore, the 
affinity of CO to hemoglobin is not affected by 
the numerous factors that affect oxygen- 
hemoglobin binding, including temperature, PH, 
the partial pressure of carbon dioxide, and other 
considerations. The resulting measurement, the 
diffusing lung capacity for carbon monoxide 
(DLCO), gives a global estimate of the ability of 
the lung to exchange gases.

With the advent of rapid gas analyzers, 
DLCO is generally measured with a single 10-s 
breath- hold. If possible, the maneuver should 
be performed with a patient breathing room air; 
supplemental oxygen should be withheld for at 
least 10  min if feasible. Cigarette smoking 
should be noted, since this can reduce DLCO 
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acutely, but this reduction typically resolves 
after several hours. Patients should be instructed 
not to smoke cigarettes on the day of DLCO 

testing. The patient is asked to breathe normally 
through a mouthpiece with the nose clipped. 
They then are asked to exhale maximally to RV, 
and at this point, they inhale a gas mixture con-
sisting of 0.3% CO, 21% O2, and tracer gas 
(typically 10% helium or 0.3% methane) and 
the remainder consisting of nitrogen. This 
inspired volume should be within 90% of 
known vital capacity measurements. Patients 
then inhale maximally to reach their TLC and, 
after a 10-s breath-hold, exhale maximally 
again. During exhalation, the total dead-space 
volume (equipment and anatomic) is discarded, 
and the rest of the exhaled air is collected for 
gas analysis [45]. A minimum VC of 1.5 L is 
usually necessary to calculate DLCO accu-
rately, in part due to this need to discard dead-
space gas. Correcting DLCO values for 
hemoglobin is particularly important in patients 
undergoing HSCT because hemoglobin levels 
can vary significantly from PFT to PFT.  The 
DLCO is then corrected for alveolar volume 
(KCO) and for hemoglobin concentration 
(Fig. 4.5). More detailed information regarding 
the measurement of DLCO is available else-
where [46].

Low DLCO

KCO low
(abnormal alveolocapillary membrane)

VA/TLC < 85%
(ventilation inhomogeneity)

Emphysema

Category I

VA/TLC > 85%
(no ventilation inhomogeneity)

Non-perfusion of ventilated areas,
membrane thickening (fibrosis)

Category II

KCO normal
(normal alveolocapillary membrane)

VA/TLC < 85%
(ventilation inhomogeneity)

Inaccessible lung
parts, blebs, bullae

Category III

VA/TLC > 85%
(no ventilation inhomogeneity)

Small lung syndrome, chest restriction,
lobectomy, pneumonectomy

Category IV

Fig. 4.5 Low DLCO algorithm. DLCO diffusion capac-
ity of carbon monoxide, KCO carbon monoxide transfer 
coefficient, TLC total lung capacity, VA alveolar volume. 
(Adapted from: van der Lee I, Zanen P, van den Bosch 

JMM, Lammers J-WJ.  Pattern of diffusion disturbance 
related to clinical diagnosis: The KCO has no diagnostic 
value next to the DLCO.  Respiratory Medicine. 
2006;100(1):101–109)

Fig. 4.4 Plethysmography
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 Role of PFTs in the Pre-HSCT 
Pulmonary Evaluation

In the following section, we discuss some of the 
ways in which pre-HSCT PFTs can help inform 
the transplant team about the risk for complica-
tions following HSCT.

 Consideration of Type 
of Conditioning

Pre-HSCT pulmonary impairment imparts an 
increased risk for pulmonary complications and 
mortality after transplantation, especially with 
myeloablative conditioning, which is often used 
to lower relapse rates but is well known to 
increase the risk for pulmonary toxicity [47–49]. 
Identifying pre-HSCT pulmonary impairment 
may lead the transplant team to favor nonmye-
loablative HSCT to mitigate the pulmonary risk. 
In a study of over 600 patients—with predomi-
nantly hematological malignancies—who under-
went HSCT, the group of patients that received 
nonmyeloablative regimens experienced a 
 significantly lower post-HSCT decline in FEV1 
compared to patients that received myeloablative 
regimens, despite overall lower baseline pre- 
HSCT FEV1 values in the nonmyeloablative 
group. One study demonstrated that, despite the 
higher prevalence of pre-HSCT PFT abnormali-
ties in patients undergoing nonmyeloablative 
regimens, those patients experienced a lesser 
decline in FEV1 than patients who received mye-
loablative regimens [47]. Idiopathic pulmonary 
syndrome (IPS), which is a major early post- 
HSCT complication with an incidence of about 
4%, has been shown in studies to be two to four 
times more common with myeloablative condi-
tioning [50, 51]. In a single-center large cohort of 
allogeneic HSCT recipients, a multivariable 
model of factors associated with IPS showed that 
myeloablative conditioning and greater pre- 
HSCT pulmonary impairment both increased the 
risk for IPS. Therefore, patients with significant 
pre-HSCT pulmonary impairment may have bet-
ter outcomes after HSCT with nonmyeloablative 
conditioning regimens.

 Prediction of Respiratory Failure 
and Mortality

Crawford et al. were among the first to investi-
gate the predictive value of pre-HSCT PFTs on 
post-HSCT mortality. Their study included 1297 
patients aged 4 to 63 years, who had undergone 
HSCT for malignant neoplasms between 1986 
and 1990. Patients received myeloablative condi-
tioning regimens and had pre-HSCT PFTs per-
formed within 2 weeks of transplant. FEV1/FVC 
ratio, predicted TLC, DLCO, and the alveolar- 
arterial gradient were the parameters used to 
assess pre-HSCT obstruction, restriction, and 
impairment in gas exchange as predictors of 
1-year mortality. Patients with normal pre-HSCT 
PFTs had a 51% chance of survival at 1 year, as 
compared to 25% for those with moderate to 
severe restriction (TLC <60%), 34% for those 
with alveolar-arterial gradients >30 mmHg, and 
26% for those with diffusion limitations (DLCO 
<60%). There was no significant association 
between airflow obstruction (FEV1/FVC <80%) 
and survival. Based on this univariate analysis, 
the authors concluded that impairments in pre- 
HSCT TLC, DLCO, and alveolar-arterial 
 gradient, but not FEV1/FVC, were predictive of 
post-HSCT mortality [52].

Since then, several groups have examined the 
impact of pre-HSCT PFTs on post-HSCT out-
comes [53–55]. They concordantly found that 
pre-HSCT lung impairment was associated with 
worse outcomes, be it airflow obstruction, respi-
ratory failure requiring mechanical ventilation, or 
non-relapse mortality. A large retrospective 
cohort study in 2005 more definitively assessed 
this association. In 2800 adult patients who 
underwent a first autologous or allogeneic HSCT 
between 1990 and 2002, lower values of FEV1, 
FVC, TLC, and DLCO were associated with 
higher rates of respiratory failure at 120 days and 
long-term mortality. Because of the significant 
correlation found between FEV1, FVC, and TLC 
values but not DLCO, a study looked at FEV1 
and DLCO collectively to develop the lung func-
tion score (LFS) (Table 4.1). Higher LFS catego-
ries were associated with a progressively higher 
risk of early respiratory failure and mortality, and 
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Table 4.1 Pre-HSCT LFS categories

Pre-HSCT LFS 
category Description

Pre-HSCT 
LFS

I Normal 2
II Mildly decreased 3–4
III Moderately 

decreased
5–6

IV Severely 
decreased

7–8

LFS lung function score
The pretransplant LFS represents the sum of the FEV1 
and DLCO score. A value >80%  =  1, 70–80%  =  2, 
60–70% = 3, and <60% = 4

LFS predicted these key outcomes better than 
FEV1 or DLCO alone. As a result, LFS is com-
monly used to assess post-HSCT risk for respira-
tory failure and death [38].

In a later study, the LFS was incorporated into 
a more comprehensive risk assessment tool: the 
Pretransplant Assessment of Mortality (PAM) 
score [56]. PAM incorporates eight variables (age, 
donor type, disease risk, conditioning regimen, 
FEV1, DLCO, ALT, and serum creatinine), all 
previously recognized as independent risk factors 
for mortality related to transplantation. Patients 
were classified into four different categories based 
on a cumulative score calculated from the indi-
vidual values of those eight variables. The authors 
found that patients in the higher PAM score cate-
gories were associated with progressively worse 
2-year mortality [56]. A major weakness of the 
PAM score is that it fails to integrate patients’ 
functional status and other lung function parame-
ters. In addition, given the evolution of transplant 
practices, PAM was recently revised to include 
donor/recipient CMV status and exclude clinical 
variables such as creatinine and liver function 
[57]. Risk models such as LFS and PAM periodi-
cally need to be revalidated, ideally with a suffi-
ciently large external cohort, and properly 
calibrated to reflect current HSCT practices.

 Prediction of Airflow Obstruction 
and Bronchiolitis Obliterans 
Syndrome

Clark and colleagues were among the first to 
study the link of pre-HSCT lung function with 

post-HSCT airflow obstruction in 1987 [58]. In 
this single-center study, they included 281 
patients with hematological malignancies who 
underwent HSCT between 1977 and 1985. In 
their bivariate analysis, they found that low pre- 
HSCT FEV1/FVC was among the factors associ-
ated with increased risk of post-HSCT obstructive 
lung disease (defined as FVC/FEV1 ratio < 70%) 
along with increased age, male gender, cigarette 
smoking, cGVHD, and the use of methotrexate. 
In 2003 Chein et al. studied this association on a 
larger cohort of patients [54]. 1131 patients who 
received HSCT between 1990 and 2000 were 
included. PFTs were measured according to ATS 
guidelines, similar to the studies described ear-
lier. Airflow obstruction was defined as an annual 
decline in FEV1 of 5% or greater with an FEV1/
FVC ratio of less than 0.8. Using multivariate 
analysis, the authors found that the following 
variables were significantly associated with the 
development of airflow obstruction: low pre- 
HSCT FEV1/FVC ratio (RR 2.4), advanced age 
(RR 2.5 for age > 60), chronic progressive GVHD 
(RR 1.9), and respiratory viral infection (RR 1.4) 
[54]. This suggests that post-HSCT airflow 
obstruction, which is a different definition than 
the NIH consensus criteria for lung graft-versus- 
host disease (also known as bronchiolitis obliter-
ans syndrome, or BOS) [59], is more common 
among patients with pre-HSCT airflow obstruc-
tion, but does not necessarily inform the trans-
plant team on how to mitigate this risk. For 
example, it is not known whether optimal treat-
ment of pre-HSCT lung diseases can reduce the 
risk for post-HSCT airflow obstruction.

Additionally, pre-HSCT PFTs provide a base-
line reference to interpret and detect clinically 
significant declines in post-HSCT lung function 
that might not be apparent otherwise [47]. An 
example of this is the diagnosis of BOS stage 0p 
(BOS 0p). BOS 0p is a spirometric parameter 
defined as a decline in the percent predicted FEV1 
of 10% to 19% or a decrease in the percent pre-
dicted FEF25-75 of >25% (irrespective of the 
final percent predicted values) on two consecutive 
PFTs and not meeting criteria for BOS [60]. BOS 
0p has been proposed as a tool to identify patients 
at risk of progression to BOS, arguably the most 
important late NIPC following allogeneic HSCT 
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[60, 61]. In a retrospective study of 442 patients 
who underwent HSCT, patients who met criteria 
of BOS 0p were three times more likely to develop 
BOS, which, in turn, was associated with a two-
fold increase in mortality [60]. Furthermore, with-
out knowledge of baseline lung function, many 
cases of BOS 0p may be misinterpreted as normal 
spirometry, resulting in delayed intervention and 
potentially worse outcomes. Reductions in pre-
HSCT mid-flow expiratory rates are also associ-
ated with an increased risk for BOS.  In a 
single-center study of 2941 HSCT recipients, low 
pre-HSCT forced expiratory flow between 25% 
and 75% of maximum (FEF25-75), as well as day 
80 decline in post-HSCT FEV1 and FEF25-75, 
was found to have the strongest association with 
increased risk of BOS [62]. In summary, these 
studies show that a thorough pre- HSCT pulmo-
nary evaluation may aid in the ability to predict 
early airflow obstruction or BOS after HSCT.

 Prediction of Non-pulmonary 
Complications

In addition to the post-HSCT pulmonary compli-
cations, pre-HSCT lung impairment can be asso-
ciated with non-pulmonary complications. Based 
on the previously reported findings by Crawford 
and colleagues that the association between pre- 
HSCT DLCO impairment and mortality cannot 
be explained by an increased risk of respiratory 
failure alone [52], a subsequent study has investi-
gated the association between reduced pre-HSCT 
DLCO and severe veno-occlusive disease (VOD) 
of the liver as an alternative explanation for the 
increased risk of mortality in these patients. It 
was a single-center study that included over 300 
patients who received chemotherapy +/− irradia-
tion in preparation for HSCT between 1987 and 
1988 who had PFTs performed within 2 weeks of 
transplantation. They found that a DLCO of 
<70% of predicted values increased the risk for 
severe VOD by over twofold. The authors con-
cluded that reduced DLCO could serve as an 
independent predictor for severe VOD, with a 
possible shared mechanism of systemic endothe-
lial cell injury due to high-dose chemotherapy or 
radiation [63].

 Role of Other Tests in the Pre-HSCT 
Risk Assessment

Extrapolated from the preoperative data, pre- 
HSCT evaluation is similarly centered around 
detecting and addressing reversible causes of 
respiratory impairment. In the following section, 
we discuss non-PFT modalities that may provide 
useful information to the transplant team.

 Arterial Blood Gas (ABG)

ABGs are infrequently performed as part of rou-
tine PFTs, particularly given the significant over-
lap with ambulatory monitoring of oxygen 
saturation and the routine measurement of 
DLCO. In a retrospective multivariate analysis of 
2852 patients, progressive decrease in all lung 
function parameters, including an A-a gradient of 
>20 mmHg, was associated with increased risk of 
early respiratory failure and mortality post-HSCT 
[38]; however, DLCO better captures the extent 
of diffusing capacity and is not painful to patients. 
Nonetheless, the PA-aO2 gradient could play a 
role in cases where DLCO values are borderline 
[3]. Because ABGs cause patient discomfort and 
have minimal additional informational value 
compared to complete PFTs, we do not recom-
mend routinely performing them.

 Chest Imaging

The primary role of chest radiography (both plain 
films and computed tomography scans) in the 
pre-HSCT workup is to exclude infection when 
an infection is suspected on a clinical basis. 
While radiology can predict outcomes in obstruc-
tive and interstitial lung diseases [64–66], no 
studies have shown any value of chest imaging 
prior to HSCT beyond the exclusion of infec-
tions. In symptomatic individuals where there is 
a suspicion of bronchiectasis secondary to previ-
ous immunosuppression and infection, CT is use-
ful to confirm the diagnosis, allowing the clinician 
to optimize the clinical condition and reduce 
posttransplant episodes of infection. In the 
absence of clinical symptoms suggesting pulmo-
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nary infection, CT is not routinely recommended 
because incidental findings in asymptomatic pre- 
HSCT patients may have indirect negative conse-
quences, including additional costs or delay of 
HSCT [67]. On the other hand, CT may inciden-
tally identify bronchiectasis, which may develop 
in malignancies like non-Hodgkin’s lymphoma 
or chronic lymphocytic leukemia, but may be 
under-recognized and therefore not optimally 
treated [68]. While we do not recommend routine 
pre-HSCT chest imaging at this time, this recom-
mendation may change if prospective studies 
show that routine CT screening decreases infec-
tious complications or can identify radiomic 
markers that indicate a greater risk for post- 
HSCT complications. For example, 129-XeMRI 
is an emerging imaging modality that can capture 
true functional information about lung physiol-
ogy, but the value of pre-HSCT XeMRI is 
unknown [69]. Parametric response mapping, a 
method that maps paired voxels on inspiratory 
and expiratory scans and can determine the vol-
ume of lung that is affected by small airway dis-
ease, is another modality that may add to lung 
function measurements when performed before 
HSCT, but prospective trial data is lacking [70, 
71]. At this time, we do not recommend routine 
chest imaging in all pre-HSCT recipients, but 
chest imaging should be performed when there is 
a concern for active infection prior to HSCT.

 Assessment of Cardiopulmonary 
Fitness

NRM rates are exceptionally high in HSCT recipi-
ents with advanced age and those with low cardio-
pulmonary fitness [72, 73], the latter which can be 
measured via 6-min walk distance (6MWD) or 
cardiopulmonary exercise testing (CPET).

The 6-min walk test is a low-cost test that pro-
vides valuable information on respiratory func-
tion. A standard protocol is used where the patient 
rests in a chair for at least 10 min and then walks 
back and forth along a 30-to-60 m corridor while 
oxygen and heart rate are continuously assessed 
and total distance walked measured [74, 75]. A 

healthy person can walk at least 400 m in 6 min. 
A walking distance of less than 350 m during this 
time is associated with reduced survival in people 
with chronic lung disease [76], but a similar cut-
off has not been validated for HSCT recipients.

CPET allows for the integrative assessment of 
the functional capacity of the heart, lungs, and 
skeletal muscles during submaximal and peak 
exercise. Protocols may differ from center to cen-
ter, as well as the device used to measure fitness 
(e.g., stationary bicycle ergometers or treadmill). 
CPET allows for the analysis of heart rate, heart 
rhythm, blood pressure, airflow (flow-volume 
loops), gas ventilation (CO2 and O2), gas 
exchange, and blood lactate. The peak oxygen 
uptake (VO2) is a measure of exercise capacity; 
low peak VO2 during exercise suggests a problem 
with oxygen delivery or utilization. CPET is often 
used in the assessment of unexplained breathless-
ness when PFTs are normal but also in preopera-
tive assessments for cardiac and noncardiac 
surgery, where an anaerobic threshold of less than 
11 ml/min/Kg and peak VO2 of less than 10 ml/
min/Kg are associated with poor outcomes [77]. 
CPET has not been prospectively studied as a tool 
to assess cardiopulmonary fitness prior to HSCT.

While there is an abundance of solid evidence 
supporting exercise programs to improve the qual-
ity of life in patients post-HSCT [78–81], the prog-
nostic value of improved cardiopulmonary fitness 
before HSCT (“pre-hab”) has not been well studied 
in the HSCT population. In a small study on 32 
patients before undergoing HSCT, functional 
capacity and cardiopulmonary fitness assessed 
through cycle ergometry and 6-min walk distance 
(6MWD) were linked to survival post-HSCT [72]. 
The 6 MW findings were replicated afterward by 
Jones and colleagues in a larger cohort of 407 
patients [82], in which poor function capacity 
(6MWD <400 m) was associated with NRM, but 
there was no additional prognostic value to the 
6MWD beyond markers such as pulmonary func-
tion testing, age, or conditioning, which makes the 
utility of routine pre-HSCT 6 MW testing unclear. 
Whether improving cardiopulmonary fitness prior 
to transplant improves survival remains unclear 
and is an area of active research.
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 Risk Mitigation

After identifying patients at high risk of post- 
HSCT pulmonary complications, a key goal 
should be to maximally treat underlying lung 
disease within a reasonable time frame so that 
patients do not miss the window of transplanta-
tion. The following section offers a short over-
view on this subject, but is not exhaustive.

 Restrictive Impairment

Recent studies have shifted focus toward look-
ing at the effect of pre-HSCT restriction, as 
evidenced by reduced percent predicted TLC, 
on post-HSCT outcomes [43, 83]. Although 
this association was reported in earlier studies 
[38, 84, 85], the work by Ramirez-Sarmiento 
and colleagues has shed more light on the 
strength of this association [43]. They found 
that a pre- HSCT TLC of less than 80% pre-
dicted was associated with a twofold increased 
risk of respiratory failure and non-relapse mor-
tality (NRM) [43]. Additionally, they found 
that low TLC predicted values correlated with 
lower BMI and that most patients with restric-
tion had normal chest radiographic findings 
[43]. This indicates that deconditioning and 
respiratory muscle weakness could be driving 
many cases of restrictive impairment, which 
suggests that these patients could potentially 
benefit from pre-habilitation to improve fitness 
prior to HSCT.  However, the incidence of 
interstitial lung diseases prior to HSCT is low, 
except in certain unique circumstances (e.g., 
GATA2 mutations) [86]. It is not known 
whether anti-fibrotic therapies have similar 
utility in post- HSCT patients or whether they 
increase the rate of side effects or drug interac-
tions with necessary post-HSCT immunosup-
pressive agents, making them intolerable. 
Overall, restrictive impairment should be man-
aged according to the underlying etiology of 
restriction, but the optimal timing of treatment 
for newly diagnosed interstitial lung diseases 
remains unknown.

 Obstructive Lung Disease

Early studies failed to find an association between 
pre-HSCT airway obstruction, defined by a low 
FEV1/FVC ratio, and post-HSCT complications 
[38, 52, 84]. While it may be true that FEV1/FVC 
ratio is insensitive for the prediction of post- 
HSCT complications, other possible explana-
tions include selection bias, in which patients 
with significant lung disease were not selected to 
undergo HSCT, or the inconsistent use of the 
lower limit of normal to define airflow obstruc-
tion, which is important in younger patients in 
whom a fixed FEV1/FVC cutoff of 0.7 would 
underdiagnose airflow obstruction, since normal 
FEV1/FVC ratios are higher in younger patients 
[3, 24]. For example, defining airflow obstruction 
using the LLN of the FEV1/FVC ratio instead of 
a fixed cutoff of 0.7 identified over twice the 
number of patients with airflow obstruction in a 
study of over 6000 people between 22 and 
40 years of age [24]. This finding raises the ques-
tion of whether the LLN should replace the fixed 
ratio cutoffs for pre-HSCT evaluation, especially 
since transplant recipients tend to be young on 
average [87]. However, using LLN as the marker 
for airflow obstruction may lead to missed cases 
of airflow obstruction in older patients. In fact, in 
a cohort of patients with COPD, the use of LLN 
was inferior to the use of a fixed ratio of 0.7 in 
terms of association with emphysema, gas trap-
ping, and exacerbation rate [27]. Further work is 
necessary to determine which method is superior 
in HSCT recipients.

A recent study of 206 patients looked at the 
effects of different pre-HSCT PFT parameters 
including the ratio of the airflow rate at 50% of 
vital capacity to the airflow rate at 25% of vital 
capacity (V50/V25) as a marker of small airway 
disease. They found V50/V25 to be the most 
powerful predictor of survival post-HSCT, sur-
passing FEV1 and FVC, which mainly reflect 
central airway disease [83]. This provocative 
study suggests that pre-HSCT small airway dis-
ease is a strong predictor of post-HSCT mortality 
but also raises the question of how best to mea-
sure small airway disease. For example, high- 
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quality studies of pre-HSCT impedance 
oscillometry (IOS) and 129-XeMRI are lacking 
[88]. While IOS is arguably easier to perform 
than forced spirometry, particularly for children, 
both IOS and XeMRI are more challenging to 
interpret than conventional PFTs. Future studies 
investigating the role of pre-HSCT small airway 
disease on post-HSCT outcomes are needed.

Putting aside the controversy regarding how 
best to measure and define obstruction, obstruc-
tive lung diseases, when clinically evident, 
should be treated to minimize their attendant 
symptoms. Our approach to obstructive airway 
disease centers around counseling on smoking 
cessation (discussed separately), ensuring the 
prescription of long-acting bronchodilators and 
inhaled corticosteroids as appropriate. It is essen-
tial when prescribing inhalers that correct inhaler 
technique is taught and observed on follow-up. A 
meta-analysis of 144 studies including 54,354 
participants showed that only 31% of patients 
demonstrated correct inhaler technique, with the 
most common error in metered-dose inhalers 
(MDI) being incoordination [89]. This problem 
can be easily fixed with bedside education and 
spacer devices, which have been shown to sig-
nificantly improve the delivery of inhaled parti-
cles significantly [90]. Furthermore, an array of 
new non-inhaler medications are available to 
treat obstructive lung diseases but are beyond the 
scope of this chapter.

 Smoking Cessation

The contribution of tobacco use to post-HSCT 
outcomes has long been a controversial topic [8, 
53, 91]. The strong association between smoking 
and lung impairment has further confounded that 
data, since smoking is a causal factor for the 
development of obstructive lung diseases. 
However, more recent studies have shown smok-
ing to be an independent predictor of long-term 
complications and death. In a retrospective single- 
center study of 286 patients with hematological 
disorders who underwent HSCT, smoking was 
associated with an increased incidence of post-
HSCT pneumonia in a dose-dependent manner, 

with a cumulative incidence of 17% in the never 
smokers’ group, 25% in the low-dose smokers’ 
group, and 33% in the high-dose smokers’ group, 
irrespective of baseline PFTs [92]. These findings 
were later supported by a study of 309 patients 
who underwent HSCT. Smoking was found to be 
independently associated with 5-year mortality 
compared to nonsmoking (45% vs. 26%, respec-
tively) [93]. Smoking may worsen outcomes due 
to increased susceptibility to pulmonary infec-
tions secondary to the impaired mucociliary clear-
ance, reduced phagocytosis, and lower secretion 
of cytokines by alveolar macrophages observed in 
smokers [92, 94], in addition to the numerous 
known consequences beyond the lungs. Smoking 
status must be assessed in all patients undergoing 
transplant evaluation. Patients should be offered 
necessary counseling, nicotine replacement thera-
pies, and/or approved medications to aid with 
smoking cessation. Whether smoking cessation 
improves post-HSCT outcomes is unknown, but 
this intervention must be offered nonetheless due 
to the well-documented benefits outside of the 
lens of HSCT.

 Reducing the Risk of Respiratory 
Infection

Respiratory infection is a common pulmonary 
complication post-HSCT.  The incidence has 
reduced over the years due to the implementation 
of antimicrobial protocols for at-risk individuals 
[95]. However, despite the success seen, it is still 
an important area resulting in morbidity, 
increased hospitalization, use of resources, and 
mortality. Individuals with hematological malig-
nancy requiring HSCT may have immunodefi-
ciency due to the underlying malignancy or due 
to treatments for their cancer resulting in second-
ary antibody deficiency or T-cell dysfunction 
[96]. The hematological malignancy may result 
in functional hypogammaglobulinemia and T-cell 
dysfunction due to alteration of immune check-
point inhibitors, while those with chronic lym-
phocytic leukemia may have inadequate 
immunoglobulin production and inhibition of 
T-cell function. Furthermore, treatment with 

M. Alkhunaizi et al.



75

medication such as rituximab results in prolonged 
antibody deficiency. This predisposes patients to 
recurrent sinopulmonary infections that need to 
be treated prior to HSCT. As conditioning regi-
mens and HSCT will further reduce immunity, a 
high index of pre-HSCT immunodeficiency is 
needed as the use of prophylactic antibiotics and 
intravenous immunoglobulin replacement can be 
useful to optimize these individuals’ pretrans-
plantation [97]. IVIG is often used in those who 
have a history of frequent infections, where anti-
microbial prophylaxis is unsuccessful and total 
IgG is less than 4 g/L [96]. It is often continued 
until immune reconstitution is confirmed and the 
person has been infection-free for at least 
6  months. In some instances, total IgG may be 
normal, but patients with hematological malig-
nancy and a history of recurrent sinopulmonary 
infections may have polysaccharide antibody 
deficiency that may also benefit from 
IVIG. Immunoglobulin deficiency is a risk factor 
for the development of bronchiectasis in hemato-
logical malignancy [68], and these patients will 
need optimization of their treatment and ensure 
effective and regular airway clearance to mitigate 
their infection risk [98].

 Conclusions

In summary, PFT is an invaluable tool in the pre- 
HSCT pulmonary evaluation and should be per-
formed routinely on all transplant candidates. 
Pulmonologists should endeavor to treat clini-
cally evident lung diseases prior to HSCT and 
optimize the condition as much as possible within 
a reasonable time frame to not delay transplanta-
tion. Further work is needed to improve our abil-
ity to maximize our ability to provide useful 
information pre-HSCT, namely, (1) standardiza-
tion of PFT interpretation in diverse pre-HSCT 
populations, particularly with regard to the defi-
nitions for obstructive and restrictive lung dis-
ease; (2) assessments of muscular strength and 
cardiopulmonary fitness that may provide valu-
able information beyond PFT, particularly in 
patients with pre-HSCT restrictive lung disease 
without interstitial lung disease; (3) prospective 

studies examining the role of pre-HSCT imaging; 
and (4) interventional studies that examine ways 
to mitigate the known risks associated with pul-
monary impairment.

References

1. Gratwohl A, Baldomero H, Aljurf M, et  al. 
Hematopoietic stem cell transplantation: a global per-
spective. JAMA. 2010;303(16):1617–24. https://doi.
org/10.1001/jama.2010.491.

2. Goldman JM, Horowitz MM.  The international 
bone marrow transplant registry. Int J Hematol. 
2002;76(Suppl 1):393–7. https://doi.org/10.1007/
BF03165291.

3. Cheng G-S.  Pulmonary function and pretransplant 
evaluation of the hematopoietic cell transplant 
 candidate. Clin Chest Med. 2017;38(2):307–16. 
https://doi.org/10.1016/j.ccm.2016.12.014.

4. Soubani AO, Miller KB, Hassoun PM.  Pulmonary 
complications of bone marrow transplantation. 
Chest. 1996;109(4):1066–77. https://doi.org/10.1378/
chest.109.4.1066.

5. Haider S, Durairajan N, Soubani AO. Noninfectious 
pulmonary complications of haematopoietic stem cell 
transplantation. Eur Respir Rev. 2020;29(156):190119. 
https://doi.org/10.1183/16000617.0119- 2019.

6. Henig I, Zuckerman T. Hematopoietic stem cell trans-
plantation- 50 years of evolution and future perspec-
tives. Rambam Maimonides Med J. 2014;5(4):e0028. 
https://doi.org/10.5041/RMMJ.10162.

7. Dykewicz CA.  Guidelines for preventing oppor-
tunistic infections among hematopoietic stem cell 
transplant recipients: focus on community respira-
tory virus infections. Biol Blood Marrow Transplant. 
2001;7(Suppl):19S–22S. https://doi.org/10.1053/
bbmt.2001.v7.pm11777100.

8. Savani BN, Montero A, Wu C, et al. Prediction and 
prevention of transplant-related mortality from 
pulmonary causes after total body irradiation and 
allogeneic stem cell transplantation. Biol Blood 
Marrow Transplant. 2005;11(3):223–30. https://doi.
org/10.1016/j.bbmt.2004.12.328.

9. Hutchinson J. On the capacity of the lungs, and on 
the respiratory functions, with a view of establishing 
a precise and easy method of detecting disease by 
the spirometer. Med Chir Trans. 1846;29:137–252. 
https://doi.org/10.1177/095952874602900113.

10. Friedman GD, Klatsky AL, Siegelaub AB.  Lung 
function and risk of myocardial infarc-
tion and sudden cardiac death. N Engl J Med. 
1976;294(20):1071–5. https://doi.org/10.1056/
NEJM197605132942001.

11. Kannel WB, Hubert H, Lew EA. Vital capacity as a 
predictor of cardiovascular disease: the Framingham 
study. Am Heart J. 1983;105(2):311–5. https://doi.
org/10.1016/0002- 8703(83)90532- x.

4 Pretransplant Pulmonary Evaluation

https://doi.org/10.1001/jama.2010.491
https://doi.org/10.1001/jama.2010.491
https://doi.org/10.1007/BF03165291
https://doi.org/10.1007/BF03165291
https://doi.org/10.1016/j.ccm.2016.12.014
https://doi.org/10.1378/chest.109.4.1066
https://doi.org/10.1378/chest.109.4.1066
https://doi.org/10.1183/16000617.0119-2019
https://doi.org/10.5041/RMMJ.10162
https://doi.org/10.1053/bbmt.2001.v7.pm11777100
https://doi.org/10.1053/bbmt.2001.v7.pm11777100
https://doi.org/10.1016/j.bbmt.2004.12.328
https://doi.org/10.1016/j.bbmt.2004.12.328
https://doi.org/10.1177/095952874602900113
https://doi.org/10.1056/NEJM197605132942001
https://doi.org/10.1056/NEJM197605132942001
https://doi.org/10.1016/0002-8703(83)90532-x
https://doi.org/10.1016/0002-8703(83)90532-x


76

12. Ashley F, Kannel WB, Sorlie PD, Masson 
R.  Pulmonary function: relation to aging, cigarette 
habit, and mortality. Ann Intern Med. 1975;82(6):739–
45. https://doi.org/10.7326/0003- 4819- 82- 6- 739.

13. Lange P, Nyboe J, Appleyard M, Jensen G, Schnohr 
P.  Spirometric findings and mortality in never- 
smokers. J Clin Epidemiol. 1990;43(9):867–73. 
https://doi.org/10.1016/0895- 4356(90)90070- 6.

14. Lee HM, Le H, Lee BT, Lopez VA, Wong 
ND.  Forced vital capacity paired with Framingham 
risk score for prediction of all-cause mortal-
ity. Eur Respir J. 2010;36(5):1002–6. https://doi.
org/10.1183/09031936.00042410.

15. Evans SE, Scanlon PD. Current practice in pulmonary 
function testing. Mayo Clin Proc. 2003;78(6):758–63; 
quiz 763. https://doi.org/10.4065/78.6.758.

16. Burney PGJ, Hooper RL. The use of ethnically specific 
norms for ventilatory function in African- American and 
white populations. Int J Epidemiol. 2012;41(3):782–
90. https://doi.org/10.1093/ije/dys011.

17. Wan ES, Balte P, Schwartz JE, et  al. Association 
between preserved ratio impaired spirome-
try and clinical outcomes in US adults. JAMA. 
2021;326(22):2287–98. https://doi.org/10.1001/
jama.2021.20939.

18. Cooper BG. An update on contraindications for lung 
function testing. Thorax. 2011;66(8):714–23. https://
doi.org/10.1136/thx.2010.139881.

19. Graham BL, Steenbruggen I, Miller MR, et  al. 
Standardization of spirometry 2019 update. An 
official American Thoracic Society and European 
Respiratory Society technical statement. Am J Respir 
Crit Care Med. 2019;200(8):e70–88. https://doi.
org/10.1164/rccm.201908- 1590ST.

20. Quanjer PH, Stanojevic S, Cole TJ, et  al. Multi- 
ethnic reference values for spirometry for the 3-95-yr 
age range: the global lung function 2012 equations. 
Eur Respir J. 2012;40(6):1324–43. https://doi.
org/10.1183/09031936.00080312.

21. Swanney MP, Ruppel G, Enright PL, et al. Using the 
lower limit of normal for the FEV1/FVC ratio reduces 
the misclassification of airway obstruction. Thorax. 
2008;63(12):1046–51. https://doi.org/10.1136/
thx.2008.098483.

22. Culver BH. How should the lower limit of the normal 
range be defined? Respir Care. 2012;57(1):135–6. 
https://doi.org/10.4187/respcare.01427.

23. Hansen JE, Sun X-G, Wasserman K. Spirometric cri-
teria for airway obstruction: use percentage of FEV1/
FVC ratio below the fifth percentile, not < 70%. 
Chest. 2007;131(2):349–55. https://doi.org/10.1378/
chest.06- 1349.

24. Cerveri I, Corsico AG, Accordini S, et  al. 
Underestimation of airflow obstruction among young 
adults using FEV1/FVC <70% as a fixed cut-off: a 
longitudinal evaluation of clinical and functional 
outcomes. Thorax. 2008;63(12):1040–5. https://doi.
org/10.1136/thx.2008.095554.

25. Stanojevic S, Kaminsky DA, Miller M, et al. ERS/ATS 
technical standard on interpretive strategies for routine 

lung function tests. Eur Respir J. 2021;60(1):2101499. 
https://doi.org/10.1183/13993003.01499- 2021.

26. Mannino DM, Sonia Buist A, Vollmer WM. Chronic 
obstructive pulmonary disease in the older adult: 
what defines abnormal lung function? Thorax. 
2007;62(3):237–41. https://doi.org/10.1136/
thx.2006.068379.

27. Bhatt SP, Sieren JC, Dransfield MT, et  al. 
Comparison of spirometric thresholds in diagnos-
ing smoking- related airflow obstruction. Thorax. 
2014;69(5):409–14. https://doi.org/10.1136/
thoraxjnl- 2012- 202810.

28. Braun L.  Race correction and spirometry: why his-
tory matters. Chest. 2021;159(4):1670–5. https://doi.
org/10.1016/j.chest.2020.10.046.

29. Baugh AD, Shiboski S, Hansel NN, et al. Reconsidering 
the utility of race-specific lung function prediction 
equations. Am J Respir Crit Care Med. 2021;205:819. 
https://doi.org/10.1164/rccm.202105- 1246OC.

30. Bhakta NR, Kaminsky DA, Bime C, et al. Addressing 
race in pulmonary function testing by aligning intent 
and evidence with practice and perception. Chest. 
2022;161(1):288–97. https://doi.org/10.1016/j.
chest.2021.08.053.

31. Hegewald MJ, Crapo RO. Socioeconomic status and 
lung function. Chest. 2007;132(5):1608–14. https://
doi.org/10.1378/chest.07- 1405.

32. Jones RL, Nzekwu M-MU. The effects of body mass 
index on lung volumes. Chest. 2006;130(3):827–33. 
https://doi.org/10.1378/chest.130.3.827.

33. Tennant PWG, Gibson GJ, Parker L, Pearce 
MS. Childhood respiratory illness and lung function 
at ages 14 and 50 years: childhood respiratory ill-
ness and lung function. Chest. 2010;137(1):146–55. 
https://doi.org/10.1378/chest.09- 0352.

34. Rocha V, Fraga S, Moreira C, et  al. Life-course 
socioeconomic disadvantage and lung func-
tion: a multicohort study of 70 496 individuals. 
Eur Respir J. 2021;57(3):2001600. https://doi.
org/10.1183/13993003.01600- 2020.

35. Moffett AT, Eneanya ND, Halpern SD, Weissman 
GE.  The impact of race correction on the interpre-
tation of pulmonary function testing among black 
patients. In: A7. A007 impact of race, ethnicity, and 
social determinants on individuals with lung diseases. 
American Thoracic Society International conference 
abstracts. New  York: American Thoracic Society; 
2021. p. A1030. https://doi.org/10.1164/ajrccm- -
conference.2021.203.1_MeetingAbstracts.A1030.

36. Pellegrino R, Viegi G, Brusasco V, et al. Interpretative 
strategies for lung function tests. Eur Respir J. 
2005;26(5):948–68. https://doi.org/10.1183/0903193
6.05.00035205.

37. Wanger J, Clausen JL, Coates A, et al. Standardisation 
of the measurement of lung volumes. Eur Respir J. 
2005;26(3):511–22. https://doi.org/10.1183/0903193
6.05.00035005.

38. Parimon T, Madtes DK, Au DH, Clark JG, Chien 
JW.  Pretransplant lung function, respiratory failure, 
and mortality after stem cell transplantation. Am J 

M. Alkhunaizi et al.

https://doi.org/10.7326/0003-4819-82-6-739
https://doi.org/10.1016/0895-4356(90)90070-6
https://doi.org/10.1183/09031936.00042410
https://doi.org/10.1183/09031936.00042410
https://doi.org/10.4065/78.6.758
https://doi.org/10.1093/ije/dys011
https://doi.org/10.1001/jama.2021.20939
https://doi.org/10.1001/jama.2021.20939
https://doi.org/10.1136/thx.2010.139881
https://doi.org/10.1136/thx.2010.139881
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.1136/thx.2008.098483
https://doi.org/10.1136/thx.2008.098483
https://doi.org/10.4187/respcare.01427
https://doi.org/10.1378/chest.06-1349
https://doi.org/10.1378/chest.06-1349
https://doi.org/10.1136/thx.2008.095554
https://doi.org/10.1136/thx.2008.095554
https://doi.org/10.1183/13993003.01499-2021
https://doi.org/10.1136/thx.2006.068379
https://doi.org/10.1136/thx.2006.068379
https://doi.org/10.1136/thoraxjnl-2012-202810
https://doi.org/10.1136/thoraxjnl-2012-202810
https://doi.org/10.1016/j.chest.2020.10.046
https://doi.org/10.1016/j.chest.2020.10.046
https://doi.org/10.1164/rccm.202105-1246OC
https://doi.org/10.1016/j.chest.2021.08.053
https://doi.org/10.1016/j.chest.2021.08.053
https://doi.org/10.1378/chest.07-1405
https://doi.org/10.1378/chest.07-1405
https://doi.org/10.1378/chest.130.3.827
https://doi.org/10.1378/chest.09-0352
https://doi.org/10.1183/13993003.01600-2020
https://doi.org/10.1183/13993003.01600-2020
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A1030
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A1030
https://doi.org/10.1183/09031936.05.00035205
https://doi.org/10.1183/09031936.05.00035205
https://doi.org/10.1183/09031936.05.00035005
https://doi.org/10.1183/09031936.05.00035005


77

Respir Crit Care Med. 2005;172(3):384–90. https://
doi.org/10.1164/rccm.200502- 212OC.

39. Sue DY.  Measurement of lung volumes in patients 
with obstructive lung disease. A matter of time (con-
stants). Ann Am Thorac Soc. 2013;10(5):525–30. 
https://doi.org/10.1513/AnnalsATS.201307- 236OC.

40. Cliff IJ, Evans AH, Pantin CF, Baldwin 
DR.  Comparison of two new methods for the mea-
surement of lung volumes with two standard methods. 
Thorax. 1999;54(4):329–33. https://doi.org/10.1136/
thx.54.4.329.

41. Rayment JH, Sandoval RA, Roden JP, Schultz 
KR.  Multiple breath washout testing to identify 
pulmonary chronic graft versus host disease in chil-
dren after hematopoietic stem cell transplantation. 
Transpl Cell Ther. 2022;28(6):328.e1–7. https://doi.
org/10.1016/j.jtct.2022.02.002.

42. Nyilas S, Baumeler L, Tamm M, et al. Inert gas wash-
out in bronchiolitis obliterans following hematopoi-
etic cell transplantation. Chest. 2018;154(1):157–68. 
https://doi.org/10.1016/j.chest.2017.12.009.

43. Ramirez-Sarmiento A, Orozco-Levi M, Walter EC, 
Au MA, Chien JW.  Influence of pretransplanta-
tion restrictive lung disease on allogeneic hemato-
poietic cell transplantation outcomes. Biol Blood 
Marrow Transplant. 2010;16(2):199–206. https://doi.
org/10.1016/j.bbmt.2009.09.016.

44. Coates AL, Peslin R, Rodenstein D, Stocks 
J. Measurement of lung volumes by plethysmography. 
Eur Respir J. 1997;10(6):1415–27. https://doi.org/10.
1183/09031936.97.10061415.

45. Fowler WS.  Lung function studies; the respiratory 
dead space. Am J Physiol. 1948;154(3):405–16. 
https://doi.org/10.1152/ajplegacy.1948.154.3.405.

46. Graham BL, Brusasco V, Burgos F, et  al. ERS/ATS 
standards for single-breath carbon monoxide uptake 
in the lung. Eur Respir J. 2017;49(1):1600016. https://
doi.org/10.1183/13993003.00016- 2016.

47. Chien JW, Maris MB, Sandmaier BM, Maloney DG, 
Storb RF, Clark JG. Comparison of lung function after 
myeloablative and 2 Gy of total body irradiation-based 
regimens for hematopoietic stem cell transplantation. 
Biol Blood Marrow Transplant. 2005;11(4):288–96. 
https://doi.org/10.1016/j.bbmt.2005.01.003.

48. Deeg HJ, Sandmaier BM.  Who is fit for allogeneic 
transplantation? Blood. 2010;116(23):4762–70. 
https://doi.org/10.1182/blood- 2010- 07- 259358.

49. Gyurkocza B, Sandmaier BM. Conditioning regimens 
for hematopoietic cell transplantation: one size does 
not fit all. Blood. 2014;124(3):344–53. https://doi.
org/10.1182/blood- 2014- 02- 514778.

50. Wenger DS, Triplette M, Crothers K, et al. Incidence, 
risk factors, and outcomes of idiopathic pneumo-
nia syndrome after allogeneic hematopoietic cell 
transplantation. Biol Blood Marrow Transplant. 
2020;26(2):413–20. https://doi.org/10.1016/j.
bbmt.2019.09.034.

51. Fukuda T, Hackman RC, Guthrie KA, et  al. Risks 
and outcomes of idiopathic pneumonia syndrome 
after nonmyeloablative and conventional condition-

ing regimens for allogeneic hematopoietic stem cell 
transplantation. Blood. 2003;102(8):2777–85. https://
doi.org/10.1182/blood- 2003- 05- 1597.

52. Crawford SW, Fisher L.  Predictive value of pulmo-
nary function tests before marrow transplantation. 
Chest. 1992;101(5):1257–64. https://doi.org/10.1378/
chest.101.5.1257.

53. Ho VT, Weller E, Lee SJ, Alyea EP, Antin JH, 
Soiffer RJ.  Prognostic factors for early severe pul-
monary complications after hematopoietic stem 
cell transplantation. Biol Blood Marrow Transplant. 
2001;7(4):223–9. https://doi.org/10.1053/bbmt.2001.
v7.pm11349809.

54. Chien JW, Martin PJ, Gooley TA, et  al. Airflow 
obstruction after myeloablative allogeneic hematopoi-
etic stem cell transplantation. Am J Respir Crit Care 
Med. 2003;168(2):208–14. https://doi.org/10.1164/
rccm.200212- 1468OC.

55. Goldberg SL, Klumpp TR, Magdalinski AJ, Mangan 
KF. Value of the pretransplant evaluation in predicting 
toxic day-100 mortality among blood stem-cell and 
bone marrow transplant recipients. J Clin Oncol Off 
J Am Soc Clin Oncol. 1998;16(12):3796–802. https://
doi.org/10.1200/JCO.1998.16.12.3796.

56. Parimon T, Au DH, Martin PJ, Chien JW.  A 
risk score for mortality after allogeneic hema-
topoietic cell transplantation. Ann Intern 
Med. 2006;144(6):407–14. https://doi.
org/10.7326/0003- 4819- 144- 6- 200603210- 00007.

57. Au BKC, Gooley TA, Armand P, et al. Reevaluation of 
the pretransplant assessment of mortality score after 
allogeneic hematopoietic transplantation. Biol Blood 
Marrow Transplant. 2015;21(5):848–54. https://doi.
org/10.1016/j.bbmt.2015.01.011.

58. Clark JG, Schwartz DA, Flournoy N, Sullivan KM, 
Crawford SW, Thomas ED.  Risk factors for airflow 
obstruction in recipients of bone marrow transplants. 
Ann Intern Med. 1987;107(5):648–56. https://doi.
org/10.7326/0003- 4819- 107- 5- 648.

59. Jagasia MH, Greinix HT, Arora M, et  al. National 
Institutes of Health consensus development project 
on criteria for clinical trials in chronic graft-versus- 
host disease: I. the 2014 diagnosis and staging work-
ing group report. Biol Blood Marrow Transplant. 
2015;21(3):389–401.e1. https://doi.org/10.1016/j.
bbmt.2014.12.001.

60. Abedin S, Yanik GA, Braun T, et al. Predictive value 
of bronchiolitis obliterans syndrome stage 0p in 
chronic graft-versus-host disease of the lung. Biol 
Blood Marrow Transplant. 2015;21(6):1127–31. 
https://doi.org/10.1016/j.bbmt.2015.02.006.

61. Finlen Copeland CA, Snyder LD, Zaas DW, 
Turbyfill WJ, Davis WA, Palmer SM. Survival after 
bronchiolitis obliterans syndrome among bilateral 
lung transplant recipients. Am J Respir Crit Care 
Med. 2010;182(6):784–9. https://doi.org/10.1164/
rccm.201002- 0211OC.

62. Jamani K, He Q, Liu Y, et al. Early post- transplantation 
spirometry is associated with the development of 
bronchiolitis obliterans syndrome after alloge-

4 Pretransplant Pulmonary Evaluation

https://doi.org/10.1164/rccm.200502-212OC
https://doi.org/10.1164/rccm.200502-212OC
https://doi.org/10.1513/AnnalsATS.201307-236OC
https://doi.org/10.1136/thx.54.4.329
https://doi.org/10.1136/thx.54.4.329
https://doi.org/10.1016/j.jtct.2022.02.002
https://doi.org/10.1016/j.jtct.2022.02.002
https://doi.org/10.1016/j.chest.2017.12.009
https://doi.org/10.1016/j.bbmt.2009.09.016
https://doi.org/10.1016/j.bbmt.2009.09.016
https://doi.org/10.1183/09031936.97.10061415
https://doi.org/10.1183/09031936.97.10061415
https://doi.org/10.1152/ajplegacy.1948.154.3.405
https://doi.org/10.1183/13993003.00016-2016
https://doi.org/10.1183/13993003.00016-2016
https://doi.org/10.1016/j.bbmt.2005.01.003
https://doi.org/10.1182/blood-2010-07-259358
https://doi.org/10.1182/blood-2014-02-514778
https://doi.org/10.1182/blood-2014-02-514778
https://doi.org/10.1016/j.bbmt.2019.09.034
https://doi.org/10.1016/j.bbmt.2019.09.034
https://doi.org/10.1182/blood-2003-05-1597
https://doi.org/10.1182/blood-2003-05-1597
https://doi.org/10.1378/chest.101.5.1257
https://doi.org/10.1378/chest.101.5.1257
https://doi.org/10.1053/bbmt.2001.v7.pm11349809
https://doi.org/10.1053/bbmt.2001.v7.pm11349809
https://doi.org/10.1164/rccm.200212-1468OC
https://doi.org/10.1164/rccm.200212-1468OC
https://doi.org/10.1200/JCO.1998.16.12.3796
https://doi.org/10.1200/JCO.1998.16.12.3796
https://doi.org/10.7326/0003-4819-144-6-200603210-00007
https://doi.org/10.7326/0003-4819-144-6-200603210-00007
https://doi.org/10.1016/j.bbmt.2015.01.011
https://doi.org/10.1016/j.bbmt.2015.01.011
https://doi.org/10.7326/0003-4819-107-5-648
https://doi.org/10.7326/0003-4819-107-5-648
https://doi.org/10.1016/j.bbmt.2014.12.001
https://doi.org/10.1016/j.bbmt.2014.12.001
https://doi.org/10.1016/j.bbmt.2015.02.006
https://doi.org/10.1164/rccm.201002-0211OC
https://doi.org/10.1164/rccm.201002-0211OC


78

neic hematopoietic cell transplantation. Biol Blood 
Marrow Transplant. 2020;26(5):943–8. https://doi.
org/10.1016/j.bbmt.2019.12.002.

63. Matute-Bello G, McDonald GD, Hinds MS, Schoch 
HG, Crawford SW. Association of pulmonary func-
tion testing abnormalities and severe veno-occlusive 
disease of the liver after marrow transplantation. Bone 
Marrow Transplant. 1998;21(11):1125–30. https://
doi.org/10.1038/sj.bmt.1701225.

64. Krings JG, Goss CW, Lew D, et al. Quantitative CT 
metrics are associated with longitudinal lung function 
decline and future asthma exacerbations: results from 
SARP-3. J Allergy Clin Immunol. 2021;148(3):752–
62. https://doi.org/10.1016/j.jaci.2021.01.029.

65. Witt CA, Sheshadri A, Carlstrom L, et al. Longitudinal 
changes in airway remodeling and air trapping in 
severe asthma. Acad Radiol. 2014;21(8):986–93. 
https://doi.org/10.1016/j.acra.2014.05.001.

66. Jacob J, Bartholmai BJ, Rajagopalan S, et  al. 
Predicting outcomes in idiopathic pulmonary fibrosis 
using automated computed tomographic analysis. Am 
J Respir Crit Care Med. 2018;198(6):767–76. https://
doi.org/10.1164/rccm.201711- 2174OC.

67. El Boghdadly Z, Oran B, Jiang Y, Rondon G, 
Champlin R, Kontoyiannis DP.  Pretransplant chest 
computed tomography screening in asymptomatic 
patients with leukemia and myelodysplastic syn-
drome. Bone Marrow Transplant. 2017;52(3):476–9. 
https://doi.org/10.1038/bmt.2016.309.

68. José RJ, Hall J, Brown JS. De novo bronchiectasis in hae-
matological malignancies: patient characteristics, risk 
factors and survival. ERJ Open Res. 2019;5(4):00166. 
https://doi.org/10.1183/23120541.00166- 2019.

69. Walkup LL, Myers K, El-Bietar J, et al. Xenon-129 
MRI detects ventilation deficits in paediatric stem 
cell transplant patients unable to perform spirom-
etry. Eur Respir J. 2019;53(5):1801779. https://doi.
org/10.1183/13993003.01779- 2018.

70. Cheng G-S, Selwa KE, Hatt C, et  al. Multicenter 
evaluation of parametric response mapping as an indi-
cator of bronchiolitis obliterans syndrome after hema-
topoietic stem cell transplantation. Am J Transplant. 
2020;20(8):2198–205. https://doi.org/10.1111/
ajt.15814.

71. Galbán CJ, Boes JL, Bule M, et  al. Parametric 
response mapping as an indicator of bronchiolitis 
obliterans syndrome after hematopoietic stem cell 
transplantation. Biol Blood Marrow Transplant. 
2014;20(10):1592–8. https://doi.org/10.1016/j.
bbmt.2014.06.014.

72. Wood WA, Deal AM, Reeve BB, et  al. 
Cardiopulmonary fitness in patients undergoing 
hematopoietic SCT: a pilot study. Bone Marrow 
Transplant. 2013;48(10):1342–9. https://doi.
org/10.1038/bmt.2013.58.

73. Kelsey CR, Scott JM, Lane A, et al. Cardiopulmonary 
exercise testing prior to myeloablative Allo-SCT: 
a feasibility study. Bone Marrow Transplant. 
2014;49(10):1330–6. https://doi.org/10.1038/
bmt.2014.159.

74. ATS Committee. ATS statement: guidelines for 
the six-minute walk test. Am J Respir Crit Care 
Med. 2002;166(1):111–7. https://doi.org/10.1164/
ajrccm.166.1.at1102.

75. Holland AE, Spruit MA, Troosters T, et  al. An 
official European Respiratory Society/American 
Thoracic Society technical standard: field walk-
ing tests in chronic respiratory disease. Eur 
Respir J. 2014;44(6):1428–46. https://doi.
org/10.1183/09031936.00150314.

76. Sánchez-Martínez MP, Bernabeu-Mora R, Martínez- 
González M, Gacto-Sánchez M, Martín San Agustín 
R, Medina-Mirapeix F.  Stability and predictors of 
poor 6-min walking test performance over 2 years 
in patients with COPD. J Clin Med. 2020;9(4):1155. 
https://doi.org/10.3390/jcm9041155.

77. Older PO, Levett DZH.  Cardiopulmonary exer-
cise testing and surgery. Ann Am Thorac Soc. 
2017;14(Supplement_1):S74–83. https://doi.
org/10.1513/AnnalsATS.201610- 780FR.

78. Wilson RW, Jacobsen PB, Fields KK.  Pilot study 
of a home-based aerobic exercise program for sed-
entary cancer survivors treated with hematopoietic 
stem cell transplantation. Bone Marrow Transplant. 
2005;35(7):721–7. https://doi.org/10.1038/
sj.bmt.1704815.

79. Jarden M, Baadsgaard MT, Hovgaard DJ, Boesen 
E, Adamsen L.  A randomized trial on the effect 
of a multimodal intervention on physical capac-
ity, functional performance and quality of life in 
adult patients undergoing allogeneic SCT.  Bone 
Marrow Transplant. 2009;43(9):725–37. https://doi.
org/10.1038/bmt.2009.27.

80. DeFor TE, Burns LJ, Gold E-MA, Weisdorf DJ.  A 
randomized trial of the effect of a walking regimen 
on the functional status of 100 adult allogeneic donor 
hematopoietic cell transplant patients. Biol Blood 
Marrow Transplant. 2007;13(8):948–55. https://doi.
org/10.1016/j.bbmt.2007.04.008.

81. Dimeo F, Fetscher S, Lange W, Mertelsmann R, 
Keul J.  Effects of aerobic exercise on the physi-
cal performance and incidence of treatment-related 
complications after high-dose chemotherapy. Blood. 
1997;90(9):3390–4.

82. Jones LW, Devlin SM, Maloy MA, et al. Prognostic 
importance of pretransplant functional capacity 
after allogeneic hematopoietic cell transplanta-
tion. Oncologist. 2015;20(11):1290–7. https://doi.
org/10.1634/theoncologist.2015- 0200.

83. Nakamae M, Yamashita M, Koh H, et al. Lung func-
tion score including a parameter of small airway dis-
ease as a highly predictive indicator of survival after 
allogeneic hematopoietic cell transplantation. Transpl 
Int. 2016;29(6):707–14. https://doi.org/10.1111/
tri.12779.

84. Ghalie R, Szidon JP, Thompson L, Nawas YN, Dolce 
A, Kaizer H. Evaluation of pulmonary complications 
after bone marrow transplantation: the role of pre-
transplant pulmonary function tests. Bone Marrow 
Transplant. 1992;10(4):359–65.

M. Alkhunaizi et al.

https://doi.org/10.1016/j.bbmt.2019.12.002
https://doi.org/10.1016/j.bbmt.2019.12.002
https://doi.org/10.1038/sj.bmt.1701225
https://doi.org/10.1038/sj.bmt.1701225
https://doi.org/10.1016/j.jaci.2021.01.029
https://doi.org/10.1016/j.acra.2014.05.001
https://doi.org/10.1164/rccm.201711-2174OC
https://doi.org/10.1164/rccm.201711-2174OC
https://doi.org/10.1038/bmt.2016.309
https://doi.org/10.1183/23120541.00166-2019
https://doi.org/10.1183/13993003.01779-2018
https://doi.org/10.1183/13993003.01779-2018
https://doi.org/10.1111/ajt.15814
https://doi.org/10.1111/ajt.15814
https://doi.org/10.1016/j.bbmt.2014.06.014
https://doi.org/10.1016/j.bbmt.2014.06.014
https://doi.org/10.1038/bmt.2013.58
https://doi.org/10.1038/bmt.2013.58
https://doi.org/10.1038/bmt.2014.159
https://doi.org/10.1038/bmt.2014.159
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1183/09031936.00150314
https://doi.org/10.1183/09031936.00150314
https://doi.org/10.3390/jcm9041155
https://doi.org/10.1513/AnnalsATS.201610-780FR
https://doi.org/10.1513/AnnalsATS.201610-780FR
https://doi.org/10.1038/sj.bmt.1704815
https://doi.org/10.1038/sj.bmt.1704815
https://doi.org/10.1038/bmt.2009.27
https://doi.org/10.1038/bmt.2009.27
https://doi.org/10.1016/j.bbmt.2007.04.008
https://doi.org/10.1016/j.bbmt.2007.04.008
https://doi.org/10.1634/theoncologist.2015-0200
https://doi.org/10.1634/theoncologist.2015-0200
https://doi.org/10.1111/tri.12779
https://doi.org/10.1111/tri.12779


79

85. Piñana JL, Martino R, Barba P, et al. Pulmonary func-
tion testing prior to reduced intensity conditioning 
allogeneic stem cell transplantation in an unselected 
patient cohort predicts posttransplantation pulmo-
nary complications and outcome. Am J Hematol. 
2012;87(1):9–14. https://doi.org/10.1002/ajh.22183.

86. Cuellar-Rodriguez J, Gea-Banacloche J, Freeman 
AF, et  al. Successful allogeneic hematopoietic stem 
cell transplantation for GATA2 deficiency. Blood. 
2011;118(13):3715–20. https://doi.org/10.1182/
blood- 2011- 06- 365049.

87. Popplewell LL, Forman SJ.  Is there an upper 
age limit for bone marrow transplantation? Bone 
Marrow Transplant. 2002;29(4):277–84. https://doi.
org/10.1038/sj.bmt.1703382.

88. Rutting S, Badal T, Wallis R, et  al. Long-term vari-
ability of oscillatory impedance in stable obstructive 
airways disease. Eur Respir J. 2021;58(1):2004318. 
https://doi.org/10.1183/13993003.04318- 2020.

89. Sanchis J, Gich I, Pedersen S. Systematic review of 
errors in inhaler use: has patient technique improved 
over time? Chest. 2016;150(2):394–406. https://doi.
org/10.1016/j.chest.2016.03.041.

90. O’Callaghan C, Lynch J, Cant M, Robertson 
C.  Improvement in sodium cromoglycate delivery 
from a spacer device by use of an antistatic lining, 
immediate inhalation, and avoiding multiple actua-
tions of drug. Thorax. 1993;48(6):603–6. https://doi.
org/10.1136/thx.48.6.603.

91. Tran BT, Halperin A, Chien JW.  Cigarette smoking 
and outcomes after allogeneic hematopoietic stem 
cell transplantation. Biol Blood Marrow Transplant. 
2011;17(7):1004–11. https://doi.org/10.1016/j.
bbmt.2010.10.032.

92. Hanajiri R, Kakihana K, Kobayashi T, Doki N, 
Sakamaki H, Ohashi K. Tobacco smoking is associ-
ated with infectious pulmonary complications after 
allogeneic hematopoietic stem cell transplantation. 
Bone Marrow Transplant. 2015;50(8):1141–3. https://
doi.org/10.1038/bmt.2015.116.

93. Scheidl S, Zinke-Cerwenka W, Flick H, et al. Whole- 
body lung function test-derived outcome predictors 
in allogenic stem cell transplantation. Biol Blood 
Marrow Transplant. 2019;25(1):129–36. https://doi.
org/10.1016/j.bbmt.2018.07.036.

94. Feldman C, Anderson R.  Cigarette smoking and 
mechanisms of susceptibility to infections of the 
respiratory tract and other organ systems. J Infect. 
2013;67(3):169–84. https://doi.org/10.1016/j.
jinf.2013.05.004.

95. Jose RJ, Dickey BF, Brown JS. Infectious respiratory 
disease in non-HIV immunocompromised patients. 
Br J Hosp Med (Lond). 2014;75(12):685–90. https://
doi.org/10.12968/hmed.2014.75.12.685.

96. Allegra A, Tonacci A, Musolino C, Pioggia G, 
Gangemi S.  Secondary immunodeficiency in 
hematological malignancies: focus on multiple 
myeloma and chronic lymphocytic leukemia. Front 
Immunol. 2021;12:738915. https://doi.org/10.3389/
fimmu.2021.738915.

97. Foster JH, Cheng WS, Nguyen N-Y, Krance R, 
Martinez C.  Immunoglobulin prophylaxis in pediat-
ric hematopoietic stem cell transplant. Pediatr Blood 
Cancer. 2018;65(12):e27348. https://doi.org/10.1002/
pbc.27348.

98. José RJ, Brown JS.  Bronchiectasis. Br J Hosp Med 
(Lond). 2014;75(Suppl 10):C146–51. https://doi.
org/10.12968/hmed.2014.75.Sup10.C146.

4 Pretransplant Pulmonary Evaluation

https://doi.org/10.1002/ajh.22183
https://doi.org/10.1182/blood-2011-06-365049
https://doi.org/10.1182/blood-2011-06-365049
https://doi.org/10.1038/sj.bmt.1703382
https://doi.org/10.1038/sj.bmt.1703382
https://doi.org/10.1183/13993003.04318-2020
https://doi.org/10.1016/j.chest.2016.03.041
https://doi.org/10.1016/j.chest.2016.03.041
https://doi.org/10.1136/thx.48.6.603
https://doi.org/10.1136/thx.48.6.603
https://doi.org/10.1016/j.bbmt.2010.10.032
https://doi.org/10.1016/j.bbmt.2010.10.032
https://doi.org/10.1038/bmt.2015.116
https://doi.org/10.1038/bmt.2015.116
https://doi.org/10.1016/j.bbmt.2018.07.036
https://doi.org/10.1016/j.bbmt.2018.07.036
https://doi.org/10.1016/j.jinf.2013.05.004
https://doi.org/10.1016/j.jinf.2013.05.004
https://doi.org/10.12968/hmed.2014.75.12.685
https://doi.org/10.12968/hmed.2014.75.12.685
https://doi.org/10.3389/fimmu.2021.738915
https://doi.org/10.3389/fimmu.2021.738915
https://doi.org/10.1002/pbc.27348
https://doi.org/10.1002/pbc.27348
https://doi.org/10.12968/hmed.2014.75.Sup10.C146
https://doi.org/10.12968/hmed.2014.75.Sup10.C146


81© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
A. O. Soubani (ed.), Pulmonary and Critical Care Considerations of Hematopoietic Stem Cell 
Transplantation, https://doi.org/10.1007/978-3-031-28797-8_5

5Diagnostic Evaluation 
of Pulmonary Disease Following 
Hematopoietic Stem Cell 
Transplantation

Philippe R. Bauer

 Diagnosis Evaluation: Overview

Pulmonary diseases are frequent complications 
following hematopoietic stem cell transplanta-
tion (HSCT) and represent a major cause of mor-
tality and a hindrance to the overall success of 
HSCT [1, 2]. Up to 40% of HSCT recipients are 
admitted to the intensive care unit because of 
severe complications related to HSCT [3]. 
Pulmonary complications represent 30 to 60% of 
these complications [4]. In a 10-year retrospec-
tive review of autopsies, the major causes of 
death after allogeneic HSCT were pulmonary 
complications including diffuse alveolar damage, 
acute pneumonia, and invasive aspergillosis and 
after autologous HSCT relapse of malignancy, 
acute pneumonia, and diffuse alveolar damage 
[5]. Pulmonary complications can be infectious 
and noninfectious [6] and occur before and after 
engraftment or have a late onset [7]. They may 
involve the bronchi, alveoli, and capillary vessels 
(Fig. 5.1) [8] and are clinically under-recognized 
[9]. They can develop after autologous and allo-
geneic HSCT with similarities but also differ-
ences which depend on various factors such as 
age, underlying lung condition, and degree of 
immunosuppression. More than 25% of autolo-

gous HSCT recipients develop pulmonary com-
plications within 1  year of transplant. Most of 
these complications are infectious and commonly 
occur while the patients are neutropenic. The 
most common noninfectious complications are 
acute pulmonary edema, diffuse alveolar hemor-
rhage, peri-engraftment syndrome, and idio-
pathic pneumonia syndrome [10]. In allogeneic 
HSCT, the most common noninfectious compli-
cations are bronchiolitis obliterans syndrome and 
interstitial lung disease [11]. Bronchiolitis oblit-
erans syndrome remains the most challenging 
pulmonary complication after allogeneic HSCT 
[12]. New approaches with machine learning 
algorithms may offer a quantitative approach for 
the identification of bronchiolitis obliterans syn-
drome versus other lung diseases after HSCT 
[13]. Idiopathic pneumonia syndrome has less 
than 15% 1-year survival [14]. Clinical presenta-
tions are diverse, and an accurate and timely dif-
ferential diagnosis is essential to limit their 
sometimes-disastrous consequences [15]. This 
presentation focuses on patients who are evalu-
ated in the intensive care setting.

Infectious respiratory complications can be 
due to bacterial, viral, fungal, or parasitic organ-
isms and can be affected by pretransplant status 
(e.g., cytomegalovirus), environmental exposure 
(e.g., histoplasmosis), type of immunosuppres-
sive agents (e.g., corticosteroids), prophylaxis, 
and elapsed time since transplantation. 
Noninfectious complications may include radia-
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Fig. 5.1 Overview of 
pulmonary diseases 
following HSCT (ARDS 
acute respiratory distress 
syndrome, CHF 
congestive heart failure, 
GVHD graft-versus-host 
disease)

tion- and drug-induced lung toxicity, aspiration 
pneumonitis (especially in case of mucositis), 
cardiogenic pulmonary edema, engraftment syn-
drome, idiopathic pneumonia syndrome, 
 graft- versus- host disease, bronchiolitis obliter-
ans, recurrence or secondary malignancy, con-
nective tissue disease, vasculitis, pulmonary 
alveolar proteinosis, and pulmonary vascular dis-
ease including pulmonary veno-occlusive disease 
and pulmonary hypertension. Several complica-
tions can be combined. From a histopathological 
perspective, organizing pneumonia, diffuse alve-
olar damage, and diffuse alveolar hemorrhage are 
commonly encountered and can have different 
etiologies.

The approach to the diagnosis of pulmonary 
disease after HSCT must be systematic and pro-
gressive, from the least invasive to the most inva-
sive, while considering pretest probability and 
the risk over benefit ratio of any given test or pro-
cedure (Table 5.1). In a secondary analysis of a 
prospective, multinational, observational study 
of 1611 immunocompromised patients with 

acute respiratory failure admitted to the intensive 
care unit, compared to noninvasive testing only, 
bronchoscopy achieved a 27% adjusted diagnos-
tic yield and a 38% therapeutic yield but was 
associated with worsening of respiratory status in 
11% of patients and higher ICU and hospital 
mortality (OR 1.41, 95% CI 1.08–1.81) [16]. 
Both noninvasive testing, including new molecu-
lar markers, and invasive procedures, such as 
bronchoscopy, should be complementary [17]. 
Managing pulmonary complications after HSCT 
remains challenging due to the lack of preventive 
strategies [18].

Chief complaints and clinical presentations 
that require transfer to the intensive care are usu-
ally dyspnea and increased oxygen requirement 
with or without frank respiratory distress. Other 
clinical features may include fever, cough, chest 
pain, and nonpulmonary signs (e.g., skin rash, 
diarrhea). After initial stabilization if clinically 
indicated (standard supplemental oxygen, high 
flow nasal cannula, noninvasive or invasive 
mechanical ventilation after intubation, vaso-
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Table 5.1 Pulmonary diseases after HSCT: diagnostic workup

Diagnostics checklist Examples
Age
Comorbidities Pulmonary disease Previous PFT

Cardiac disease Previous echocardiogram
Liver disease Iron overload
Renal disease Nephrotoxic agents

Environmental exposure Pets Cats, birds
Geographical location TB, endemic fungi

Malignancy Type Leukemia, lymphoma, myeloma
Chemotherapy Cardiac toxicity
Radiation therapy Radiation toxicity
Serostatus CMV, HSV, HIV, EBV
Prophylaxis CMV, pneumocystis

HSCT Type of HSCT Autologous, allogeneic
Preconditioning regimen Myeloablative or not
Time elapsed since HSCT Pre-, post-engraftment

Physical examination Signs and symptoms Lungs, heart, skin, abdomen
POCUS Lungs, pleura, heart, abdomen

Labs CBC with differential Neutropenia
Renal function Acute kidney injury
Liver function Acute liver failure

Infectious workup Blood culture Bacterial, fungal
Respiratory pathogens Influenza, RSV, SARS-CoV-2
Sputum (induced) Pneumocystis, TB
Beta-d-glucan Candida, Aspergillus

Aspergillus galactomannan Galactomannan Aspergillus
Urine tests Streptococcus, Legionella

Imaging Chest radiograph Focal, diffuse opacities
Chest computed tomography Focal, diffuse opacities, VTE

Bronchoscopy BAL Immunocompromised host
Hemosiderin-laden macrophage DAH if greater than 20%
Transbronchial biopsy Not if thrombocytopenia

Lung biopsy VATS Rarely done
Open lung biopsy Very rarely done

Skin biopsy Skin rash GVHD, engraftment
Cardiac workup ECG ACS, pericarditis

Troponins ACS
Pro-BNP Heart failure
Echocardiogram Heart failure, pericarditis

Autoimmunity ANA Scleroderma, Sjogren
ENA Scleroderma, Sjogren
ANCAs Vasculitis

PFT pulmonary function test, TB tuberculosis, CMV cytomegalovirus, HSV herpes simplex virus, HIV human immuno-
deficiency virus, EBV Ebstein-Barr virus, HSCT hematopoietic stem cell transplant, POCUS point of care ultrasound, 
CBC complete blood count, RSV respiratory syncytial virus, SARS-CoV-2 severe acute respiratory syndrome coronavi-
rus 2, VTE venous thromboembolism, BAL bronchoalveolar lavage, DAH diffuse alveolar hemorrhage, VATS video- 
assisted thoracoscopic surgery, GVHD graft-versus-host disease, ECG electrocardiogram, ACS acute coronary 
syndrome, BNP brain natriuretic peptide, ANA antinuclear antibody, ENA extractable nuclear antigen antibody, ANCAs 
antineutrophil cytoplasmic antibodies
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pressors, etc.), the diagnostic workup should 
focus on eliciting information regarding past 
medical history, type of malignancy, previous 
chemotherapy or radiation therapy, type of HSCT 
(autologous versus allogeneic), type of prepara-
tive conditioning regimen (e.g., myeloablative 
versus nonablative regimen), immunosuppres-
sion, cardiac toxicity, prophylaxis, pretransplant 
serostatus, environmental exposure, time since 
HSCT, engraftment, and graft-versus-host 
 disease. Comorbidities are also important includ-
ing age and preexisting pulmonary, cardiac, 
renal, and metabolic conditions [19, 20].

Physical examination should focus on assess-
ing the presence of respiratory, circulatory, and 
neurological failure. Evidence for edema, jaun-
dice, and maculopapular rash should be sought. 
A point of care ultrasound should be performed 
as an extension to the clinical examination, look-
ing for evidence of B-lines attesting of interstitial 
process such as pulmonary edema or the pres-
ence of consolidation, atelectasis, pleural effu-
sion, right or left ventricular failure, pericardial 
effusion, and ascites [21]. Usually, a chest radio-
graph is obtained first but may not be insufficient 
[22], and a chest computed tomography is 
obtained as soon as the patient is stable enough to 
be transported to the Radiology Department.

Diagnostic studies include the following: com-
plete cell count with differential; blood culture for 
bacteria and fungi; sputum culture for bacteria, 
mycobacteria, and fungi including Pneumocystis 
jirovecii; nasal swab for polymerase chain reac-
tion for severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2), influenza and 
respiratory syncytial, or a more complete multi-
plex viral pathogen panel; and urine antigen for 
Streptococcus pneumoniae, Legionella, and, in 
the context of endemic fungi, histoplasma, or 
Blastomyces). Serum can be tested for CMV 
(viral load), beta- D- glucan, Aspergillus galacto-
mannan, and cryptococcus antigen. Other blood 
tests may include antinuclear antibodies, extract-
able nuclear antigen antibodies, and vasculitis 
panel (antineutrophil cytoplasmic antibodies). 
Electrocardiogram, serial troponins, pro-brain 
natriuretic peptide, and formal echocardiogram 

may be useful if acute coronary syndrome, peri-
carditis, and congestive heart failure are suspected 
in case of preexisting heart failure, previous use of 
cardiotoxic drugs (e.g., anthracyclines), or weight 
gain with edema especially after large amount of 
intravenous fluid administration or in case of 
engraftment. A bronchoscopy should not be per-
formed routinely unless noninvasive testing 
remains negative or cannot be obtained (e.g., 
induced sputum), or if there is a high clinical sus-
picion (e.g., diffuse alveolar hemorrhage), or if 
the patient requires immediate intubation. If the 
clinician feels that bronchoscopy is indicated, it 
should not be delayed until the patient’s condition 
has worsened, since early bronchoscopy has a 
higher yield than delayed bronchoscopy [23, 24]. 
Bronchoalveolar lavage sent to the laboratory for 
an immunocompromised host panel should be 
obtained. Transbronchial biopsy is rarely useful in 
infectious complications but may contribute to the 
diagnostic management of noninfectious causes 
[25]. This procedure is often contraindicated 
because of the presence of thrombocytopenia. 
Lung biopsy (cryobiopsy, video-assisted thoraco-
scopic surgical biopsy, or open lung biopsy) has 
seldom any indication except in individualized 
cases of undetermined interstitial lung disease, 
concern for malignancy or idiopathic pulmonary 
syndrome [26]. Computed tomography- guided 
fine needle lung biopsy is an option in case of 
focal pulmonary lesions [27].

 Diagnosis Evaluation: Specifics

 Bacterial Pneumonias

Bacterial pneumonias (Gram-positive and Gram- 
negative bacteria) can occur during the pre- 
engraftment and post-engraftment period. At the 
late phase after allogeneic HSCT, encapsulated 
bacteria (Streptococcus pneumoniae, Haemophilus 
influenzae, Neisseria meningitidis) should also be 
considered. Workup includes imaging, blood cul-
tures, sputum cultures, and urine antigens (e.g., 
Streptococcus pneumoniae, Legionella), and 
rarely bronchoalveolar lavage is necessary.
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 Mycobacteria
Tuberculosis and atypical mycobacterial infec-
tions can be seen in the post-engraftment period. 
Tuberculosis is more common in patients from 
countries with high prevalence or in case of 
chronic graft-versus-host disease. Tuberculous 
skin test and interferon gamma-release assays are 
not reliable [28]. Imaging can show a miliary pat-
tern. Induced sputum or bronchoalveolar lavage 
with acid-fast bacilli staining on smear and cul-
ture and the presence of caseating granuloma 
and/or acid-fast bacilli documented by histopa-
thology are necessary for the diagnosis.

 Viral Pneumonias

Respiratory viruses (e.g., influenza, respiratory 
syncytial virus, adenovirus, SARS CoV-2) may 
be seasonal and can occur at any time during 
the pre-engraftment or post-engraftment period. 
Herpes simplex virus usually occurs during 
the pre-engraftment period, cytomegalovirus 
(CMV), human herpes virus-6, and varicella-
zoster during the post-engraftment period [29]. 
Nasopharyngeal samples for viral cultures, 
viral antigen assays, and polymerase reaction 
assays are most useful. Chest imaging is often 
nonspecific [30]. For CMV, bronchoalveolar 
lavage and tissue sampling may be necessary 
when looking for intranuclear and intracyto-
plasmic inclusion bodies with confirmation by 
immunohistochemical staining. Serology may 
indicate prior exposure.

Epstein-Barr virus (EBV) is associated with 
posttransplant lymphoproliferative disorder 
[31]. It usually presents with B symptoms 
(fever, weight loss) and lung mass by chest 
computed tomography. Positron emission 
tomography scanning may be useful but not 
always feasible in critically ill patients. 
Opportunistic infections always need to be 
ruled out. Elevated lactate dehydrogenase may 
be a clue. Diagnosis is suspected by a markedly 
elevated EBV viral load by quantitative poly-
merase chain reaction and usually requires tis-
sue diagnosis by lung biopsy.

 Fungal Pneumonias

Fungal infections are frequent and result from 
persistent immunosuppression caused by the 
underlying hematologic malignancy and its treat-
ment with HSCT [32]. It may be less frequent in 
autologous HSCT than allogeneic 
HSCT. Infection due to Candida may occur in the 
pre-engraftment and Pneumocystis in the post- 
engraftment period. Aspergillus infection can 
occur at any time. On computed tomography, the 
classic halo sign is suggestive of invasive asper-
gillosis and the reverse halo sign of pulmonary 
mucormycosis. However, both are nonspecific 
and can also be seen with other infectious (e.g., 
Candida and other fungal infections) and nonin-
fectious causes [33]. Aside from imaging, blood 
cultures and bronchoscopy with bronchoalveolar 
lavage are helpful. A common issue is how to 
make the distinction between colonization and 
invasive infection. The diagnosis of invasive 
aspergillosis relies on a positive culture in combi-
nation with histopathologic confirmation or the 
presence of Aspergillus in a culture from a nor-
mal sterile site (e.g., pleural space). Fungal mark-
ers (galactomannan, beta-d-glucan, and 
polymerase chain reaction) can be useful, partic-
ularly if measured in the bronchoalveolar lavage, 
but are not sufficient for a definite diagnosis. 
Beta-d-glucan can also suggest infection with 
Candida and Pneumocystis. Pneumocystis diag-
nosis relies on a positive identification by tincto-
rial staining, fluorescent antibody staining, or 
polymerase chain reaction on induced sputum or 
bronchoalveolar lavage.

Endemic fungi (histoplasmosis, blastomyco-
sis, coccidioidomycosis) may be seen in endemic 
areas (e.g., the Mississippi basin, the southwest 
USA). Diagnosis relies on fungal cultures, anti-
gen assay, serology, and histopathology.

 Parasitic Infections
Reactivation of toxoplasmosis and strongyloidia-
sis can rarely be observed. Polymerase chain 
reaction and serology testing are useful for toxo-
plasmosis. Rare cases of hyperinfection syn-
drome secondary to strongyloidiasis have been 
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described after HSCT; the presence of eosino-
philia and a history of travel, even remote, to 
endemic areas may be clues to the diagnosis [34]. 
Stool testing and serology confirm the diagnosis 
of strongyloidiasis.

 Radiation and Drug-Induced Toxicity
The clinical context usually is indicative of pos-
sible radiation- or drug-induced toxicity. A care-
ful history of previous radiation therapy or 
pneumotoxic (e.g., cyclophosphamide) or cardio-
toxic chemotherapy (e.g., anthracyclines) should 
raise concern for radiation therapy or chemother-
apy as possible explanation for the pulmonary 
disease. Increased eosinophil in the bronchoal-
veolar lavage may suggest drug-induced toxicity. 
It remains a diagnosis of exclusion.

 Aspiration Pneumonitis
The clinical context is also indicative particularly 
when an aspiration event is witnessed. The pres-
ence of severe mucositis raises concern for aspi-
ration which remains also a diagnosis of 
exclusion. The presence of atelectasis and intra-
luminal opacity on chest computed tomography 
is clue toward an aspiration event. In doubtful 
cases, bronchoscopy may be helpful.

 Cardiogenic Pulmonary Edema
Cardiogenic pulmonary edema can be seen in case 
of fluid overload, preexisting cardiac disease, drug 
cardiotoxicity, engraftment syndrome, and graft-
versus-host disease. Diagnosis is made by clinical 
signs of heart failure, elevated pro- brain natriuretic 
peptide, abnormal chest radiograph and chest 
computed tomography with cardiomegaly, pulmo-
nary edema, Kerley’s B-lines, thickened interlobu-
lar septa, pleural effusion, and echocardiography 
showing evidence of left systolic or diastolic ven-
tricular or right ventricular failure. Pericarditis and 
sometimes tamponade can be seen as well (e.g., 
post-irradiation or after sirolimus therapy).

 Diffuse Alveolar Hemorrhage
Diffuse alveolar hemorrhage can be seen in many 
circumstances. Hemoptysis is not always present. 
The diagnosis relies on bronchoalveolar lavage 

with progressively bloody return or greater than 
20% of hemosiderin-laden macrophages. The 
clinical context and appropriate testing are neces-
sary to account for its multiple causes [35].

 Acute Respiratory Distress Syndrome
Acute respiratory distress syndrome has many 
infectious and noninfectious causes. It follows the 
Berlin criteria to define its severity based on the 
presence of bilateral infiltrates with hypoxemia 
within 1 week of predisposal circumstances and 
not explained by heart failure [36]. Most cases of 
acute respiratory distress syndrome following 
HSCT do not meet criteria for a more specific 
posttransplantation pulmonary syndrome [37].

 Organizing Pneumonia

Organizing pneumonia is a histopathological diag-
nosis. It can be related to infectious and noninfec-
tious causes or be idiopathic. Imaging shows 
patchy, nodular opacities and ground glass opaci-
ties with peripheral predominance. Bronchoalveolar 
lavage shows a mixed pattern with increased lym-
phocytes, neutrophils, and eosinophils. Lung 
biopsy is needed. Acute fibrinous and organizing 
pneumonia is a rare form of organizing pneumonia 
after allogeneic HSCT characterized by intra-alve-
olar fibrin deposition [38].

 Engraftment Syndrome
Engraftment syndrome is observed with both 
allogeneic and autologous HSCT, occurring at 
the time of neutrophil recovery and presenting 
with fever, skin rash, weight gain, and pulmonary 
edema [39]. Acute kidney injury, abnormal liver 
function, and encephalopathy can also be 
observed. Skin biopsy is sometimes helpful. 
Bronchoscopy may reveal the presence of diffuse 
alveolar hemorrhage. Infection needs to be ruled 
out. The use of a standard approach to diagnosis 
may be beneficial [40].

 Idiopathic Pneumonia Syndrome
Idiopathic pneumonia syndrome is a form of 
multifocal pneumonia with acute lung injury and 
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increased oxygen requirement, diffuse alveolar 
damage, and no evidence of lower respiratory 
infection or noninfectious causes of pulmonary 
diseases after extensive evaluation. It is also more 
frequently observed with allogeneic than autolo-
gous HSCT.  It occurs usually late (weeks or 
months) after HSCT [41]. It is a diagnosis of 
exclusion.

 Graft-Versus-Host Disease
Graft-versus-host disease is almost exclusively 
seen after allogeneic GSCT. It can be hyperacute, 
acute (classic acute, late acute), and chronic (classic 
chronic and overlap) [42]. Clinical manifestations 
include skin (maculopapular rash, erythroderma), 
gut (diarrhea), and liver (hyperbilirubinemia) 
involvement with other organ involvement such 
as eyes, kidney, lungs, and the hematopoietic 
system (e.g., thrombocytopenia, IgA deficiency). 
Pulmonary manifestations include diffuse alveolar 
damage, diffuse alveolar hemorrhage, and bronchi-
olitis obliterans with airflow obstruction at a later 
stage [43]. The diagnosis is clinical and can be 
reinforced by skin or intestinal biopsy and exclu-
sion of other etiologies.

 Malignancy
Relapse of primary malignancy (e.g., lymphoma), 
secondary malignancy, and posttransplant lym-
phoproliferative disorders can occur. EBV status 
and tissue biopsy are necessary.

 Connective Tissue Disease, Vasculitis
Connective tissue disease (systemic lupus ery-
thematosus, mixed connective tissue disease, 
Sjögren syndrome, polymyositis) associated 
interstitial lung diseases and antineutrophil 
cytoplasmic antibody vasculitis have been 
observed after allogeneic HSCT with three dif-
ferent histopathologic patterns of interstitial 
pneumonia (lymphocytic interstitial pneumo-
nia, nonspecific interstitial pneumonia, and dif-
fuse alveolar damage) [44]. Testing includes 
chest imaging and serological tests including 
antinuclear antibodies, extractable nuclear anti-
gen antibodies, rheumatoid factor, and antineu-
trophil cytoplasmic antibodies.

 Pulmonary Alveolar Proteinosis
Pulmonary alveolar proteinosis is a reversible 
complication after allogeneic HSCT and a sec-
ondary cause of pulmonary disease affecting sur-
factant production and clearance [45]. On 
computed tomography, it shows patchy and dif-
fuse bilateral ground glass opacities with some-
times crazy-paving pattern. The diagnosis is 
made by bronchoalveolar lavage showing a milky 
return with positive periodic acid-Schiff stain. 
When occurring after HSCT, there is no need to 
check for anti GM-CSF antibodies.

 Pulmonary Vascular Disease
Pulmonary veno-occlusive disease can be seen 
rarely after allogeneic HSCT [46]. Chest com-
puted tomography may show ground glass opaci-
ties and increased interlobular septa. 
Echocardiogram shows increased right ventricu-
lar systolic pressure. Chest computed tomogra-
phy angiography rules out pulmonary embolism. 
The diagnosis requires a right cardiac catheter-
ization showing pulmonary hypertension.

Other pumonary vascular diseases include 
venous thromboembolic events, catheter-induced 
thrombosis diagnosed by Doppler ultrasound and 
computed tomography angiogram and transplant-
associated thrombotic microangiopathy with micro-
angiopathic hemolytic anemia with schistocytes, 
thrombocytopenia and acute renal failure [47].

Pulmonary cytolytic thrombi are a rare occur-
rence after allogeneic HSCT [48]. Chest com-
puted tomography shows pulmonary nodules. 
Lung biopsy is necessary and shows necrotic 
basophilic cytolytic thromboemboli [49].

Preexisting pulmonary hypertension may be 
present, related to the underlying malignancy 
(e.g., myelofibrosis) or related to drug toxicity 
(e.g., dasatinib) [50].

In summary: Pulmonary complications after 
HSCT are frequent and associated with worse 
outcomes. Their occurrence is influenced by the 
degree of immunity of the host, the nature of the 
malignancy, and the therapies given. Several 
complications can come together, and a high 
index of suspicion should prevail. An early diag-
nosis is the key to a prompt and appropriate treat-
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ment. The diagnostic strategy should be 
structured, progressive, and individualized.
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6Pulmonary Complications 
Following Hematopoietic Stem 
Cell Transplantation: Radiological 
Considerations

Tomás Franquet, Ana Giménez, 
and Sandra Mazzini

Pulmonary complications are a common cause of 
morbidity and mortality after HSCT occurring in 
40%–60% of recipients and accounting for more 
than 90% of mortality [1–3]. Specific pulmonary 
complications tend to occur during identifiable 
phases that correspond with the state of immune 
reconstitution after the marrow transplant [2, 4]. It is 
useful to divide the post-HSCT complications into 
three distinct phases after the procedure: (1) pre-
engraftment (neutropenic) phase (the first 30 days), 
(2) early post-engraftment phase (days 31–100), 
and (3) late phase (beyond day 100) [3–7].

Imaging evaluation plays a crucial role in all 
phases of the HSCT process to identify the pres-
ence, location and extent of pulmonary abnormali-
ties, and the course and evolution of complications 
[3, 8] and monitor the effect of therapy and detect 
recurrence if the transplant is unsuccessful [9].

Chest radiograph is the initial imaging tool in 
HSCT patients with fever, dyspnea, or cough and 
in most of these patients provides adequate imag-
ing information [10]. However, a normal chest 

roentgenogram does not exclude pneumonia. It 
has limited sensitivity for the detection of early 
infection, being normal in up to 10% of patients 
with proven pulmonary disease. The low neutro-
phil counts may result in a poor inflammatory 
response, which may further decrease the sensi-
tivity of the chest X-rays.

Although CT is not recommended for the ini-
tial evaluation of patients with pneumonia, it is 
useful in the detection, differential diagnosis, and 
management of the HSC transplanted recipient 
with acute pulmonary disease when chest radio-
graphs show nonspecific abnormal findings or 
when the radiographic findings are normal with 
clinical findings of pulmonary disease [6, 11–13]. 
In addition, expiratory CT has established itself 
as an essential adjunct to conventional CT, in the 
demonstration of air-trapping in patients with sus-
pected obstructive small airway disease [14–16]. 
Paired inspiratory and expiratory CT may help in 
the evaluation of air-trapping in HSCT recipients 
with bronchiolitis obliterans syndrome.

Pulmonary complications secondary to 
HSCT follow a predictable timeline that reflects 
the immunologic status of the patient in the 
peritransplant period [2, 7, 17, 18]. The combi-
nation of clinical factors and imaging findings 
favors an accurate differential diagnosis [19–
21]. In the absence of clinical information, 
radiologists cannot reliably distinguish between 
pneumonia and other noninfectious pulmonary 
processes.
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Diffuse parenchymal infiltrates are common 
radiographic findings in HSCT recipients. In the 
neutropenic phase, <30 days after  transplantation, 
infectious causes of pulmonary infiltrates have been 
documented in fewer than 20% of recipients who 
underwent open lung biopsy [22]. However, 
between 30 and 180 days after transplantation, 
infections are the most common cause of diffuse 
parenchymal abnormalities [22, 23]. Pulmonary 
edema and the idiopathic pulmonary syndrome 
(IPS) are the most common conditions to be distin-
guished from bronchopneumonia when a general-
ized pulmonary abnormality is radiographically 
demonstrated [24–26].

Focal parenchymal infiltrates are frequently 
due to infection regardless of the time of presen-
tation after transplant; however, distinction of 
localized pneumonia from other pulmonary pro-
cesses cannot be made with certainty on radio-
logic grounds [11]. Localized pulmonary disease 
of a lobar or segmental distribution can also be 
produced by pulmonary edema and hemorrhage.

 Infectious Complications

Pneumonia remains to be a common life- 
threatening complication in HSC recipients occur-
ring as a direct result of transplantation- induced 
immune suppression [27]. Pulmonary infection 
after HSCT occurs as a direct result of transplanta-
tion-induced immune suppression [24, 28].

During the initial posttransplant period, patients 
are profoundly neutropenic (absolute neutrophil 
count <500 cells/μL), and most microbiologically 
documented pneumonias are caused by fungi or 
bacteria [23]. If neutropenia is prolonged beyond 
2 weeks, Aspergillus spp. as well as other opportu-
nistic molds may cause life- threatening infections 
[29, 30]. While fungi are the most common cause 
of pulmonary infection in the early pre-engraft-
ment phase, viruses most commonly occur in the 
post-engraftment phase [31, 32]. Conversely, in 
the late post-engraftment phase, from day 100 
until the patient regains normal immunity usually 
1–2 years later, there is no predominant pathogen, 
and most infections are usually bacterial [18, 33].

 Bacterial Infections

Nosocomial bacterial infections are responsible 
for approximately 90% of infections during the 
early phase of neutropenia [34, 35]. Gram- 
negative bacteria are the most virulent bacterial 
pathogens during neutropenia and the major 
causes of morbidity and mortality. Plain radio-
graphs most commonly show focal alveolar infil-
trates but may be normal in 30% of patients. On 
high-resolution CT, a focal air-space consolida-
tion, which typically presents in either a segmen-
tal or lobar distribution, is identified (Fig. 6.1). 
Differentiation from atypical patterns of oppor-
tunistic infections is often impossible based on 
radiographic findings. Conversely, atypical pat-
terns, including bilateral diffuse opacities, are 
not uncommon manifestations of bacterial 
pneumonia.

Bronchogenic dissemination of pyogenic bac-
teria can result in dilatation and thickening of 
bronchiolar walls. Chest radiography may have 
normal or nonspecific findings consisting of het-
erogeneous ill-defined opacities, especially visi-
ble in the lower lung regions. Other findings are 
peribronchial thickening occasionally observed 
as “tram tracking” images. Characteristic CT 
findings include (1) small ill-defined centrilobu-

Fig. 6.1 A 65-year-old man with multiple myeloma and 
Pseudomonas aeruginosa pneumonia. CT scan shows 
multiple centrilobular nodular and branching opacities
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Fig. 6.2 Endobronchial tuberculosis in a 54-year-old 
man with Hodgkin disease. CT scan shows multiple ill- 
defined nodules with a tree-in-bud appearance (arrows)

Fig. 6.3 A 44-year-old woman with acute myeloblastic 
leukemia. Close-up view of a CT scan shows a right lower 
lobe nodular opacity with a surrounding halo of ground- 
glass attenuation (arrows)

lar densities representing bronchioles impacted 
with inflammatory material and peribronchiolar 
inflammation (“tree-in-bud”), (2) branching lin-
ear opacities due to airway inflammation, and (3) 
focal areas of consolidation due to bronchopneu-
monia [36].

Pulmonary tuberculosis in HSCT recipi-
ents can be difficult to diagnose due to simul-
taneous infection with other organisms [37]. 
Mycobacterium tuberculosis and a variety of 
nontuberculous mycobacteria have been reported 
to be between 0.4% and 4.9% of HSC transplant 
recipients [38–41]. Chest radiographic findings 
include nodules or air-space consolidation with a 
patchy multilobar distribution. Additional infor-
mation from CT include tree-in-bud appearance 
with background areas of ill-defined nodules or 
consolidations (Fig. 6.2) [37].

 Fungal Infections

Invasive fungal infections are among the leading 
causes of infectious morbidity following HSCT 
in adults. Aspergillus fumigatus represents a 
common cause of life-threatening opportunistic 
infection in neutropenic patients [42, 43]. 
Beyond the first week after transplantation, 

12%–50% of HSCT recipients are at increased 
risk of the angioinvasive or airway invasive 
forms of aspergillosis resulting in a variety of 
clinical, radiologic, and histologic manifesta-
tions [43–51].

Angioinvasive aspergillosis is characterized 
histologically by invasion and the occlusion of 
small to medium pulmonary arteries by fungal 
hyphae. This leads to the formation of necrotic 
hemorrhagic nodules or pleural-based wedge- 
shaped hemorrhagic infarcts. The characteristic 
CT findings consist of nodules surrounded by a 
halo of ground-glass attenuation (halo sign) or 
pleural-based wedge-shaped areas of consolida-
tion (Fig.  6.3). In severely neutropenic patients, 
the halo sign is highly suggestive of angioinvasive 
aspergillosis [52, 53]. Separation of fragments of 
necrotic lung (pulmonary sequestra) from adja-
cent parenchyma results in air crescents like those 
seen in mycetomas (Fig.  6.4). The air- crescent 
sign in angioinvasive aspergillosis is usually seen 
during convalescence, i.e., 2–3 weeks after onset 
of treatment and concomitant with resolution of 
the neutropenia [54–56].
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a bFig. 6.4 A 37-year-old 
woman with medullar 
aplasia and 
angioinvasive 
aspergillosis. (a) Axial 
and (b) sagittal CT scans 
show a nodular soft 
tissue opacity (necrotic 
sequestrum) separated 
from the surrounding 
parenchyma by a 
crescent of air (arrows). 
A characteristic 
air-crescent sign

Fig. 6.5 A 45-year-old man with acute myeloid leukemia 
and pulmonary candidiasis. CT scan demonstrates multi-
ple well-defined tiny nodules in a random distribution

Aspergillus bronchopneumonia, also known 
as airway invasive aspergillosis, occurs in up of 
10% of cases of invasive pulmonary aspergillosis 
most commonly in neutropenic patients and in 
patients with acquired immunodeficiency syn-
drome (AIDS) [57]. The radiologic manifesta-
tions of Aspergillus bronchopneumonia are 
indistinguishable from those of bronchopneumo-
nia caused by other microorganisms [36, 58]. CT 
findings of bronchiolitis are centrilobular nodules 
and branching linear or nodular opacities giving 
an appearance resembling a “tree-in-bud.”

The Mucor species are ubiquitous, sapro-
phytic molds, usually found in soil and in decay-
ing food. Radiographic manifestations are 
nonspecific and include consolidation, cavitation, 
or abscess formation, nodules, and masses [59]. 
As occur in other angioinvasive fungal infections 
such as aspergillosis and candidiasis, the “air- 
crescent” sign and the “halo” sign may also be 
seen in patients with mucormycosis [60–62].

Candida sp. have been increasingly recog-
nized as an important source of fungal pneumo-
nia in patients with hematologic malignancies 
(acute leukemia and lymphoma) and allogeneic 
bone marrow transplant recipients [63, 64]. Chest 
radiographic and CT abnormalities consist of 
multifocal patchy areas of consolidation, focal 
cavitation, and multiple pulmonary nodules 
(Fig. 6.5) [64, 65].

Pneumocystis jiroveci has been reported to 
be a rare cause of pulmonary infection in HSC 
transplant recipients [66]. Abnormal chest 

radiographs observed in up to 90% of patients 
with suspected pneumocystis pneumonia con-
sist of diffuse bilateral interstitial infiltrates 
most marked in a perihilar distribution [3, 6]. 
Characteristic CT features are perihilar ground-
glass opacity, often in a patchy or geographical 
distribution, with areas of affected lung inter-
spersed by normal lung parenchyma (Fig. 6.6). 
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Fig. 6.6 A 65-year-old man with Pneumocystis pneumo-
nia (PJP) in angioimmunoblastic T-cell lymphoma. 
Coronal chest CT shows bilateral ground-glass opacities. 
Note interlobular and lobular septal thickening creating a 
“crazy-paving” pattern at the right upper lobe

Fig. 6.7 A 44-year-old man with respiratory syncytial 
virus (RSV) infection and peripheral T-cell lymphoma. 
CT scan shows multiple bilateral ill-defined nodular opac-
ities. Note a ground-glass opacity in LUL (black arrows) 
and a focal consolidation in RUL (white arrow)

Fig. 6.8 Cytomegalovirus (CMV) infection in a 63-year- 
old man with myeloblastic leukemia. CT scan shows mul-
tiple nodules with surrounding ground-glass halo (arrow)

Associated thickening of the interlobular septa 
with a “crazy-paving” appearance may also 
occur [67–69]. Less common patterns are paren-
chymal consolidation, mass lesions, nodules, 
cysts, spontaneous  pneumothorax, pleural effu-
sion, and lymph node enlargement [67].

 Viral Infection

Viruses have been increasingly recognized as 
important causes of serious respiratory illnesses 
in HSCT recipients. Viral infections may result 
from reactivation of a latent process or reflect 
newly acquired infection. Community respira-
tory viruses particularly respiratory syncytial 
virus (RSV), influenza, parainfluenza, adenovi-
rus, and human metapneumovirus (HMPV) have 
been recognized as potential causes of severe 
pneumonia, accounting for the majority of non- 
CMV pulmonary infections in both autologous 
and allogeneic HSCT recipients [70–72]. The 
most common CT findings are similar and con-
sist of small centrilobular nodules, multifocal 

areas of consolidation, and ground-glass opaci-
ties in a bilateral asymmetric distribution [73–77] 
(Fig.  6.7). Similar findings have also been 
described in patients with CMV, herpes simplex 
virus, and herpes varicella-zoster virus lung 
infections [74, 78–80].

CMV pneumonia remains one of the major 
complications in the post-engraftment phase, 
mostly within the first 4 months, being responsi-
ble for up to 50% of cases of pneumonia occur-
ring in 50%–70% of HSCT recipients [18]. CT 
findings are diverse and consist of unilateral or 
bilateral interstitial infiltrates, alveolar consolida-
tion, ground-glass opacities, and multiple small 
nodules with associated areas of ground-glass 
attenuation (“halo”) (Fig.  6.8) [74, 80]. Nodule 
size is helpful in the differential diagnosis of 
infectious causes of nodules in immunocompro-
mised patients [81].
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Fig. 6.9 Hairy cell leukemia and COVID-19 pneumonia 
in a 55-year-old man. (a) Axial and (b) coronal CT scans 
show bilateral areas of ground-glass opacities in a peri-
bronchovascular distribution

Fig. 6.10 Pulmonary edema due to fluid overload in a 
60-year-old woman with multiple myeloma. CT scan 
through lower lobes shows smooth septal thickening 
(arrowheads) in a gravity-dependent distribution. The 
right major fissure is also prominent due to subpleural 
edema (arrow)

Although the impact of COVID-19 infection 
on HSCT recipients has not yet been established, 
infected patients have a high mortality rate 
mainly in adults and patients with critical initial 
COVID-19 presentation (Fig. 6.9) [82].

 Noninfectious Complications

Noninfectious causes of lung injury after HSCT 
include a spectrum of syndromes: (a) pulmo-
nary edema, (b) diffuse alveolar hemorrhage, 
(c) peri- engraftment respiratory distress syn-
drome, (d) drug-induced lung injury, (e) idio-
pathic pneumonia syndrome (IPS), (f) chronic 
graft-versus-host disease (cGVHD), (g) bron-
chiolitis obliterans syndrome (BOS), (h) air-
leak syndrome, (i)  organizing pneumonia (OP)/
acute fibrinous organizing pneumonia (AFOP), 
and (j) posttransplant lymphoproliferative dis-
order (PTLD) [2, 6, 83].

Most of these causes are attributed to 
treatment- related toxicities and are influenced by 
the myeloablative conditioning regimens used 
before transplantation and tend to occur within 
specific time periods after transplantation [6].

Pulmonary edema is one of the earliest com-
plications following HSCT and may occur even 
in those patients with normal cardiac function. It 
is usually secondary to the large volumes of flu-
ids infused to minimize the toxicity of condition-
ing regimens and to transfusion of blood products 
[6]. Characteristic chest radiographic findings are 
diffuse interstitial lines such as Kerley A and 
Kerley B. The CT findings include enlarged pul-
monary vessels, septal lines, peribronchial cuff-
ing, ground-glass opacities, and small pleural 
effusions (Fig. 6.10) [10, 84].

Diffuse alveolar hemorrhage (DAH) is a 
life- threatening complication with a reported 
high mortality up to 70% [4, 85, 86]. It typi-
cally occurs as a diffuse process in the first 
month after transplant, often at the time of 
granulocyte recovery [8, 85, 87, 88]. The CT 
findings consist of extensive bilateral ground-
glass opacities with or without superimposed 
intralobular linear opacities (“crazy-paving” 
pattern) (Fig. 6.11) [9, 10].

Peri-engraftment respiratory distress syn-
drome (PERDS), which is part of the engraft-
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Fig. 6.11 Diffuse alveolar hemorrhage in a 56-year-old 
man with non-Hodgkin lymphoma. CT scan demonstrates 
diffusely demarcated ground-glass opacities with some 
interstitial septal thickening (crazy-paving pattern) 
(arrows). Note paratracheal lymphadenopathy 
(arrowhead)

Fig. 6.12 Peri-engraftment respiratory distress syn-
drome (PERDS) in a 25-year-old man with acute lympho-
blastic leukemia. Coronal CT demonstrates bilateral areas 
of consolidation in a peribronchovascular distribution 
(arrows)

Fig. 6.13 Bleomycin-induced lung injury in a 68-year- 
old man with Hodgkin disease. CT scan shows multiple 
areas of consolidation in a peripheral subpleural 
distribution

ment syndrome, represents a form of diffuse 
capillary leak associated with lung injury and 
pulmonary edema [4]. Chest radiograph find-
ings are  nonspecific and range from normality 
to bilateral air- space opacification, diffuse vas-
cular redistribution, and pleural effusions. On 
CT, PERDS usually manifests as bilateral 
ground- glass opacification, air-space consolida-
tion distributed at the hilar or peribronchial 
regions, and smooth thickening of interlobular 
septa (Fig. 6.12) [10, 84].

Drug-induced lung disease occurs in up to 
10% of HSCT recipients and must always be con-
sidered in the differential diagnosis of pulmonary 
infiltrates. The CT findings have been divided into 
four categories according to their dominant pat-
tern and distribution of disease: (1) fibrosis (irreg-
ular linear opacities with architectural distortion) 
with or without consolidation, (2) ground-glass 
opacities, (3) widespread bilateral consolidation 
(Fig. 6.13), and (4) bronchial wall thickening with 
areas of decreased attenuation [9, 10].

Idiopathic pneumonia syndrome (IPS) is 
defined by the American Thoracic Society as “an 
idiopathic syndrome of pneumopathy after HSCT, 
with evidence of widespread alveolar injury and 
in which an infectious etiology and cardiac dys-
function, acute renal failure or iatrogenic fluid 
overload have been excluded” [89]. The patho-
logic findings of IPS are like those found in acute 
interstitial pneumonia and acute respiratory dis-
tress syndrome (ARDS) and can be separated into 
acute exudative, subacute proliferative, and 
chronic fibrotic phases. Characteristic CT find-
ings include focal or diffuse ground-glass opacity 
and air-space consolidation with a basilar pre-
dominance, a pattern consistent with non-cardio-
genic pulmonary edema (Fig.  6.14) [90]. 
Architectural distortion, traction bronchiectasis, 
and the presence of honeycombing are indicative 
of the fibrotic phase of IPS [91].
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Fig. 6.14 Idiopathic pneumonia syndrome in a 63-year- 
old woman with diffuse large B-cell lymphoma. (a) Axial 
and (b) coronal CT scans showing bilateral patchy areas 
of consolidation and ground-glass opacities (arrows)

a

b

Fig. 6.15 Bronchiolitis obliterans syndrome in an 
18-year-old woman with acute lymphoblastic leukemia. 
(a) Inspiratory CT shows some dilatation of subsegmental 
airways in the right upper lobe (arrow). A tiny reduction in 
lung parenchymal density is also noted. (b) Expiratory CT 
performed at the same level demonstrates a significant 
reduction of parenchymal density representing air- 
trapping (arrows)

 Chronic Graft-Versus-Host Disease 
(cGVHD)

Chronic graft-versus-host disease is the most 
common non-relapse problem, occurring in 
approximately 60%–80% of long-term survivors 
of allogeneic HSC transplant, and is a major 
cause of late morbidity and mortality. Half of all 
patients who develop cGVHD are diagnosed 
between 100 days and 6 months after transplanta-
tion, although earlier and later developments are 
possible [92]. Pulmonary complications include 
bronchiolitis obliterans syndrome (BOS), orga-
nizing pneumonia (OP), and acute fibrinous and 
organizing pneumonia (AFOP).

Bronchiolitis obliterans syndrome (BOS), an 
obstructive pulmonary disorder that affects the 
small airways, has been reported in between 2% 
and 14% of allogeneic HSCT recipients who sur-
vive more than 3 months [93–95]. BOS is irrevers-
ible and associated with high mortality (up to 

60%) at 3 years post-HSCT [96, 97]. Histologically, 
there is a predominantly constrictive bronchiolitis 
with destruction and narrowing of the bronchiolar 
lumen by fibrous tissue. Dynamic CT including 
paired inspiratory and expiratory scans may show 
patchy areas of decreased attenuation and vascu-
larity (mosaic perfusion), air-trapping, and bron-
chial dilatation (Fig. 6.15) [98–100].

Air-leak syndromes have been recognized as a 
potentially fatal complication in HSCT recipi-
ents. Pneumothorax, pneumomediastinum, and 
subcutaneous emphysema are potential compli-
cations of patients with cGVHD and BOS 
(Fig. 6.16) [101]. Air in the peribronchial sheets 
(pulmonary interstitial emphysema) can be 
 associated with impairment of respiratory func-
tion and/or chest pain, possibly resulting from 
compression of small vessels by the interstitial 
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Fig. 6.16 Air-leak syndrome in a 15-year-old boy with 
myelodysplastic syndrome and severe distress syndrome. 
CT scan shows diffuse ground-glass opacities associated 
with spontaneous pneumomediastinum (arrows)

Fig. 6.17 Organizing pneumonia in a 61-year-old 
woman. CT shows bilateral patchy areas of consolidation 
in lower lobes

Fig. 6.18 Acute fibrinous and organizing pneumonia 
(AFOP) in a 62-year-old man. Coronal CT shows diffuse 
bilateral ground-glass opacities and peribronchovascular 
consolidations. Note an associated right pleural effusion 
(arrows)

air. Chest CT should be performed in any HSCT 
recipient with known or suspected cGVHD with 
acute clinical symptoms, especially chest pain, to 
rule out associated air-leak syndromes [101].

Organizing pneumonia (OP) is a well-known 
late manifestation of cGVHD occurring in up to 
10% of HSCT [83, 93, 100]. CT findings consist of 
patchy or mass-like air-space consolidation, ground-
glass opacities, reticular and linear opacities, and, 
occasionally, centrilobular nodules (Fig. 6.17) [21].

Acute fibrinous and organizing pneumonia 
(AFOP) is a recently described histologic pattern 
associated with acute lung injury in which the 
alveolar spaces are filled with organizing fibrin 
balls, in contrast to the true hyaline membranes 
found in diffuse alveolar damage [102, 103]. It 
has been described in the early and late post- 
HSCT period [104–106]. Imaging findings are 

indistinguishable from OP and can encompass 
both focal and diffuse parenchymal abnormality 
(Fig. 6.18) [107].

 Other Noninfectious Pulmonary 
Complications

Pleuroparenchymal fibroelastosis (PPFE) is a 
rare entity characterized by an upper lobe pleural 
thickening with associated subpleural interstitial 
proliferation of predominantly elastic fibers 
[108–110]. The idiopathic form of PPF is catego-
rized as a rare idiopathic interstitial pneumonia in 
the current classification [110, 111]. PPFE has 
been associated with chronic HP, connective tis-
sue disease, drugs, and hematopoietic stem cell 
or lung transplantation. PPFE has been described 
in <0.5% of patients post-HSCT and typically 
presents many years posttransplantation [112–
114]. Characteristic CT manifestations comprise 
nodular apical subpleural thickening, consolida-
tion, and reticulation, associated with upper lobe 
volume loss, traction bronchiectasis, and superior 
retraction of the hila (Fig. 6.19) [109, 115, 116].

Posttransplant lymphoproliferative disorder 
(PTLD) represents a heterogeneous group of 
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Fig. 6.19 Pleuroparenchymal fibroelastosis in a 50-year- 
old woman with myeloblastic leukemia, 6  years after 
HSCT. Coronal CT shows biapical pleural thickening and 
subpleural fibrosis with traction bronchiectasis (arrow). 
Note associated upper lobes volume loss

Fig. 6.20 Posttransplantation lymphoproliferative disor-
der (PTLD) in a 54-year-old man with refractory anemia 
with excess blasts. Coronal CT shows bilateral ill-defined 
nodular opacities (arrows)

lymphoid/plasmacytic disorders that occurs by 
EBV reactivation after solid organ or HSCT 
[117–119]. The most common intrathoracic 
manifestations of PTLD are randomly distrib-
uted well-circumscribed pulmonary nodules 
(0.3–5  cm in diameter), mediastinal and hilar 
adenopathy, and patchy air-space consolidation 
(Fig. 6.20) [120–122].

 Conclusion

Imaging study plays an important role in the 
diagnosis and management of all phases of the 
HSCT recipients with suspected pulmonary com-
plications. Although CT is not recommended for 
the initial evaluation, it is frequently appropriate 
in those cases with normal, equivocal, or nonspe-
cific radiographic findings. A combination of the 
clinical information and CT findings, which are 
sometimes characteristic of several entities, may 
help the clinician and radiologist in forming a 
meaningful differential diagnosis of these disor-
ders and improve the diagnosis and patient care.
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7Bacterial Pneumonia 
in Hematopoietic Stem Cell 
Transplant Recipients

D. Martin Ashley and Scott E. Evans

 Overview

Despite advances in both conditioning and pro-
phylactic antimicrobial regimens in recent 
decades, infectious pulmonary complications 
remain a substantial cause of morbidity and mor-
tality in patients who have undergone hematopoi-
etic stem cell transplantation (HSCT) [1–3]. As 
many as 80% HSCT recipients will experience 
one or more episode of pneumonia, which is the 
most frequent lethal complication of HSCT and 
is identified as the proximate cause of death in up 
to 20% of HSCT patients [2, 4, 5]. HSCT patients’ 
susceptibility to bacterial infections derives from 
such disparate, concurrent mechanisms of 
immune impairment as systemic leukocytope-
nias, lung architectural derangements due to prior 
treatments, and nutritional deficiencies [3, 6–9]. 
Even among those HSCT recipients who survive 
an episode of pneumonia, a diagnosis of pneumo-
nia often portends poorer transplant outcomes 
with increased frequency and complexity of hos-

pitalizations in the posttransplant period, making 
understanding of this complication important in 
the care of these patients [10–13].

The complex and often prolonged host immu-
nity derangements associated with HSCT result 
in susceptibility to a wide range of opportunistic 
pneumonia-causing bacterial pathogens [14]. 
Further, repeated encounters with the healthcare 
system predispose HSCT patients to uncommon 
or antibiotic-resistant organisms [15]. 
Nonetheless, the most frequently detected bacte-
rial pathogens in this population remain those 
that commonly cause community- or hospital- 
acquired pneumonia in the general population [4, 
7, 8, 16].

HSCT recipients require thoughtful and thor-
ough evaluation of suspected infection to facili-
tate the prompt pathogen identification and 
effective initial treatment that are associated with 
improved clinical outcomes of bacterial pneumo-
nia [17]. The diagnosis of bacterial pneumonia 
may be particularly challenging in this popula-
tion, as the clinical presentation of post-HSCT 
pneumonia is often nonspecific and may overlap 
with syndromes associated with other aspects of 
the disease or treatment (e.g., treatment toxici-
ties, peri-engraftment syndromes, leukemic infil-
tration, etc.). Further, due to transplant-related 
attenuation of host response elements, typical 
clinical clues to the presence of bacterial pneu-
monia, such as cough with sputum production, 
fever, elevated leukocyte counts, or suggestive 
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radiographic findings, may not be present even in 
the setting of advanced bacterial infections.

In this chapter, we will explore the pathophys-
iologic mechanisms that contribute to bacterial 
pneumonia susceptibility, identify common caus-
ative pathogens and their temporal relationship to 
engraftment, recommend diagnostic strategies, 
discuss empiric approaches to treatment, and 
describe novel strategies to reduce the morbidity 
associated with bacterial pneumonias.

 Temporal Considerations in HSCT- 
Related Bacterial Pneumonia

The process of functional immune reconstitution 
following HSCT is determined by both intrinsic 
host factors and treatment-related factors, such as 
type of transplant (autologous vs. allogeneic), con-
ditioning regimen (myeloablative vs. non- 
myeloablative), source of transplant (peripheral 
blood, bone marrow, umbilical cord blood), and the 
presence of graft-versus-host disease (GVHD) [14, 
18, 19]. Recognizing the typical patterns of leuko-
cyte recovery, such as neutrophil counts recovering 
before lymphocyte recovery, can be helpful in antic-
ipating likely bacterial pathogens causing respira-
tory infections. However, it is notable that 
leukocyte-mediated immunity may remain func-
tionally impaired for months to years after trans-
plant, even when counts have recovered to normal 
levels [20]. Such persistent qualitative defects may 
be specifically observed in bacterial pathogen 
detection and killing mechanisms of alveolar mac-
rophages, neutrophils, and lung epithelial cells [14].

The peri-engraftment period (approximately 
day 0–30) is highlighted by both infectious and 
noninfectious pulmonary complications (NIPC) 
which can occur simultaneously. In the setting of 
severe neutropenia, persisting mucositis from the 
conditioning regimen frequently allows for bac-
terial translocation from the respiratory and ali-
mentary tracts. Hence, these early pneumonias 
are commonly caused by Gram-negative bacte-
rial organisms [21]. As an important corollary of 
bacterial translocation, recent studies indicate 
that the gut microbiota composition at the time of 
transplant may be predictive of pulmonary com-

plications in the posttransplant setting [18].The 
innate and intrinsic immune defects associated 
with the peri-engraftment period are frequently 
paired with additional breaches to epithelial bar-
rier integrity, such as indwelling vascular devices, 
nasogastric/PEG tubes, and endotracheal tubes, 
further facilitating bacterial infections [22]. 
Moreover, even as patients recover their neutro-
phil counts, many remain functionally neutrope-
nic as common exposures such as corticosteroids, 
acidemia, and radiation therapy can impair neu-
trophil chemotaxis and respiratory burst [6].

In addition to systemic leukocytopenias, loss 
of alveolar macrophages results in impaired local 
pathogen surveillance in the lower respiratory 
tract in the peri-engraftment period, heightening 
the risk of bacterial pneumonias [23]. Importantly, 
epithelial mucociliary clearance of lower respira-
tory tract pathogens is also frequently impaired 
in the peri-engraftment period and may remain so 
even years after transplant [24]. The aggregate 
effect of these multiple forms of immune impair-
ment results in relatively comparable bacterial 
pneumonia risks between allogeneic and autolo-
gous HSCT recipients in the peri-engraftment 
period, though the increased pneumonia risk gen-
erally persists longer for allogeneic HSCT recipi-
ents due to longer periods of functional leukocyte 
recovery and requirements for immunosuppres-
sive therapies [25].

In the early post-engraftment period (roughly 
days 31–100), cellular and humoral immunity 
remain impaired, though neutrophil counts have 
often recovered. Following engraftment, NIPC 
such as idiopathic pneumonia syndrome (IPS) or 
posttransplant lymphoproliferative disease may 
present with radiographic abnormalities that 
mimic pneumonia. Alternatively, there may be 
evidence of delayed injury related to previous 
radiation or conditioning regimens. Among 
HSCT recipients that remain hospitalized in this 
period, the risk for nosocomial bacterial pneu-
monia is substantial [26]. Thus, it is important to 
recognize that NIPC and pulmonary infection 
may coexist, meriting consideration of bacterial 
pneumonias when evaluating patients with new 
respiratory symptoms, fever, or radiographic 
abnormalities.
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Despite frequent quantitative recovery of leuko-
cyte counts, the late post-engraftment period 
(>100  days) is notable for a persistent immuno-
globulin deficiency, conferring increased risk for 
pneumonia caused by encapsulated bacterial 
organisms [27]. The risk is further heightened 
among allogeneic HSCT recipients with GVHD [4, 
28]. Making the diagnosis of infectious pneumo-
nias more challenging in this period, late posttrans-
plant NIPC such as pulmonary veno-occlusive 
disease (PVOD), bronchiolitis obliterans syndrome 
(BOS), and pleuroparenchymal fibroelastosis 
(PPFE) may cause both radiographic abnormalities 
and worrisome respiratory symptoms that overlap 
with those of bacterial pneumonia [29].

 Imaging of Patients with Suspected 
Bacterial Pneumonia

Chest imaging is critical in the evaluation of 
HSCT recipients with new respiratory complaints 
and may be the only localizing finding when 
evaluating an unexplained episode of neutropenic 
fever. At least 60% of patients will develop pul-
monary opacities in their posttransplant course 
[21, 30].

Although chest radiographs are often rapidly 
obtainable and, indeed, may reveal classical lobar 
consolidation in HSCT patients with bacterial 
pneumonias, the immune impairments of this 
population often render this modality insuffi-
ciently sensitive to reliably detect bacterial pneu-
monias [30, 31]. Compared to conventional chest 
radiography, computed tomography (CT) of the 
chest offers higher sensitivity and greater nega-
tive predictive value and allows for more precise 
procedural planning if pursuing bronchoscopy. 
Studies also suggest that CT can detect infiltrates 
up to 5 days earlier than chest radiography [32]. 
Thus, CT imaging is the preferred modality when 
evaluating for possible posttransplant bacterial 
pneumonia. Even with CT imaging, attenuated 
inflammatory responses may alter or delay the 
appearance of typical parenchymal infiltrates 
caused by bacterial pneumonia in HSCT patients 
[3, 21]. Further, the CT findings of bacterial 
pneumonia frequently overlap those of 

NIPC.  Thus, there are no pathognomonic CT 
findings for posttransplant bacterial pneumonia 
[33]. Nonetheless, combining information 
derived from the clinical history with the observed 
CT patterns may provide insight into likely 
etiology.

As in other populations, airspace consolida-
tion is the most characteristic CT pattern associ-
ated with bacterial pneumonia in HSCT patients, 
though these may not present as classical lobar 
consolidations [33]. Acute consolidation devel-
opment is often associated with pneumonia 
caused by enteric Gram-negative organisms and 
common community-acquired Gram-positive 
pathogens. More subacute airspace consolidation 
development is often observed with infections 
caused by pathogens such as actinomycetes or 
mycobacteria, though rapid progression may 
occur with almost any bacterial respiratory patho-
gen in the peri-engraftment period.

Nodular lesions are another common CT man-
ifestation of bacterial pneumonias in HSCT 
patients [33]. Although fungal pathogens are often 
considered first in the setting of well- defined nod-
ules, Pseudomonas spp., Stenotrophomonas spp., 
Klebsiella spp., and Nocardia spp. are examples 
of pathogens that routinely present with nodules 
in this population [34, 35]. Further, while atypical 
bacteria and mycobacteria may be more likely to 
present with tree-in-bud patterns, they may alter-
nately present with numerous nodules or even a 
miliary pattern [36].

Diffuse ground glass infiltrates observed dur-
ing the pre-engraftment or early transplant phase 
could correspond with an almost unlimited num-
ber of possible bacterial, viral, or fungal infec-
tions. However, diffuse ground glass is not the 
pattern most often associated with bacterial 
pneumonias. In addition to considering alternate 
pathogens, this pattern should also prompt con-
sideration of such entities as noninfectious causes 
of alveolar hemorrhage or peri-engraftment 
respiratory distress syndrome. Similarly, the 
presence of interstitial infiltrates does not exclude 
the diagnosis of bacterial pneumonia, but this 
pattern is more often observed in HSCT patients 
with viral infections or NIPC such as treatment 
toxicities, pulmonary edema, or PVOD.

7 Bacterial Pneumonia in Hematopoietic Stem Cell Transplant Recipients
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 Laboratory Testing for Suspected 
Bacterial Pneumonia

Despite limitations of sensitivity, bronchoscopy 
with bronchoalveolar lavage (BAL) remains the 
gold standard for identification of bacterial respi-
ratory pathogens in HSCT recipients [37]. 
Bronchoscopy allows visual inspection of the 
large airways and facilitates direct sampling of the 
lower respiratory tract for microbiologic and cyto-
logic assessment. Although practices vary by cen-
ter, relevant studies suggest that the greatest yield 
of pathogens from HSCT recipients occurs when 
BAL is obtained soon after onset of symptoms [38, 
39]. As such, it is recommended that BAL be per-
formed in a radiographically involved lung seg-
ment as soon as is practical in patients suspected of 
having an infectious pneumonia in the posttrans-
plant period. Although prior delivery of antibiotics 
may reduce the BAL pathogen yield, it is not rec-
ommended to hold antibiotics in anticipation of a 
bronchoscopy unless the study can be completed 
immediately. The harm from delaying initiation of 
antibiotic therapy for hours or days likely out-
weighs the benefits of improved test performance 
[40–42]. Laboratory tests that potentially support 
the diagnosis of bacterial pneumonia, including 
those from BAL samples, are listed in Table 7.1.

The role of transbronchial biopsies in HSCT 
recipients suspected of having bacterial pneu-
monia is not well established. While some have 
suggested that these biopsies may enhance the 
diagnostic yield of procedures performed in 
HSCT patients with fungal, viral, or mycobacte-
rial infections, the incremental diagnostic bene-
fit is even less clear in patients with bacterial 
infection [19]. Further, thrombocytopenia fre-
quently precludes the safe completion of trans-
bronchial biopsies in this population. The 
diagnostic yield of transbronchial cryobiopsies 
in the setting of bacterial pneumonia has not 
been reported, but this approach is similarly 
limited by thrombocytopenia.

Sputum cultures tend to be of low microbio-
logic yield in all populations. Moreover, although 
clinicians generally recognize that oropharyngeal 
contamination frequently results in detection of 
pneumonia-irrelevant microbes, the extreme sus-
ceptibility of peri-engraftment HSCT patients to 
opportunistic pathogens can make discernment 
of such irrelevant contaminants challenging. 
However, the detection of an established respira-
tory pathogen in sputum can aid in management 
of HSCT patients with bacterial pneumonia. For 
example, pathogens such as Pseudomonas aeru-
ginosa or Streptococcus pneumoniae should 
never be dismissed as saliva contaminants and 
should generally prompt targeted antimicrobial 
therapy.

Multiplex nucleic acid amplification testing 
now offers the ability to detect a wide range of 
bacterial pathogens on nasopharyngeal swabs or 
washings. A recent guideline suggests the use of 
nucleic acid amplification testing on respiratory 
samples for viruses other than influenza in immu-
nocompromised patients suspected of having 
community-acquired pneumonia [43]; however, 
there are no current recommendations regarding 
bacterial pneumonias, and there are very limited 
published data describing the utility of these tests 
in HSCT recipients. Few of these tests are cur-
rently FDA approved for use on BAL samples, 
but some institutions have adapted protocols for 
use in BAL samples.

Blood-based studies are of modest benefit in 
HSCT patients suspected of having bacterial 
pneumonia. Blood cultures are of generally low 

Table 7.1 Laboratory tests that support the diagnosis of 
bacterial pneumonia

Sample source Potential test strategy
Blood Bacterial culture and sensitivity
Sputum Gram stain

Bacterial culture and sensitivity
Ziehl-Neelsen acid-fast stain
Modified Ziehl-Neelsen or 
Kinyoun acid-fast stain

Nasopharyngeal 
swab

PCR (multiplex)
Bordetella culture

Bronchoalveolar 
lavage

Bacterial culture and sensitivity
Mycobacterial culture
Legionella culture
Cell count and differential
PCR (multiplex)
Ziehl-Neelsen acid-fast stain
Modified Ziehl-Neelsen or 
Kinyoun acid-fast stain
Legionella immunofluorescence

Urine Pneumococcal antigen
Legionella antigen
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yield in most pneumonias but are routinely per-
formed in HSCT patients suspected of having 
bacterial pneumonia and in those with febrile 
neutropenia of uncertain etiology. Detection of a 
respiratory pathogen on blood culture should 
always prompt initiation of appropriate antimi-
crobial therapy, as such patients are prone to 
rapid deterioration.

The role of procalcitonin levels in the evalua-
tion of pneumonia remains controversial. It has 
been reported that elevated procalcitonin levels 
are predictive of increased mortality and longer 
hospital length of stay in the setting of bacterial 
pneumonia [44–46]. However, the value of a low 
level in excluding bacterial pneumonia is uncer-
tain as is the impact of HSCT-related immune 
derangements on procalcitonin levels. Serum- 
based antigen detection (e.g., β-D-glucan, galac-
tomannan) and PCR testing have been 
recommended for both diagnosis and surveil-
lance of fungal pathogens in HSCT patients [47], 
but no blood-based molecular detection strate-
gies are currently endorsed for bacterial patho-
gens in this population.

Additional biomarkers for bacterial infections 
have been previously investigated, including 
interleukin-6, C-reactive protein, and serum 
amyloid proteins. While some have been noted to 
be elevated in critically ill patients, none have 
demonstrated a convincing ability to discriminate 
bacterial pneumonia in HSCT (or other) popula-
tions from other conditions [48, 49]. Alternate 
scoring systems have been proposed as a means 
to predict the severity of pneumonia in HSCT 
patients based on standard clinical laboratory 
tests [50], and there have been recent attempts to 
use radiographic appearances to predict pneumo-
nia outcomes in this population [51].

HSCT patients with bacterial pneumonia may 
present with parapneumonic effusions, though 
interestingly at a lower rate than the general pop-
ulation [52]. Although it is reported that the diag-
nostic yield of thoracentesis is often low in HSCT 
recipients [53], presumably due to the routine use 
of prophylactic antibiotics and the tendency of 
practitioners to promptly initiate broad spectrum 
antibiotics in these patients [54], sampling of 
unexplained pleural fluid collections remains 
important to excluding the presence of compli-

cated parapneumonic effusions or empyema. 
This need must be balanced against the risk of 
bleeding associated with thrombocytopenia [53], 
but early detection of a pleural space infection 
may be lifesaving.

 Management of Bacterial 
Pneumonia in HSCT Patients

The foregoing diagnostic strategies derive their 
value from their ability to facilitate selection of 
effective antimicrobial therapies. Table  7.2 lists 
common respiratory bacterial pathogens to be 
considered in the initial antibiotic selection for 
HSCT recipients with suspected pneumonia. As 

Table 7.2 Common bacterial respiratory pathogens in 
HSCT patients

Gram-negative bacteria
Acinetobacter baumannii complex
Alcaligenes/Achromobacter spp.
Burkholderia spp.
Citrobacter spp. a

Enterobacter cloacae a
Escherichia colia,b

Klebsiella pneumonia
Moraxella catarrhalisb

Neisseria meningitides
Nontypeable Haemophilus influenzaeb

Proteus spp.a

Pseudomonas spp.a,b

Stenotrophomonas maltophiliaa

Serratia marcescens
Gram-positive bacteria
Actinomyces spp.
Enterococcus faecalis
Nocardia spp.
Rhodococcus equi
Streptococcus pneumoniaeb

Streptococcus pyogenesb

Staphylococcus aureusa

Atypical bacteria
Chlamydophila pneumoniaeb

Coxiella burnetii
Legionella spp.b

Mycoplasma pneumoniaeb

Mycobacteria
Mycobacterium tuberculosis
Nontuberculous mycobacteria

aIncreased risk for antimicrobial resistance
bConsider routinely in initial selection of antibiotics
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shown, there is a broad range of potential bacte-
rial pathogens to cover. At least as important in 
agent selection are the many contributing host 
factors. Therapeutic strategies must be directed 
by the patient’s transplant-related immune status 
and his/her exposure history, both to pathogens 
and antimicrobials.

It is well established that delays in initiation of 
appropriate antimicrobial therapy increase risks 
of secondary complications and infection- 
associated deaths in immunocompromised 
patients. It is common practice to promptly initi-
ate empiric or preemptive antibiotic therapy 
when bacterial pneumonia is suspected in HSCT 
patients [3, 55–57]. No formal consensus exists 
for the optimal time to first antibiotic dose in this 
unique population, although one study suggests 
that neutropenic fever outcomes are better when 
antibiotics are delivered within 104 min of pre-
sentation [58].

Initial antimicrobial therapy for febrile HSCT 
patients suspected of having pneumonia should 
include coverage of multidrug-resistant strains of 
Staphylococcus aureus and Pseudomonas aeru-
ginosa [8, 17, 59–61]. Coverage for atypical 
organisms is also appropriate in HSCT patients 
admitted with suspected community-acquired 
pneumonia, with the selection of macrolide, fluo-
roquinolone, or doxycycline therapy largely 
dependent on the agent(s) initially chosen for 
coverage of drug-resistant pathogens and on the 
patient’s prior prophylactic regimens [17, 62]. 
All antibiotic choices should consider available 
culture data, pneumonia severity, local antibiotic 
sensitivity profiles, prior antibiotic exposures, 
and patient immune status [17, 63].

Community-acquired pneumonia is defined 
by the development of new or worsening radio-
graphic infiltrates in the setting of respiratory 
symptoms in a patient who has not been hospital-
ized or in a nursing home in the preceding 14 days 
[62]. Just as in all populations, HSCT recipients 
in the outpatient setting may acquire respiratory 
infections with typical community-acquired 
pneumonia pathogens. However, due to their fre-
quent healthcare exposures, they also have oppor-
tunities to acquire bacterial strains that are 
typically associated with nosocomial pneumo-

nias [15, 34, 64]. The designation of healthcare- 
associated pneumonia is no longer endorsed in 
major guidelines, due to the frequent clinical 
misapplication of this term promoting inappro-
priate antibiotic selection in other populations. 
However, the recognition that nonhospitalized 
HSCT patients are frequently at higher-than- 
average risk of infections caused by drug- resistant 
pathogens motivates the above recommendation 
for coverage of drug-resistant pathogens, particu-
larly in HSCT patients with severe community- 
acquired pneumonia [34, 35].

Indeed, bacterial pathogens account for the 
greatest share of nosocomial pneumonias, most 
notably in the early post-engraftment period [26]. 
Empiric antibiotics for early hospital-acquired 
pneumonia (within 7 days of admission) should 
include coverage of S. pneumoniae, methicillin- 
resistant S. aureus, Haemophilus influenzae, and 
Enterobacteriaceae [65]. Recent evidence from 
HSCT centers reveals escalating incidence of 
extended spectrum beta lactamase (ESBL) pro-
ducing and carbapenem-resistant organisms 
detected in the blood of HSCT patients with 
pneumonia [66, 67]. One study of multidrug- 
resistant Acinetobacter baumannii found the risk 
factors for infection with a carbapenem-resistant 
strain to include a recent ICU stay, recent central 
line placement, an abdominal drainage event, the 
number of previous antibiotics used, the presence 
of respiratory failure, and recent chemo- or radio-
therapies [67, 68]. Initial regimens for patients 
with late hospital-acquired pneumonia or 
ventilator- associated pneumonia should ensure 
enhanced coverage for multidrug-resistant Gram- 
negative bacilli [56, 61, 65, 69]. Secondary anti-
biotic selections for patients with refractory 
hospital-acquired pneumonia or ventilator- 
associated pneumonia should be determined by 
institutional pathogen susceptibility profiles and 
on prior patient antimicrobial exposures [60, 61, 
65, 70].

When possible, early de-escalation of broad 
empiric therapy is recommended as a universal 
element of antibiotic stewardship and may be 
considered in HSCT patients with bacterial pneu-
monia who demonstrate prompt clinical response 
and in whom granulocyte recovery has occurred, 
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especially if a susceptible pathogen has been 
identified [71]. De-escalation should be under-
taken with caution in patients with poor clinical 
response to antimicrobial therapy or those with 
persistent neutropenia [72]. Alternately, coverage 
can more confidently be rapidly narrowed if there 
is a significant improvement in the first 24 h, and 
PCR of the nares for methicillin-resistant S. 
aureus is negative, due to its high negative pre-
dictive value.

In addition to antimicrobial interventions for 
acute development of bacterial pneumonias, as 
described above, there are additional pathogens 
to consider when selecting therapy for more 
insidious onset bacterial respiratory infections. 
Mycobacterial infections are often observed in 
the late post-engraftment period, and therapy 
should generally be directed by laboratory- 
documented susceptibility testing whenever 
possible [36, 73, 74]. Expert guidance is recom-
mended in the management of mycobacterial 
infections in this population due to the require-
ment for multiple antimicrobial agents over an 
extended period, the frequent occurrence of 
drug-drug interactions, and the need for ongo-
ing follow-up [36].

Other tissue-destructive bacterial infections 
include those caused by Nocardia spp., 
Rhodococcus spp., and Actinomyces spp. that 
may present with a subacute or chronic onset. 
The most comprehensive data about these types 
of pathogens in HSCT patients are for Nocardia 
pneumonia. Nocardia tends to infect in the late 
post-engraftment period, with increased inci-
dence in patients who underwent allogeneic 
HSCT with myeloablative conditioning, in those 
with ongoing steroid use, and in the absence of 
Pneumocystis prophylaxis at the time of diagno-
sis [75]. There is also evidence that Nocardia 
infections increase with previous parenchymal or 
airway diseases (cavitary lesion, bronchiolitis 
obliterans syndrome, COPD) and in patients with 
GVHD, often with concomitant infection with S. 
aureus, Pseudomonas, cytomegalovirus, or 
Mycoplasma spp. [75] The average time to diag-
nostic confirmation from cultures was 55.7 days, 
highlighting the difficulty in identifying this 
infection and how it is often mistaken for one of 

the coinfecting organisms listed. Therapy for 
patients in this category with slowly progressing 
disease is typically selected based on laboratory- 
derived susceptibilities, though these pathogens 
should also be considered when initial empiric 
therapy for acute pneumonia fails to result in 
clinical improvement.

 Host-Targeted Therapies

Despite the aggressive use of guideline- compliant 
broad-spectrum antibiotics, mortality rates 
remain unacceptably high in HSCT patients with 
bacterial pneumonia, particularly during the peri- 
engraftment and early post-engraftment periods. 
As many of these antibiotic failures arise from 
continuing posttransplant immune defects that 
prevent pathogen clearance, developing means to 
mitigate persisting immune defects remains an 
area of intensive investigation.

A major research focus has been correction of 
granulocytopenia. Preparations of granulocyte 
colony-stimulating factor (filgrastim, lenogras-
tim, and pegfilgrastim) and granulocyte macro-
phage colony-stimulating factor (sargramostim 
and molgramostim) are available commercially. 
Both kinds of agents demonstrate efficacy in 
reducing the duration of neutropenia [76–79]. 
Although evidence supports using colony- 
stimulating factors to prevent some bacterial 
pneumonias [80, 81], they are not generally rec-
ommended in the treatment of established bacte-
rial infections. Current guidelines recommend 
the administration of granulocyte colony- 
stimulating factor if the risk of developing febrile 
neutropenia is greater than 20% based on patient- 
specific risk factors [77, 82].

Infusion of donor granulocytes has also been 
proposed as an adjunct therapy in patients with 
febrile neutropenia [83]. Although this strategy 
holds promise, it remains investigational, and 
interpretation of the associated studies is chal-
lenging owing to heterogeneity of the popula-
tions and protocols [84]. However, some authors 
argue that severely ill neutropenic patients may 
benefit from granulocyte transfusion, particularly 
as a bridge until patients engaft [80, 83].
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In addition to efforts to increase the absolute 
number of leukocytes in cytopenic patients, mul-
tiple groups have investigated the manipulation 
of existing leukocytes through the administration 
of recombinant cytokines. Exogenous interferon- 
gamma has demonstrated success in reducing 
some bacterial infections in patients with con-
genital neutropenia, and more recent studies sug-
gest efficacy in patients with opportunistic 
infections after HSCT [85]. Potential mecha-
nisms for this benefit include induction of surface 
molecules such as major histocompatibility com-
plex class II, Fc receptor gamma and integrins, 
increased phagolysosomal superoxide produc-
tion, and prolonged half-life of granulocytes. 
Administration of interleukin-12 has also been 
proposed as a strategy to protect against lung 
infections [86], potentially via interferon- 
gamma- dependent and tumor necrosis factor- 
dependent mechanisms.

Induction of innate antimicrobial responses 
directly from lung epithelial cells offers a novel 
alternate strategy to prevent, and possibly treat, 
pneumonias in HSCT patients. Lung epithelial 
cells are long-lived and relatively resistant to che-
motherapy [87, 88]. Beyond their well-known 
barrier function, these cells also demonstrate a 
substantial capacity to detect pathogens, modu-
late local immune responses, and generate 
directly bactericidal responses through the pro-
duction of antimicrobial peptides and reactive 
oxygen and nitrogen species [89, 90]. Advances 
in the understanding of the molecular mecha-
nisms involved in recognition and signal trans-
duction have allowed development of inhaled 
therapeutics that induce protective innate immune 
responses from the lung epithelium in animals. In 
animal models of pneumonia, this provides pro-
tection from lethal pathogens, even when there is 
concurrent neutropenia [88, 91, 92]. Preclinical 
animal studies of one such treatment, PUL-042, 
demonstrate protection against Gram-positive, 
Gram-negative, fungal, and viral pneumonias, 
and clinical trials are ongoing [88, 92, 93]. 
Augmentation of innate immune responses offers 
several hypothetical advantages in terms of rapid-
ity of effect, breadth of pathogen specificity, and 
lack of known antimicrobial resistance [94], but 

efficacy has not been established in humans, and 
this approach is not presently approved in any 
population.

 Summary

HSCT patients are uniquely susceptible to bacte-
rial pneumonias, due to defects of their recover-
ing immune systems, breaches of barrier function 
due to prior and ongoing medical interventions, 
and exposure to a wide range of potentially drug- 
resistant pathogens. The diagnosis of bacterial 
pneumonia after HSCT is challenging due to 
both the frequent absence of characteristic clini-
cal findings and the multiplicity of competing 
diagnoses. However, integration of traditional 
microbiologic techniques and targeted molecular 
diagnostics can facilitate prompt diagnosis. 
Consideration of the patient’s unique immune 
status and exposure history can further aid in pro-
viding timely, evidence-based management 
strategies.
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 Introduction

Infections and graft-versus-host disease (GVHD) 
are major causes of morbidity and mortality in 
hematopoietic stem cell transplant (HSCT) recipi-
ents. Infections can happen during any of the 
treatment phases of HSCT: pre-engraftment, early 
post-engraftment, and late post-engraftment peri-
ods. Several factors such as host immune system, 
type of disease, time from transplant, etc. influ-
ence the microbiology of the infections. Invasive 
fungal infections account for a quarter of these 
infections including aspergillosis, candidiasis, 
mold infections such as those caused by zygomy-
cetes, as well as cryptococcosis. This chapter will 
focus on invasive aspergillosis (IA) in HSCT 
recipients including risk factors, epidemiology, 
clinical features, diagnosis, and management.

 Mycology

Aspergillus species are ubiquitous in the environ-
ment. They are saprophytic fungi feeding on dead 
and decaying organic material. In the environ-

ment, they exist in mold forms with long hyphal 
stalks bearing the conidia or spores (Fig.  8.1). 
The size of these conidial spores (2–10 μm) and 
hydrophobicity aid in the aerosolization and 
inhalation by hosts [1]. They may be found in 
abundance in air conditioning units, composting, 
damp or flood damaged housing, and hospital 
building projects [2]. Invasive pulmonary asper-
gillosis (IPA) is most often caused by the species 
Aspergillus fumigatus [3]. Several factors seem 
to play a role in the virulence of A. fumigatus 
such as its structure, ability to grow and adapta-
tion to stress conditions, and ability to evade the 
host immune system and cause damage to the 
host cells [4]. Other species known to cause inva-
sive infections include A. flavus, A. terreus, A. 
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niger, and A. nidulans [5]. While A. fumigatus is 
most often recovered from lung samples, A. fla-
vus and A. niger are often recovered from sinus 
passages [6]. A. terreus species tend to have 
higher minimal inhibitory concentration values 
to amphotericin B compared to other species and 
may be resistant to amphotericin therapy [7]. 
Aspergillus nidulans and A. calidoustus are resis-
tant to multiple antifungal drugs including vori-
conazole and amphotericin B [8].

 Immunopathogenesis

Humans inhale about 200 Aspergillus conidial 
spores every day [9]. The primary route of infection 
is by inhalation of the spores into nasal, sinus, and 
lung passages. Once inhaled, the spores can germi-
nate in the host tissues to hyphal forms which then 
invade the tissues and vasculature leading to 
destruction and damage. However, a sequential 
well-coordinated host immune response prevents 
this uncontrolled germination of Aspergillus conidia 
[10]. First the mucociliary clearance in proximal 
airways removes the inhaled conidia. Residual 
conidia are then encountered by columnar epithelial 
cells and pulmonary alveolar macrophages which 
can phagocytose and kill the conidia without elicit-
ing a robust inflammatory response. Conidia that 
evade this and germinate into hyphae elicit a pro- 
inflammatory response attracting neutrophils which 
can ingest and kill the hyphae. Impairment in these 
host defenses such as neutropenia or corticosteroid- 

induced macrophage dysfunction plays a vital role 
in causing invasive infection along with Aspergillus 
species’ capability to grow in the host environment. 
T cells are also important for host defense, and aber-
rations play an important role in allergic and chronic 
forms of infection.

 Epidemiology and Risk Factors

Traditional host factors for IPA include malig-
nancies, hematopoietic and solid organ transplan-
tation, and use of medications such as 
corticosteroids [11]. However, several nontradi-
tional risk factors have emerged including COPD, 
HIV, postoperative states, intensive care unit stay, 
use of newer immunomodulatory therapies, and 
post-viral infections such as influenza and SARS- 
CoV- 2 [12–19]. Exact contributory role of drugs 
such as ibrutinib is unclear. The incidence of IPA 
in HSCT recipients remains high and can be up to 
23% with a high mortality approaching 20–75% 
despite effective antifungal prophylaxis and man-
agement strategies [20–23]. In patients who have 
undergone hematopoietic stem cell transplanta-
tion, several factors contribute to increased risk 
of IPA such as age, type of transplant, type of 
donor, timing since transplant, conditioning regi-
men, corticosteroids, duration of neutropenia, 
graft-versus-host disease (GVHD), cytomegalo-
virus (CMV) reactivation, antifungal prophy-
laxis, and hospital environment [20, 24–32] 
(Table 8.1). In recent decades, a significant num-

Table 8.1 Risk factors for IPAa in HSCTb recipients

Recipient related Transplant related
Complications of 
transplant

Environmental 
exposure

Older age Donor source (cord blood) Lymphopenia Construction sites
Underlying disease (multiple 
myeloma, aplastic anemia)

Type of donor (mismatched, 
haploidentical)

Neutropenia Lack of HEPAc 
filter

Relapse of malignancy Conditioning regimen GVHDd

Iron overload Prolonged steroid use Graft failure
Comorbidities Lack of antifungal prophylaxis CMVe reactivation
Genetic polymorphisms Transplantation with T-cell 

depleted products
Respiratory virus 
infections

aInvasive pulmonary aspergillosis
bHematopoietic stem cell transplantation
cHigh efficiency particulate air
dGraft-versus-host disease
eCytomegalovirus
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ber of IPA in HSCT recipients tend to occur in 
the late transplant periods (>100 days) [20, 25]. 
Many factors likely contributed to this shift 
including changes in transplantation procedures 
and supportive care variables such as antifungal 
prophylaxis and conditioning regimens. While 
neutropenia and acute GVHD play a significant 
role in early onset IPA, chronic GVHD, use of 
corticosteroids, CMV reactivation, and respira-
tory viral illnesses contribute to the development 
of late onset IPA [6].

 Clinical Features

Aspergillosis can present as a wide variety of clini-
cal syndromes largely dependent on the host 
immune system (Table  8.2). The severity often 
correlates inversely with the extent of host immune 
impairment [33, 34]. IPA occurs in the lung fol-
lowing inhalation of conidia, germination to 
hyphae, and invasion of the pulmonary vasculature 
by hyphal forms. Symptoms of IPA include dry 
cough, dyspnea, pleuritic chest pain, fever despite 
broad spectrum antimicrobial agents, and hemop-
tysis. These symptoms may be very subtle in 
immunocompromised patients. Patients receiving 
steroids may not have a fever. Occasionally, 
untreated patients may progress to develop signifi-
cant hypoxia and respiratory failure. Pleuritic 
chest pain, persistent fevers, and pulmonary infil-
trate with hemoptysis in the setting of 

chemotherapy- induced neutropenia, particularly 
in patients with acute myelogenous leukemia, 
should significantly raise the suspicion for 
IPA.  Physical examination may reveal signs 
related to pleural effusion or pneumothorax but 
may also be completely unrevealing. Aspergillus 
tracheobronchitis presentation is more common in 
lung transplant recipients and HIV patients [35].

Aspergillus tracheobronchitis is relatively 
uncommon in HSCT recipients and is seen 
more commonly in lung transplant recipients. 
It can present in one of three patterns, obstruc-
tive tracheobronchitis, ulcerative tracheobron-
chitis, or pseudomembranous tracheobronchitis. 
Whereas obstructive form causes thick muco-
sal plugs with Aspergillus hyphae, ulcerative 
form causes focal invasion of the mucosa/carti-
lage. Pseudomembranous form causes extensive 
inflammation and necrosis forming a pseudo-
membrane of debris. Common symptoms include 
cough, wheezing, and dyspnea with relatively 
normal chest imaging.

Aspergillosis of the paranasal sinuses can be 
invasive and present similar to rhino-cerebral 
mucormycosis. Initial presenting symptoms are 
facial pain, swelling, and nasal drainage. Necrosis 
may appear on the skin or in the palate as disease 
progresses appearing as black lesions (Fig. 8.2). 
As the disease progresses and involves deeper 
structures such as the orbit or cavernous sinuses, 
warning symptoms like proptosis, chemosis, 
vision changes, and cranial nerve deficits appear.

Table 8.2 Aspergillosis clinical syndromes

Clinical syndromes Features Host factors
Allergic 
aspergillosis

Asthma, allergic bronchopulmonary 
aspergillosis (ABPA), allergic sinusitis

Robust CD4 Th-2 response in the lungs, 
production of Aspergillus spp.—specific 
serum IgE; no risk of invasive disease

Aspergillus 
mycelial balls

Aspergillomas or fungal balls grow in areas 
of damaged lung tissue (Fig. 8.4)

Damaged lung tissue, bronchiectasis, cysts, 
preexisting cavities due to tuberculosis, etc., 
no allergy or invasion

Subacute 
aspergillosis or 
semi-invasive 
disease

Local disease but with progression of fibrosis 
and minimal fungal invasion; cavitary and 
fibrosing forms

Underlying lung disease, mild to moderate 
immunosuppression such as diabetes or 
corticosteroid use

Acute invasive 
aspergillosis

Invade sinus and pulmonary tissue causing 
severe disease; can disseminate to distant 
organs such as the skin, brain, spleen, and 
kidneys

Severe immunocompromised states such as 
transplant recipients, neutropenia, 
malignancy, or immunotherapy

8 Invasive Pulmonary Aspergillosis in Hematopoietic Stem Cell Transplantation



122

Fig. 8.2 A 28-year-old allogeneic stem cell transplant 
recipient with sino-nasal aspergillosis

Fig. 8.3 A 33-year-old allogeneic stem cell transplant 
recipient with invasive pulmonary aspergillosis, who later 
developed seizures and was found to have the intracranial 
lesion on MRI. Underwent resection; biopsy showed inva-
sive aspergillosis

Fig. 8.4 A 37-year-old woman with a long standing his-
tory of sarcoidosis developed intermittent hemoptysis. 
Chest CT scan revealed a left upper lobe soft tissue den-
sity within a cavity consistent with aspergilloma. 
Bronchoalveolar lavage revealed Aspergillus spp. 
(Courtesy: A. Soubani)

Angioinvasive disease can be disseminated by 
hematogenous spread to distant sites such as the 
central nervous system, skin, liver, spleen, and 
kidney and is usually associated with very high 
mortality.

CNS aspergillosis can occur either from 
hematogenous dissemination or local invasion 
from the sinuses. Patients may present with head-
ache, seizures, or focal neurological deficits. 
Imaging findings may show ring enhancing 
lesions, strokes, or direct extension from sinuses 
(Fig. 8.3). CNS disease is associated with a very 
poor prognosis.

Cutaneous aspergillosis can be from dissemi-
nation or by direct inoculation. HSCT recipients 
often get skin involvement from dissemination or 
contiguous extension. The appearance of the 
lesion is usually a necrotic plaque or ulcer indis-
tinguishable from other bacterial and fungal 
infections. Skin biopsy is necessary to make the 
diagnosis.

Laboratory features are often nonspecific 
such as elevation in lactate dehydrogenase and 
C-reactive protein. Radiological features may 
range from scattered pulmonary infiltrates to 
multiple diffuse nodular infiltrates (Figs.  8.4 
and 8.5). Pleural effusions are common. Not 
chest radiography but a non-contrast enhanced 
computed tomography (CT) scan of the chest is 
the recommended mode of imaging in suspected 
IPA. During the early phase of the disease, usu-
ally during neutropenia, a halo of low attenua-
tion (representing ischemia or hemorrhage) may 
surround a pulmonary nodular lesion (repre-
senting infarction). Later these turn into cavi-
tary lesions with return of neutrophils, forming 

the air- crescent sign [36, 37] (Fig.  8.6). These 
classic findings along with others such as pleu-
ral-based wedge-shaped densities may not be 
commonly present. Occasionally, during the 
period of  neutrophil recovery, imaging findings 
of IPA may progress (Fig.  8.7). The imaging 
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Fig. 8.5 A 33-year-old allogeneic stem cell transplant 
recipient with invasive pulmonary aspergillosis: focal 
cavitary consolidation in left upper lobe (BAL fluid, 
galactomannan 2.2, culture—Aspergillus fumigatus)

Fig. 8.6 A 41-year-old allogeneic stem cell transplant 
recipient with invasive pulmonary aspergillosis during 
pre-engraftment neutropenia—large pulmonary nodules 
with surrounding ground glass infiltrates (halo sign)

Fig. 8.7 A 71-year-old-woman with acute myelogenous 
leukemia—post induction chemotherapy—top: acute 
invasive aspergillosis with large nodular infiltrate (neutro-
phil count 0, with fever and hemoptysis). Bottom: 12 days 
later, worsening infiltrate (neutrophil count 300/mm3) but 
improved symptoms. Interpretation of CT needs to be 
based on neutrophil count

findings should be interpreted with caution in 
this context prior to escalating antifungal ther-
apy. The classic imaging findings of halo sign 
and air-crescent sign may also be seen in other 
angioinvasive fungal and bacterial infections. In 
patients with neutropenia lasting more than a 
week, with persistent fevers despite broad spec-
trum antibiotics and negative blood cultures, 
IPA should be suspected, warranting high reso-
lution CT of the chest; contrast use is not 
required.

 Diagnosis

In appropriate hosts, clinical and radiological 
findings may raise suspicion for IPA. However, a 
proven diagnosis of IPA requires a tissue biopsy 
showing hyphal invasion along with positive cul-
tures for Aspergillus species. A bronchoalveolar 
lavage (BAL) is recommended in patients with 
suspected invasive pulmonary aspergillosis [38]. 
A CT guided needle biopsy may be considered in 
peripheral lung lesions. Diagnosis may also be 
established if cultures are positive from a sterile 
site with a needle biopsy. Blood cultures are usu-
ally sterile. Obtaining a tissue biopsy may not 
always be possible in critically ill immunocom-
promised patients especially with coagulopa-
thies. A probable diagnosis of IPA can be made 
by culturing Aspergillus species from respiratory 
samples such as BAL fluid in patients with com-
patible clinical and radiological features. 
Occasionally, in asymptomatic patients, presence 
of aspergillus in respiratory specimens may rep-
resent colonization. The difficulty in obtaining 
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culture and tissue biopsy specimens has led to 
many non-culture methods to rapidly establish 
the diagnosis. Fungal cell wall components such 
as galactomannan (GM) and 1,3, beta-d-glucan 
(BDG) can be detected and are the most studied 
in invasive pulmonary aspergillosis [39]. Both 
serum and BAL specimens can be used to detect 
GM.  Cross-reactivity with other fungi 
(Penicillium, Fusarium, Histoplasma) may lead 
to positive GM.  During the early neutropenic 
phase, after chemotherapy, serial serum GM test-
ing has good sensitivity and negative predictive 
value in detecting invasive aspergillosis [40]. 
However, the sensitivity is reduced during anti-
fungal prophylaxis [41]. Also, the sensitivity of 
serum GM decreases in patients who are not neu-
tropenic [42]. Presence of GM in circulation cor-
relates with invasive growth of aspergillus 
through the pulmonary capillaries, and angioin-
vasion has been correlated with fungal burden 
and GM production [43]. Hence, the performance 
of GM may be variable in different patient popu-
lations. The burden is highest in the neutropenic 
setting and among infected stem cell recipients. 
In contrast, in solid organ recipients, as the 
 burden may be low, the GM assay may perform 
relatively poorly. A declining serum GM value is 
a predictor of survival, whereas persistently ele-
vated GM levels correlate with death. GM kinet-
ics in the BAL fluid are poorly understood. Site 
of infection, sampling error, and nonstandardized 
BAL fluid collection are factors that may inter-
fere with the test. In general, following serial GM 
value in the serum is recommended in patients 
with hematologic malignancies and stem cell 
recipients, with a raised GM at baseline to moni-
tor disease progression, therapeutic response, and 
prediction of outcome.

While BDG is more sensitive, it is not specific 
for aspergillosis and may be detected in other 
fungal infections. BAL and serum Aspergillus 
lateral flow assay and polymerase chain reaction 
(PCR) assays are helpful as well. Availability of 
the PCR test in the USA is limited although it is 
commonly available in Europe. Data suggest that 
persistence of positive PCR results or a change 

from a positive test to a negative test may be pre-
dictive of outcome. Time to PCR negativity as an 
endpoint may be a promising clinical tool. In 
summary, diagnosis of IPA is based on a combi-
nation of clinical features, host risk factors, 
radiological features, culture, histopathology, 
and detection of the fungal components such as 
galactomannan.

 Antifungal Resistance

Routine antifungal susceptibility testing is not 
recommended when cultures grow Aspergillus 
species. Antifungal resistance could happen de 
novo or while on therapy. Azole resistance in A. 
fumigatus develops secondary to widespread 
antifungal use in agricultural industry, as well 
noted in Europe [10]. Antifungal susceptibility 
testing may be needed if patients do not respond 
to therapy or in case of some species known to 
have variable susceptibility to antifungal agents 
such as A. terreus (which is frequently resistant 
to amphotericin B) or in areas with high preva-
lence (>10%) of azole-resistant aspergillus. A 
tandem repeat in the gene promoter with a substi-
tution of leucine for histidine at codon 98 (TR34/
L98H) causes pan-triazole resistance.

 Management

Early empiric antifungal therapy must be initiated 
in patients with strongly suspected IPA (e.g., per-
sistently febrile neutropenic patient), while diag-
nostic evaluation is ongoing. Reducing the dose 
or completely withdrawing immunosuppression 
must be considered. Triazoles are preferred agents 
to treat invasive pulmonary aspergillosis, with 
voriconazole being the first- line preferred azole 
[38, 39, 44]. Posaconazole is used less commonly 
for primary therapy. Itraconazole is avoided as 
primary therapy for IPA.  In patients receiving 
voriconazole, therapeutic drug monitoring (TDM) 
is recommended once steady state has been 
reached, to improve efficacy, minimize subopti-
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mal drug exposure, and avoid toxicities attribut-
able to azoles and drug interactions [38]. 
Isavuconazole is an approved alternative agent for 
primary treatment of IPA and appears to be better 
tolerated with fewer drug interactions [45]. Other 
options include liposomal amphotericin B or 
other lipid formulations. Conventional amphoteri-
cin B deoxycholate is best avoided. Combination 
antifungal therapy with voriconazole and an echi-
nocandin may be considered in some patients 
such as those with prolonged neutropenia or cere-
bral aspergillosis. Primary monotherapy with an 
echinocandin is not recommended. Role for sur-
gery is limited and may be considered in focal 
disease in a minimally immunosuppressed patient. 
Duration of treatment is a minimum of 
6–12  weeks, but dependent on several factors 
such as the extent of immunosuppression, site of 
disease, and evidence of clinical/radiological 
improvement during follow-up. In addition to 
clinical and radiological parameters, serial serum 
GM testing can be considered especially if base-
line level was elevated. Triazole-resistant asper-
gillus occurs in 5% of isolates in the USA and up 
to 20% of isolates in certain parts of Europe. 
Triazole-resistant IPA is associated with a higher 
mortality, and once identified, treatment should be 
switched to liposomal amphotericin B.  Adverse 
events during triazole therapy may be seen and 
include hepatotoxicity, neurotoxicity such as hal-
lucinations, QTc prolongation, cutaneous toxici-
ties, photosensitivity, and drug interactions. Long 
term use of voriconazole may be associated with 
peripheral neuropathy, cognitive impairment, alo-
pecia, and cutaneous malignancies. Drug level 
monitoring and dose adjustments may be neces-
sary for certain drugs such as cyclosporine, siroli-
mus, and tacrolimus when given along with 
triazoles. Isavuconazole does not prolong the QTc 
interval and has a better safety profile among the 
triazoles.

Management must be individualized in 
patients with refractory or progressive disease. 
Factors to consider while evaluating patients who 
fail antifungal therapy include prior antifungal 
agents, host factors, pharmacokinetics, and pos-

sible antifungal resistance [46]. General princi-
ples in the management include switching to 
different antifungal, reducing immunosuppres-
sion, and possibly surgery for necrotic lesions.

After successful treatment, if further immuno-
suppression is needed as in cases of relapsing 
malignancy, secondary prophylaxis must be con-
sidered. Prior IPA is not a contraindication for sub-
sequent chemotherapy or transplantation. The 
decision should be considered in individual patients 
weighing the risks of progressive aspergillosis ver-
sus progression of underlying malignancy.

 Prevention

Measures to reduce risk of at-risk hosts from 
acquiring aspergillus are recommended. These 
include pharmacologic and non-pharmacologic 
measures. Non-pharmacological measures 
include practices such as placing hospitalized 
allogeneic HSCT recipients in a protected envi-
ronment to reduce mold exposure, admission to 
private rooms with no connection to construction 
sites, and not allowing plants or cut flowers to be 
brought into the patient’s rooms [47].

Acceptable strategies for preventing IA in at- 
risk patients include primary prophylaxis with a 
mold-active azole along with serum biomarker 
(i.e., GM) monitoring. Primary prophylaxis should 
be considered in high-risk patients such as those 
anticipated to have profound and prolonged neutro-
penia or those with active graft-versus-host disease 
receiving immunosuppressive therapy [48]. 
Posaconazole and voriconazole are preferred 
agents for prophylaxis. Triazoles should be avoided 
with other agents known to reach potentially toxic 
levels with concurrent triazole administration 
(Table  8.3). Antifungal prophylaxis should be 
administered throughout the duration of immuno-
suppression in patients with chronic immunosup-
pression associated with GVHD.  It is estimated 
that about 5–10% of patients receiving prophylaxis 
may develop probable or proven IPA. Measuring 
serum drug levels (posaconazole or voriconazole) 
at 2–5 days after starting prophylaxis is optimal.
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 Future Directions

New risk factors for IA are emerging including 
ICU stays and respiratory viral illnesses. Novel 
diagnostic tests such as PCR and lateral flow 
assays with faster turnaround time are becoming 
available to aid in early diagnosis. As we battle 
invasive fungal infections in extended host popu-
lations, several new non-azole drugs such as 
ibrexafungerp, olorofim, rezafungin, and others 
with varying mechanisms of action are under 
intense scrutiny. Many have excellent anti- 
aspergillus activity and have superior pharmaco-
kinetic or safety advantages over current azoles. 
These are welcome additions, particularly, at a 
time of rising azole resistance.
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9Other Respiratory Fungal 
Infections

Carol A. Kauffman and Marisa H. Miceli

 Introduction

Invasive pulmonary fungal infections are a major 
cause of morbidity and mortality among hemato-
poietic stem cell transplant (HSCT) recipients 
[1–4]. Infections caused by Aspergillus species 
are most common, but increasingly non- 
Aspergillus molds are reported as causing inva-
sive pulmonary disease in this population [5, 6]. 
These molds primarily include organisms in the 
order Mucorales, Fusarium spp., Scedosporium 
spp., and Lomentospora spp. Not only serious 
pulmonary infections but also widespread dis-
semination is the hallmark of infections with 
these fungi in HSCT recipients. These molds 
share to differing extents increased virulence 
and/or antifungal resistance, making treatment 
difficult and outcomes dismal [6]. HSCT recipi-
ents also remain at increased risk of Pneumocystis 
jirovecii pneumonia in spite of widespread use of 
prophylaxis [1]. The diagnosis of this fungal 

infection is difficult to prove, and treatment can 
be problematic. In markedly immunosuppressed 
hosts, especially those who have graft-versus- 
host disease, persistent neutropenia, and high- 
dose corticosteroid treatment, many different 
environmental molds have been reported to cause 
invasive disease, but these are quite rare and will 
not be discussed in this chapter.

 Fusarium Infections

 Pathogenesis

Fusarium species, found in the environment 
throughout the world, are primarily plant patho-
gens. Localized infections in humans can occur 
with minor trauma leading to inoculation through 
the skin or cornea. However, invasive pulmonary 
and disseminated infections occur almost entirely 
in highly immunocompromised persons [2, 7, 8]. 
Those at most risk for invasive fusariosis are 
patients who have a hematological malignancy or 
have received an allogeneic HSCT [2, 7]. 
Neutropenia, especially when prolonged and pro-
found, is the greatest risk factor for disseminated 
infection, and corticosteroids also are a major 
risk factor for invasive fusariosis [7–10].

The primary mode of infection is inhalation of 
the conidia produced by the mold through the lungs 
or sinuses with subsequent tissue invasion; in mark-
edly immunocompromised patients, widespread 
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a b c

Fig. 9.1 Clinical and radiological presentation of fusari-
osis. Onychomycosis of great toenail with adjacent skin 
and soft tissue involvement (a) and multiple subcutaneous 

painful nodules (b) in a neutropenic patient with dissemi-
nated fusariosis. Pulmonary nodules were present on CT 
of the thorax (c)

hematogenous dissemination often follows. Unique 
to patients with severe neutropenia is the ability of 
these organisms to disseminate widely from a sim-
ple paronychia or nail infection [10] (Fig. 9.1a). A 
hallmark of invasive fusariosis is angioinvasion, a 
property shared with Aspergillus species and the 
Mucorales. Angioinvasion culminates in hemor-
rhagic infarction and tissue necrosis [11].

 Clinical Aspects

The clinical presentation of pulmonary infection 
with Fusarium is similar to that noted with other 
molds. Fever, malaise, cough, and dyspnea occur 
and may be accompanied by pleuritic chest pain 
and hemoptysis.

Sinusitis due to Fusarium species presents in a 
similar fashion to that of infection with the 
Mucorales and Aspergillus species. Face pain is 
the cardinal symptom, accompanied by fever, 
swelling, and nasal discharge. Invasion of bone 
and necrosis of the palate and nasal turbinates 
can occur as the infection progresses.

Infection may remain localized to the lungs or 
sinuses, but Fusarium species often disseminate 
widely to other organs [12–14]. These non- 
pulmonary manifestations, especially skin lesions, 
can provide clues to the early diagnosis of fusario-
sis. The sudden appearance of painful skin pus-
tules, nodules, or necrotic ecthyma-like lesions that 

may evolve to become hemorrhagic occurring in a 
neutropenic patient who has pulmonary infection 
points toward the diagnosis of fusariosis (Fig. 9.1b).

 Diagnosis

Thoracic computed tomography (CT) should be 
obtained when fever develops in an HSCT recipi-
ent who is neutropenic. The radiographic picture 
of invasive fusariosis is similar to that noted with 
other invasive mold infections. Typical findings 
are ground glass opacities, dense macronodules of 
varying sizes, and peribronchial consolidation 
(Fig. 9.1c) [11]. A halo sign is uncommon early in 
the infection, but can be seen later, as can cavita-
tion of the nodules. Although there are subtle dif-
ferences, the findings on CT scan are not specific 
enough to differentiate invasive fusariosis from 
invasive aspergillosis or other mold infections.

The diagnosis of proven invasive fusariosis in 
an immunocompromised host is established when 
the organism is isolated in culture from a sterile 
body site [15]. However, in most patients with clin-
ical and radiological evidence typical for an inva-
sive fungal infection, a positive culture is obtained 
from a non-sterile site, such as bronchoalveolar 
lavage (BAL) fluid or skin biopsy, and a diagnosis 
of probable invasive fusariosis is established [15].

Fusarium species, which grow readily in the 
laboratory on standard fungal media, have large 
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banana-shaped (fusiform) macroconidia. These 
distinctive macroconidia allow clinical 
 laboratories to easily identify the organism as 
belonging to the genus Fusarium. However, in 
most laboratories, further identification to the spe-
cies level is generally not performed.

Fusarium is one of very few molds in which the 
organism can sporulate in  vivo. Because of this, 
these molds are capable of growing in blood cul-
ture bottles. This is a valuable clue that is found in 
as many as 40%–50% of patients with invasive 
fusariosis and can help with an early differentiation 
of an invasive fungal pneumonia due to Fusarium 
species from that due to Aspergillus species [16].

Histopathological examination of biopsy mate-
rial from skin lesions or other tissues shows non-
pigmented hyphae that are septate and that branch 
at acute angles. Sometimes unusual hyphal forms 
are noted, but often the picture is indistinguishable 
from that of Aspergillus species. Culture is needed 
to define the specific mold that is causing disease.

False-positive results for Aspergillus galacto-
mannan assays are seen frequently in patients 
with Fusarium infections [8, 17]. Invasive fusari-
osis should be a prime diagnostic consideration 
in patients who have a positive serum Aspergillus 
galactomannan test, but in whom Aspergillus has 
not been isolated. Beta-d-glucan, usually mea-

sured by the Fungitell assay, has also been 
detected in serum in patients with disseminated 
fusariosis but is nonspecific and cannot differen-
tiate specific fungal infections [9].

There are no specific antibody or antigen 
detection tests available to aid in the diagnosis of 
invasive fusariosis. Several reference laboratories 
have reported on the use of polymerase chain 
reaction (PCR) methodology for the diagnosis of 
Fusarium infections, but this technique is not 
commercially available or standardized [18].

 Treatment

Invasive Fusarium infections are exceedingly 
difficult to treat because most species are resis-
tant to many antifungal agents. The most active 
drugs appear to be amphotericin B, voriconazole, 
and posaconazole. Isavuconazole activity against 
Fusarium varies across species. Fluconazole and 
itraconazole are not active against most Fusarium 
species, and echinocandins have no activity 
against Fusarium species.

Recommended therapy is a lipid formulation of 
amphotericin B, voriconazole, or a combination of 
these two agents [19] (Table 9.1). Of the available 
mold-active azoles, the greatest experience is with 

Table 9.1 Treatment of non-Aspergillus fungal infections in HSCT recipients

Fungal pathogen Preferred treatment Alternate/salvage treatment Comments
Fusarium 
species

L-AmB: 5 mg/kg/day IV 
plus voriconazole: 6 mg/
kg IV BID on day 1, then 
4 mg/kg IV BID

Step down:
Voriconazole oral 200–300 mg 
PO BID
Salvage:
Posaconazole IV/PO 300 mg 
BID on day 1, then 300 mg QD

Drug-drug interactions are a 
major complication of azole 
therapy and should be 
carefully reviewed prior to 
starting these agents
Baseline EKG should be 
done before starting azole 
therapy
Oral voriconazole should be 
taken on an empty stomach
Serum trough concentrations 
of azoles should be obtained 
on day 5, as well as after any 
dose adjustment, to ensure 
adequate serum 
concentrations and to avoid 
toxicities
Goal serum trough 
concentration:
Posaconazole: 1.25–3 μg/mL
Voriconazole: 2–5.5 μg/mL
Isavuconazole: >1 μg/mL

Scedosporium 
apiospermum 
complex

Voriconazole: 6 mg/kg IV 
BID on day 1, then 4 mg/
kg IV BID

Step down:
Voriconazole 200–300 mg PO 
BID
Salvage:
Posaconazole IV/PO 300 mg 
BID on day 1, then 300 mg QD

Lomentospora 
prolificans

Voriconazole: 6 mg/kg IV 
BID on day 1, then 4 mg/
kg IV BID plus terbinafine 
500 mg PO QD

Step down:
Voriconazole 200–300 mg PO 
BID, plus terbinafine 500 mg PO 
QD

Mucorales L-AmB: 5 mg/kg/day IV
May have to increase dose 
to 10 mg/kg/day IV in 
severe cases

Step down/salvage:
Posaconazole 300 mg PO BID on 
day 1, then 300 mg QD, or 
isavuconazole IV/PO 200 mg 
TID for 2 days, then 200 mg QD

(continued)
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voriconazole [13, 19]. Posaconazole has been 
studied primarily as salvage or step- down therapy, 
and experience with isavuconazole has been mini-
mal [19]. Combination therapy with a lipid formu-
lation of amphotericin B and an azole, usually 
voriconazole, is often used as first- line therapy [8, 
9, 12, 19, 20]. It is not clear that combination ther-
apy is any more effective than monotherapy, but 
this approach is used frequently because suscepti-
bility studies are not readily available and do not 
always reliably predict in vivo activity.

In patients who have Fusarium onychomyco-
sis or paronychia, voriconazole should be given 
to prevent possible dissemination [10].

Survival rates are only 40–50% but overall are 
improved from earlier reports of only 10–20% 
survival [8, 9, 12, 14, 16]. However, among HSCT 
recipients, some series continue to show a mortal-
ity rate near 80% [5]. The best response rate is 
noted in the least immunosuppressed patients and 
in those with more localized disease. In general, 
patients who remain neutropenic throughout the 
course of therapy are unlikely to survive.

 Scedosporium and Lomentospora 
Infections

 Pathogenesis

The molds belonging to the genus Scedosporium 
occur in soil and water throughout the world. The 
major human pathogens belong to the 
Scedosporium apiospermum complex that is 
composed of at least five species [21–24]. 
Scedosporium prolificans, which differs in sev-

eral fundamental aspects from other 
Scedosporium species, has been moved to a new 
genus and is now Lomentospora prolificans. L. 
prolificans is more geographically restricted than 
molds in the S. apiospermum complex; arid areas 
in Australia, southern Europe, and the southwest-
ern USA account for the majority of cases of 
lomentosporiosis. The greatest concern is 
ascribed to this mold because of its resistance to 
most antifungal agents [20, 25].

Invasive pulmonary infections with S. apiosper-
mum complex and L. prolificans occur in patients 
who have hematological malignancies and in 
HSCT recipients; neutropenia and T-cell suppres-
sion are important risk factors in these patients. 
Other at-risk groups include solid organ transplant 
recipients, burn victims, and near- drowning vic-
tims [22, 25]. S. apiospermum and less commonly 
L. prolificans are known to colonize the abnormal 
airways of patients with cystic fibrosis, form fun-
gus balls, and uncommonly cause invasive disease, 
similar to that noted with Aspergillus species [26].

Infection follows inhalation of conidia into 
the alveoli and subsequent tissue invasion. 
Sinusitis also occurs but is less commonly seen 
than that caused by Fusarium or Aspergillus. 
Hematogenous spread to other organs, especially 
to the brain, is not uncommon following pulmo-
nary invasion with these organisms.

 Clinical Aspects

Pulmonary infection caused by S. apiospermum 
complex or L. prolificans in immunocompro-
mised patients has many similarities to infection 

Fungal pathogen Preferred treatment Alternate/salvage treatment Comments
Pneumocystis 
jirovecii

TMP-SMX 15 mg/kg/day 
IV of TMP component 
given in three divided 
doses

Second line agents:
Clindamycin 600 mg IV TID 
plus primaquine base 30 mg PO 
QD or pentamidine 4 mg/kg IV 
QD
Step down:
TMP-SMX 15 mg/kg/day PO of 
TMP component in three divided 
doses

Add prednisone (or 
equivalent of 
methylprednisolone) when 
PaO2 < 70 mmHg on room 
air, at dosage of 40 mg BID 
for 5 days, then 40 mg QD 
for 5 days, then 20 mg QD 
for 11 days

BID twice daily, IV intravenous, L-AmB lipid formulation amphotericin B (Ambisome®/Albelcet®), PO oral, QD daily, 
TID three times daily, TMP-SMX trimethoprim-sulfamethoxazole

Table 9.1 (continued)
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with Aspergillus species [21]. Patients present 
with fever, cough, and shortness of breath; pleu-
ritic chest pain and hemoptysis can occur.

Disseminated infection, often with brain 
abscesses, occurs commonly in HSCT recipients 
[25, 27]. Skin lesions occur, but are not painful, 
in contrast to disseminated infection with 
Fusarium species.

 Diagnosis

Thoracic CT scans should be done as soon as 
fever is manifested in an HSCT recipient. The 
findings of infection due Scedosporium or 
Lomentospora species are similar to those noted 
in other mold infections and include localized 
infiltrates and nodules with surrounding ground 
glass opacities (halo sign) and later cavitation 
(Fig. 9.2a) [22, 28, 29]. Progression to bilateral 
diffuse infiltrates can be quite rapid, especially 
with Lomentospora infection. Because of the risk 
of development of brain abscesses, MRI of the 
brain should be performed in patients with infec-
tions caused by these organisms (Fig. 9.2b).

The definitive diagnosis of scedosporiosis 
or lomentosporiosis is established by growing 
the organism from tissues or sterile body fluids. 
Growth of one of these molds from non-sterile 
body fluids, such as BAL fluid, in an immuno-
compromised patient whose CT scan shows typi-

cal radiographic evidence of an invasive fungal 
infection denotes probable scedosporiosis or 
lomentosporiosis [15]. Similar to Fusarium spe-
cies, L. prolificans and, rarely, organisms of the 
S. apiospermum complex can sporulate in vivo, 
resulting in growth in blood cultures [30]. In 
markedly immunocompromised patients, such as 
HSCT recipients, fungemia with Lomentospora 
infection is common and can aid in diagnosis 
[29].

Histopathological examination of tissues 
infected with Scedosporium species demon-
strates acutely branching septate hyphae that 
are seen best with methenamine-silver stain and 
that cannot be reliably differentiated from 
Aspergillus or Fusarium species. Many strains 
of L. prolificans are able to produce melanin 
and, because of this, appear as pigmented 
hyphae in tissues [30].

There are no specific antibody or antigen 
assays available to aid in the diagnosis of inva-
sive infection with either S. apiospermum or L. 
prolificans infections. Serum beta-d-glucan has 
been reported to be positive in patients who 
have disseminated Scedosporium infection, but 
this assay is positive in many different fungal 
infections and not specific for Scedosporium 
[30]. PCR and in situ hybridization have been 
reported to be helpful for diagnosis, but these 
tests are not standardized nor are they commer-
cially available [30].

a b

Fig. 9.2 Radiological presentation of disseminated sce-
dosporiosis. Several weeks after undergoing haploidenti-
cal HSCT, this patient developed disseminated infection 
due to Scedosporium apiospermum. CT thorax shows pul-

monary nodules and patchy ground glass opacities (a), 
and a ring-enhancing left caudate/corpus callosum lesion 
was seen on the brain MRI (b)
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 Treatment

S. apiospermum complex isolates are innately resis-
tant to several antifungal agents; specifically, all spe-
cies are resistant to amphotericin B, echinocandins, 
and fluconazole. However, these organisms are sus-
ceptible to mold-active azoles, and voriconazole has 
become the agent of choice for infections with S. 
apiospermum complex [19, 28, 29] (Table  9.1). 
Posaconazole has been used in fewer patients and 
appears to be effective; there is minimal experience 
with isavuconazole for scedosporiosis.

The mortality rates for scedosporiosis in 
HSCT recipients remain as high as 50–70% [19, 
22]. Patients in other risk groups have lower mor-
tality rates. Similar to fusariosis, patients who 
remain neutropenic have a very poor prognosis.

Treatment of lomentosporiosis remains prob-
lematic. Resistance to almost all antifungal 
agents is the hallmark of this organism [19, 21, 
23, 31]. In vitro studies have shown synergistic 
activity when voriconazole is used in combina-
tion with terbinafine. Voriconazole at the doses 
noted for scedosporiosis plus terbinafine, 500 mg 
daily, has been reported to result in better out-
comes than voriconazole alone [27, 32]. However, 
the outcome of infection with L. prolificans, 
regardless of the antifungal agents used, is dis-
mal. Mortality rates greater than 80% are often 
seen and are especially high in HSCT recipients.

 Mucormycosis

 Pathogenesis

Invasive mucormycosis is a rare infection caused 
by molds of the order Mucorales. Mucorales are 
usually found in soil, decaying organic matter, 
and contaminated foods. Patients with uncon-
trolled diabetes and those who are immunosup-
pressed are at risk for this infection [33, 34]. 
Among immunocompromised patients, mucor-
mycosis occurs most often in patients with hema-
tologic malignancies, particularly those with 
prolonged neutropenia, and HSCT recipients, 
especially those who are receiving treatment for 
graft-versus-host disease [33, 35–37].

The primary mode of infection is inhalation of 
the spores that are produced by the mold through 
the lungs or sinuses. Direct skin inoculation sec-
ondary to trauma, or ingestion into the gastroin-
testinal tract, may also occur [37–40]. Spores 
germinate into hyphae, resulting in angioinvasion 
and subsequent hemorrhagic infarction and tissue 
necrosis. Angioinvasion also may lead to hema-
togenous dissemination and multiorgan involve-
ment in HSCT recipients and other severely 
immunosuppressed patients [41].

 Clinical Aspects

Clinical presentation of mucormycosis depends 
on the organ involved and the immune status of 
the host. Rhino-orbital-cerebral infection, which 
is more common in patients with uncontrolled 
diabetes, is associated with fevers and localized 
symptoms that include headache, face pain, and 
nasal congestion. Progression of the infection 
with invasion of the orbit and palate and further 
extension to the brain result in loss of vision, cra-
nial nerve palsies, and changes in mental status 
[37, 38].

Pulmonary infection is more common among 
patients with neutropenia that is related to a 
hematologic malignancy, HSCT recipients, and 
those who have received a solid organ transplant 
[33, 36]. Pulmonary mucormycosis presents with 
fever, chest pain, dyspnea, and hemoptysis. 
Contiguous spread of this aggressive infection 
can lead to involvement of surrounding struc-
tures, including the heart and mediastinum.

Cutaneous mucormycosis can be seen after 
trauma, including burns, and usually occurs in the 
immunocompetent host [39, 40]. Open wounds 
may show visible growth of the mold in severe 
cases. In patients with hematologic malignancies 
and HSCT recipients, skin lesions are secondary 
to hematogenous seeding and are a sign of dis-
seminated disease [37, 41]. In this population, the 
skin lesions present as a necrotic eschar with sur-
rounding painful erythema and induration. 
Gastrointestinal mucormycosis is rare and typi-
cally presents with gastrointestinal bleeding, gas-
tric ulcerations, and/or bowel perforation.
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 Diagnosis

Chest CT findings of pulmonary mucormycosis 
include multiple dense pulmonary infiltrates, 
nodules, and cavitary lesions; pleural effusions 
may develop [42, 43] (Fig.  9.3a). Although not 
always present, the “reverse halo” sign has been 
more commonly reported in pulmonary mucor-
mycosis than in invasive pulmonary aspergillo-
sis. This appears as a central ground glass 
opacification surrounded by a consolidative ring, 
reflective of central lung infarction surrounded 
by dense peripheral hemorrhage, that evolves 
into a cavitary lesion.

The definitive diagnosis of mucormycosis 
requires demonstration of characteristic wide, 
ribbonlike, nonseptate hyphae invading tissues 
on histopathology and growth of the mold from 
specimens of involved sites [44]. Unfortunately, 
culture of the Mucorales from tissues can be dif-
ficult, and the diagnosis often rests only on the 
characteristic histopathology (Fig.  9.3b). If the 
organism does grow in culture, species identifica-
tion and antifungal susceptibilities are helpful in 
determining appropriate antifungal therapy.

Beta-d-glucan is not present in the cell wall of 
most Mucorales, and thus, this test is not helpful 
for the diagnosis of mucormycosis [44]. 
Serological tests for antigen or antibody are not 
available for the Mucorales.

PCR-based testing for the detection of 
Mucorales in tissue and in body fluids is an area 

of active investigation [45, 46]. Quantitative PCR 
assays for the detection of Mucorales DNA in 
serum, blood, and BAL have been tested in ani-
mal models and in patients with promising results 
[46]. However, similar to other fungal PCR 
assays, optimization of primers and DNA targets 
have not been standardized and are available only 
from research laboratories.

 Treatment

Mucormycosis is a life-threatening infection with 
~50% mortality rate despite appropriate therapy. 
Early initiation of systemic antifungals has a 
direct impact on outcome. Therefore, when clini-
cal suspicion for mucormycosis is high, appropri-
ate antifungal therapy should be started 
immediately. Correcting the predisposing factors 
is pivotal in the management of patients with 
mucormycosis. However, eradication of the pre-
disposing factor is often not possible in patients 
with hematological malignancies and in HSCT 
recipients.

A lipid formulation of amphotericin B is rec-
ommended for the initial treatment of mucormy-
cosis [47] (Table  9.1). The usual dose for 
mucormycosis is 5 mg/kg/day, but doses as high 
as 10 mg/kg/day have been used in severe cases. 
However, at least one study found that higher 
daily doses did not improve outcome but did 
increase toxicity [48].

a b

Fig. 9.3 Radiological presentation of pulmonary mucor-
mycosis. CT thorax shows bilateral patchy ground glass 
opacities and a large cavitary lesion in the left lower lobe 
in an allogeneic HSCT recipient (a). Histopathology of 

lung biopsy from a different patient with mucormycosis 
demonstrates ribbon-shaped nonseptate hyphae invading 
tissue (arrows) (b)
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Of the currently available azoles, posacon-
azole and isavuconazole are active against most 
Mucorales; the organisms are innately resistant 
to voriconazole. Posaconazole is often used for 
step-down therapy once the infection is con-
trolled with amphotericin B.  Isavuconazole has 
been approved by the Food and Drug 
Administration for treatment of mucormycosis, 
based on results from an open-label clinical trial 
[49]. However, experience is limited for use as 
primary therapy, and it is preferable for use as 
step-down therapy.

Surgical debridement of necrotic tissue should 
be pursued urgently whenever possible. Surgical 
resection is very challenging in patients who 
have pulmonary mucormycosis, especially in 
those who have a hematological malignancy or 
have received a HSCT and have severe thrombo-
cytopenia. Surgical debridement is a mainstay of 
therapy in most cases of rhino-orbital-cerebral 
and cutaneous mucormycosis [47, 50].

 Pneumocystis Infection

 Pathogenesis

Pneumocystis jirovecii has never been grown 
in vitro but has been classified taxonomically as a 
fungus based on ribosomal RNA and mRNA 
sequencing [51]. The environmental reservoir of P. 
jirovecii is unknown. It is thought that the organ-
ism is acquired by inhalation early in life with sub-
sequent long-term persistence in the lungs in the 
cyst form [51, 52]. It is likely that most humans 
have been exposed to P. jirovecii and carry the 
organism in lung tissue with no symptoms.

Symptomatic infection occurs when P. jirove-
cii reactivates, assuming the trophozoite form in 
persons who have T-cell immune defects of vari-
ous etiologies. Most affected are patients who 
have hematological malignancies, have received 
an allogeneic HSCT, or have been treated with 
high-dose corticosteroids or other immunosup-
pressive agents [53]. With the introduction of 
universal P. jirovecii prophylaxis after allogeneic 
HSCT, rates of P. jirovecii pneumonia have 

decreased from 5–16% to <5%, with most infec-
tions occurring within 5 months after HSCT [54].

Rates of P. jirovecii pneumonia among autolo-
gous HSCT recipients are much lower than 
among allogeneic HSCT recipients. Main risk 
factors for P. jirovecii pneumonia after autolo-
gous HSCT include underlying lymphoma, leu-
kemia, or myeloma, especially if treatment 
includes purine analogs or high-dose corticoste-
roids [53, 54].

Aerosol transmission has been studied in ani-
mal models, and molecular typing of hospital 
outbreaks among solid organ transplant recipi-
ents have suggested that person-to-person trans-
mission is possible, but such outbreaks are not 
common and have not been reported among 
HSCT recipients [51].

 Clinical Aspects

Pneumocystis pneumonia is a life-threatening 
infection among allogeneic HSCT recipients 
[53]. Clinical manifestations include fever, dry 
cough, and dyspnea. Severity of illness ranges 
from mild to severe. Infection can present as a 
subacute process but, in allogeneic HSCT recipi-
ents, can quickly progress to marked hypoxemia. 
Extrapulmonary Pneumocystis infection is 
extremely rare.

 Diagnosis

P. jirovecii pneumonia patterns seen on radio-
graphs are indistinguishable from other intersti-
tial lung processes. High-resolution CT of the 
chest usually shows early diffuse bilateral ground 
glass opacities, reticulation, and septal thicken-
ing that are often not seen on chest radiograph or 
standard chest CT scan [55]. Typically, infiltrates 
are most prominent in the peri-hilar region. 
Spontaneous pneumothorax has been described 
in HSCT recipients with P. jirovecii pneumonia. 
Unusual radiological presentations include pul-
monary nodules, pleural effusion, and lobar con-
solidation [56].
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The definitive diagnosis of P. jirovecii pneu-
monia is made by demonstrating the presence 
of Pneumocystis in the lung tissue, sputum, or 
BAL fluid. Lung tissue and BAL fluid are pre-
ferred over sputum because the yield of organ-
isms is higher. The cysts can be visualized 
using a direct fluorescent antibody test or 
methenamine-silver stain. The sporozoites and 
trophozoites, which are the predominant form 
in active infection, can be observed using 
Giemsa, Wright’s, or calcofluor stains. 
However, direct visualization of Pneumocystis 
in HSCT patients is challenging because of the 
low burden of organisms that is usually pres-
ent  in sputum or BAL fluid in these patients 
[56, 57].

Many medical centers now use PCR assays 
on respiratory specimens for the diagnosis of P. 
jirovecii infection. BAL fluid gives the best 
yield, and thus, bronchoscopy as soon as 
Pneumocystis infection is suspected is crucial. 
However, PCR techniques are not standardized 
and vary from laboratory to laboratory. PCR is 
highly specific but gives many false-positive 
results [56, 57].

A positive serum beta-d-glucan result sup-
ports the diagnosis of Pneumocystis pneumo-
nia in patients at risk who have a compatible 
clinical and radiological presentation. Serum 
levels tend to be very high with Pneumocystis 
infection [58, 59]. However, a negative test 
result does not rule out the diagnosis of P. jir-
ovecii pneumonia in patients at risk. Use of the 
beta-d-glucan assay on BAL fluid has not 
proven helpful in the diagnosis of P. jirovecii 
pneumonia [60].

Invasive diagnostic procedures, such as lung 
biopsy, are rarely pursued in the HSCT popula-
tion because of thrombocytopenia. When 
obtained, histopathological examination of 
biopsy material from infected lung tissue shows 
airspaces filled with a foamy eosinophilic exu-
date. The intra-alveolar exudate consists of 
aggregates of trophozoites surrounded by surface 
glycoprotein and proteinaceous debris from the 
lungs and inflammatory cells.

 Treatment

Treatment options for P. jirovecii pneumonia are 
summarized in Table  9.1. Trimethoprim- 
sulfamethoxazole (TMP-SMX), either oral or IV, 
is considered to be first-line treatment for P. jir-
ovecii infection. However, the use of TMP-SMX 
in HSCT recipients is limited by the risk of bone 
marrow toxicity and potential graft loss. 
Alternative treatment in HSCT recipients with 
mild P. jirovecii pneumonia is atovaquone and in 
those with moderate to severe disease is 
clindamycin and primaquine. Recommended 
duration of therapy is 2–3 weeks for mild infec-
tion and 3 weeks for moderate to severe disease.

The use of adjuvant corticosteroids in the set-
ting of severe hypoxemia with P. jirovecii pneumo-
nia is routinely used to dampen the inflammatory 
response, which has been documented to worsen 
hypoxemia as antimicrobial therapy is initiated 
[51]. In patients receiving corticosteroids for other 
reasons, including graft- versus- host disease, the 
dose can be increased during acute infection and 
then tapered to the baseline dose.

Pneumocystis pneumonia is considered a pre-
ventable complication after HSCT. Thus, strate-
gies to prevent disease (primary prophylaxis) or 
to prevent reinfection or reactivation after recent 
infection (secondary prophylaxis) are recom-
mended in this patient population [54]. Primary 
P. jirovecii prophylaxis in HSCT recipients 
should be administered from engraftment until at 
least 6 months after HSCT and should be contin-
ued for longer than 6 months in patients who con-
tinue to receive immunosuppressive drugs. 
Recurrence of P. jirovecii pneumonia in HSCT 
recipients is rare. Nonetheless, secondary pro-
phylaxis for P. jirovecii should be continued life-
long or until immunosuppression is resolved.

The preferred regimen for P. jirovecii prophy-
laxis is TMP-SMX, but TMP-SMX can delay 
engraftment and thus is not usually administered 
before engraftment occurs. Many transplant pro-
grams use alternative regimens, including oral 
dapsone, aerosolized or intravenous pentamidine, 
or oral atovaquone.
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 Introduction: General Principles

Since the early days of hematopoietic cell trans-
plantation (HCT), cytomegalovirus (CMV), a 
highly seroprevalent human herpesvirus, has 
remained one of the most notable posttransplant 
infectious complications encountered in this 
highly vulnerable patient population. Transplant 
care providers are frequently faced with chal-
lenging clinical scenarios regarding the manage-
ment and treatment of CMV, especially in the 
critical care setting. CMV can adversely affect 
outcomes through both direct and indirect mech-
anisms. Reactivation of CMV can lead to inva-
sive single or multi-organ diseases, such as 
pneumonia, gastrointestinal (GI) disease, central 
nervous system (CNS) disease, and retinitis, 
among others, either early (≤3 months) or later 
(>3  months) post-HCT [1]. Furthermore, a 
patient’s CMV serostatus and development of 

viremia have been associated with increased 
posttransplant non-relapse mortality and overall 
mortality [2, 3]. In addition, CMV has been 
closely associated with increased incidence of 
graft-versus-host disease (GVHD) and graft fail-
ure [4, 5], as well as secondary invasive fungal 
and bacterial infections attributed to modulation 
of the host immune response and serious toxici-
ties (mainly myelosuppression) of some of the 
commercially available anti-CMV agents [6–10]. 
Despite recent advances in the prevention of 
CMV reactivation, such as the US Food and Drug 
Administration (FDA) approval of letermovir for 
primary prophylaxis, our understanding of CMV 
is still evolving, and a need for enhanced diag-
nostics, immune-monitoring tools, and effective 
and well-tolerated anti-CMV therapies, espe-
cially for patients with critical illnesses, remains 
unmet [11].

 Pathophysiology of CMV

As a member of the herpes virus subfamily 
Betaherpesvirinae, which is ubiquitous in 
humans, CMV can efficiently infect several cell 
types, including endothelial cells, epithelial cells, 
smooth muscle cells, fibroblasts, leukocytes, and 
dendritic cells [8, 12]. The coevolution of CMV 
and the immune system is highlighted in the 
virus’s ability to adapt to and evade elimination 
during the height of the immunocompetent host’s 
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cellular response to the infection, which merely 
results in lifelong viral latency in predominantly 
myeloid cells [13]. Following HCT, CMV can 
reactivate during T-cell deficiency or dysfunction 
episodes, resulting in loss of CMV immune con-
tainment. Although not completely understood, 
the attendant suppression of CMV on the host 
immune system in HCT recipients can be attrib-
uted to its effect on leukocyte antigen expression, 
cytokine production, and adhesion molecules. 
These cellular immune alterations may partly 
explain the increased incidence of invasive fun-
gal and bacterial infections and GVHD following 
CMV reactivation in HCT recipients [7, 8].

 Risk Factors for CMV Reactivation 
and Disease

Without anti-CMV prophylaxis, about 60–70% of 
CMV-seropositive HCT recipients will experience 
CMV infection following transplantation [14]. 
These patients are at particular risk for poor out-
comes because of enhanced immunosuppression, 
limited treatment options, frequent drug toxicities, 
and the development of viral resistance, which all 
lead to increased morbidity and mortality rates [7, 
15]. A robust body of literature has described the 
risk factors for developing CMV infection (also 
referred to as CMV viremia), clinically significant 
CMV infection (CS-CMVi) (that requires treat-
ment), and CMV end-organ involvement (also 
referred to as CMV disease). The primary risk fac-
tors can be stratified into transplant-related factors, 
host-related factors, and laboratory markers, 
including novel tools used to assess CMV risk.

 Transplant-Related Factors

In allogeneic HCT recipients, the main and most 
consistent risk factor for CMV infection is the 

pretransplant serostatus of the donor (D) and the 
recipient (R) (Fig. 10.1). At the highest risk are 
those with CMV-negative donor cells trans-
planted into a CMV-positive recipient (D−/R+). 
These patients will receive a CMV-naïve immune 
system grafted into a recipient with a latent CMV 
reservoir. In addition, these patients are at 
increased risk for repeat CMV reactivation and 
CMV disease [16]. In the modern transplant era, 
CMV reactivation rates in this group are about 
36% [17]. Compared with CMV R− patients, 
CMV R+ patients have increased risk, regardless 
of donor status [17–19]. However, studies have 
shown that CMV D+/R− transplant recipients 
may be at lower risk for CMV infection, with 
rates estimated at around 13% [17, 20], and these 
patients have much lower rates of CMV disease 
[21]. CMV D−/R− transplants carry a low over-
all risk of CMV infection (3%) [17]; however, 
they are still at risk for primary infection and 
require leukoreduced blood or blood products 
from CMV seronegative donors for transfusions 
[22, 23].

Allogeneic transplantation carries a higher 
risk than autologous transplantation, to the extent 
that routine serum CMV monitoring is not rec-
ommended following autologous transplantation 
[24]. Other risk factors for CMV infection 
include myeloablative chemotherapy, condition-
ing regimens containing fludarabine or antithy-
mocyte globulin, umbilical cord blood 
transplants, haploidentical and matched unre-
lated donor transplants, total body irradiation, T 
cell-depleted stem cells or use of anti-T-cell anti-
bodies (e.g., alemtuzumab), GVHD, high-dose 
steroids, posttransplant cyclophosphamide, low 
CD4 count, and undetectable CMV-specific 
T-cell immunity [7, 25–32]. Elevated tacrolimus 
troughs have also been associated with increased 
risk, whereas the use of sirolimus appears to be 
protective against CMV, possibly in a dose- 
dependent manner [33].
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+
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Fig. 10.1 CMV risk of 
HCT recipients based on 
donor and recipient 
CMV serostatus
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 Host-Related Risk Factors

In some studies, underlying malignancy has been 
associated with an increased risk of CMV infec-
tions after transplantation. Specifically, although 
not consistently associated with initial CMV 
infection, patients receiving transplants for lym-
phoma or myeloma may be at high risk for recur-
rent CMV infections [29]. Older age has been 
studied extensively as a potential risk factor but 
remains controversial. CMV-positive serostatus 
increases with older age, but when controlling for 
serostatus and transplant type, the effect of age 
may be minimal [19, 28].

 Laboratory Studies and Novel Tools

Lymphopenia, CMV-specific T-cell responses, 
and low natural killer cell counts have been iden-
tified as potential markers for CMV risk [34–39]. 
More recently, interest in investigating more 
refined markers of CMV risk has increased and 
includes the development of interferon-γ release 
assays such as enzyme-linked immunospot 
assays (ELISPOT and T-Track) and enzyme- 
linked immunoassays (QuantiFERON-CMV) 
[36–39]. These assays have demonstrated utility 
in predicting CMV risk status but have not yet 
gained widespread use.

Investigators have also studied risk factors for 
CMV disease. However, CMV disease is much 
less common than CMV infection in the modern 
transplant era (generally estimated to be ~7%) 
[17, 26]. Nevertheless, a high viral load, slow 
resolution of viremia, and a refractory CMV 
infection may increase the risk of progression to 
CMV disease [40–43]. Additionally, few studies 
have identified persistent leukopenia, CMV 
serostatus, and acute GVHD as risk factors for 
progression from viremia to disease or de novo 
CMV disease [26, 40, 44, 45].

 Prevention

The choice of CMV preventive strategy is dic-
tated by the underlying risk factors, such as 
transplant type and serostatus of the allogeneic 

HCT donor and recipient (Fig. 10.1). As stated 
previously, CMV D−/R− transplants are at risk 
from primary exposure; as such, using leukore-
duced blood products or blood products from 
CMV- negative donors is a sufficient precaution 
[22]. On the other hand, CMV D+/R− alloge-
neic HCT recipients are at intermediate risk. 
Therefore, serial monitoring with early pre-
emptive therapy (PET) of viremia to halt pro-
gression to CMV disease is sometimes 
employed as a prevention strategy for this 
group.

For adult allogeneic HCT recipients with 
CMV-positive serostatus, the FDA approval of 
the DNA terminase inhibitor complex letermo-
vir was a major advancement in CMV preven-
tion. Over the past few decades, PET with (val)
ganciclovir or foscarnet has been the primary 
strategy for preventing CMV disease. While 
PET reduced the incidence of CMV disease, 
recent studies demonstrated the negative 
impact of any level of CMV viremia on non-
relapse mortality or overall survival, which 
could be only partially explained by the serious 
side effects of the anti-CMV drugs, such as 
exposure-dependent myelosuppression and 
nephrotoxicity [6, 19, 43, 46–48]. On the other 
hand, letermovir has a safer profile, lacks the 
cytotoxic effects associated with (val)ganciclo-
vir and foscarnet, and was shown to consis-
tently reduce the rates of viremia and CS-CMVi 
in CMV-seropositive allogeneic HCT recipi-
ents [11, 49–51], especially in the high-risk 
D−/R+ group [52, 53]. In an analysis of phase 
III trial data, when compared with a placebo, 
letermovir was also associated with shorter 
hospital stays and fewer rehospitalizations in 
CMV-seropositive HCT recipients, leading to 
lower overall healthcare costs [54].

Further analysis showed that letermovir use 
for CMV prophylaxis was a more cost-effective 
option than no prophylaxis. The base-case analy-
sis demonstrated an incremental cost- 
effectiveness ratio of $25,046 per quality-adjusted 
life-year gained [55]. While studies have 
 demonstrated the positive impact of letermovir 
through transplant day +100, recent real-world 
studies suggested that longer durations of leter-
movir prophylaxis should be considered to pre-
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vent viral reactivation in certain high-risk 
patients, such as those with delayed T-cell recon-
stitution [56, 57]. A randomized clinical trial 
investigating the safety and efficacy of letermovir 
beyond day +100 post allogeneic HCT is ongoing 
(NCT03930615). Finally, letermovir chemopro-
phylaxis shifted the paradigm from CMV PET to 
primary prophylaxis in the appropriate allogeneic 
HCT population.

 CMV Infection or Reactivation: 
Diagnosis and Treatment

CMV infection is defined by the isolation of 
CMV in culture or detection of viral proteins or 
nucleic acids in the blood without end-organ 
involvement [58]. Multiple diagnostic methods 
identify CMV infection, such as viral antigen 
assays, to detect CMV phosphoprotein 65 in neu-
trophils and polymerase chain reaction (PCR) 
assays to detect CMV DNA in blood [7]. CMV 
phosphoprotein 65 is a semiquantitative correlate 
of viral replication that often rises during the first 
week of therapy for CMV infection and should 
be interpreted with caution during this period. 
Overall, it is inexpensive to perform, but a lack of 
standardization in interpreting its results and a 
need for an adequate neutrophil count greater 
than 1000  cells/mL for sensitivity make it less 
practical in the early periods after transplantation 
[7]. Molecular methods such as quantitative 
CMV DNA detection using PCR have largely 
replaced antigen assays owing to their high sensi-

tivity and quantitative measurements in monitor-
ing viral replication and response to therapy [59].

While treatment of CMV viremia can pre-
vent the development of CMV disease and 
other complications associated with viremia, 
the optimal CMV viral load cutoffs that war-
rant treatment have yet to be established. 
Therefore, most experts advocate adopting a 
strategy similar to the one used in the phase III 
trial of letermovir, in which a patient’s risk fac-
tors determine the CMV viral load cutoffs 
above which therapy is recommended [14, 49]. 
Figure  10.2 depicts the University of Texas 
MD Anderson Cancer Center’s CMV treatment 
recommendations according to patient charac-
teristics, risk factors, and CMV viral load cut-
offs. In the high-risk group, therapy is 
recommended for a CMV viral load greater 
than 150  IU/mL according to PCR or three 
consecutive PCRs positive at any level below 
150 IU/mL. For moderate-risk HCT recipients, 
treatment is recommended for a CMV viral 
load of at least 500 IU/μL or two consecutive 
positive values with at least a twofold increase 
in PCR values from the previous level and 
greater than 1000 IU/μL. Finally, treatment is 
recommended for low-risk recipients follow-
ing two consecutive positive values with at 
least a fivefold increase in PCR values.

The main agents used to treat CMV infections 
are (val)ganciclovir, foscarnet, and cidofovir. 
Unfortunately, these agents can have significant 
adverse effects, frequently limiting their use. 
Ganciclovir and valganciclovir are associated with 

Patient 
Characteristics

MRD
GVHD (steroid dose 

<1mg/kg/day)
Autologous

>Day +100 post-Allo HCT

MUD
Mismatched

GVHD >1mg/kg/day)

Cord blood
Haploidentical

Mismatched + post-cy
T-cell depleted
Alemtuzumab

CMV PCR 
Treatment Value

>1000 IU/mL-or- 
>5-fold increase from 
previous value

>500 IU/mL -or-
>2-fold increase from 
previous value

>150 IU/mL -or-
3 consecutive values 

Low Risk High Risk

Abbreviation. MRD, match-related donor; GVHD, graft-versus-host-disease; HCT, hematopoietic cell transplant; Allo, allogeneic; 
MUD, matched-unrelated donor; IU, international units; Post-cy, post-transplant cyclophosphamide.

Moderate  Risk

Fig. 10.2 Indications for treatment of CMV infection by 
HCT patient risk group and CMV PCR value adapted 
from the University of Texas MD Anderson Cancer 
Center’s Guidelines of Care (GC11.6 CMV Treatment 

and Management, updated 4/7/2020). MRD match-related 
donor, allo allogeneic HCT, MUD matched-unrelated 
donor, Post-cy post-transplant cyclophosphamide
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Table 10.1 CMV infection treatment, duration, and secondary prophylaxis recommendations by HCT recipient risk 
group

Induction
Ganciclovir, valganciclovir, or foscarnet for 7-14 days

-and-
CMV MCLm/U CR

Maintenance
and/or

Secondary
prophylaxis

Ganciclovir, valganciclovir, or
foscarnet,

followed by valacyclovir
prophylaxis

Ganciclovir, valganciclovir, or foscarnet,
followed by valacyclovir prophylaxis

-or-
Consider letermovir secondary prophylaxis* immediately following

induction therapy and continue through HCT day +100
Total duration of

induction +
maintenance

≥3 week 3 weeks

Low hgiHksi isk

*CMV PCR value must be undetectable or have ≥2 consecutive PCR values ≤150 IU/mL prior to starting secondary prophylaxis
Abbreviation. CMV, cytomegalovirus; HCT, hematopoietic cell transplant; IU, international units.

Moderate Risk

PCR ≤ 150 VI P negative

s ≥

R R

cytopenias, foscarnet with nephrotoxicity and 
electrolyte abnormalities, and cidofovir with all of 
these adverse effects [60–63]. Head to head trials 
of (val)ganciclovir versus foscarnet demonstrated 
similar efficacy, with prevention of CMV disease 
or death within 180 days post-HCT and low over-
all rates of serious nephrotoxicity with foscarnet 
when used with close monitoring [64, 65]. An 
individualized approach is recommended when 
selecting initial therapy, considering whether the 
patient is in the pre-engraftment or peri-engraft-
ment period, the risk of graft failure, and the prob-
ability of serious nephrotoxicity and renal failure. 
A multidisciplinary approach for critically ill 
patients with CMV infections should include criti-
cal care and transplant providers, nephrologists, 
and infectious diseases specialists. Table 10.1 out-
lines the University of Texas MD Anderson Cancer 
Center’s recommendations for the duration of 
therapy based on risk stratification and CMV viral 
loads according to PCR values [66].

 CMV Disease: Presentation, 
Diagnosis, and Therapy

 CMV Pneumonia

CMV pneumonia or pneumonitis is one of the 
most serious and potentially fatal manifestations 
of CMV disease, with mortality rates approach-

ing 30–50% [67–70]. Most CMV pneumonia 
cases are generally diagnosed in the early post-
transplant period (i.e., within the first 100 days 
post-HCT). However, recent studies showed an 
increase in late presentation (i.e., after day +100 
post-HCT) [67, 69]. Lymphocytopenia, male sex, 
and severe acute GVHD have all been associated 
with fatal CMV pneumonia [71]. In addition, 
patients with CMV pneumonia may present with 
rapid progression of fever, hypoxia, shortness of 
breath, and cough [72]. Radiographic findings 
include bilateral interstitial infiltrates on chest 
X-ray, although plain films may not show any 
findings early in the disease course [25, 67]. 
Common chest computed tomography findings 
include ground-glass opacities, small centrilobu-
lar nodules, and airspace opacities, more often 
with central and peripheral distributions than in 
either distribution alone [73]. However, other 
viral infections, such as influenza, RSV, SARS- 
CoV- 2, adenovirus, and parainfluenza, may 
appear similarly on chest radiographs [74, 75].

The diagnosis of proven CMV pneumonia 
requires clinical symptoms and signs, such as 
radiographic evidence of pulmonary viral infec-
tion, along with detection of CMV in lung 
parenchyma by virus isolation, rapid culture, 
histopathology and immunohistochemistry, or 
DNA hybridization techniques [58]. Lung 
biopsy with a histopathologic examination 
revealing CMV within cells or atypical intranu-
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clear inclusions, supported by immunohisto-
chemical staining or in situ hybridization for 
CMV, is the gold standard for diagnosis [76]. 
However, this is rarely feasible for critically ill 
HCT recipients due to concerns regarding respi-
ratory failure and thrombocytopenia-associated 
complications such as bleeding. In addition, it 
should be recognized that qualitative detection 
of CMV DNA in lung specimens using nucleic 
acid testing assays lacks specificity as viral 
shedding in the lower respiratory tract does 
occur, even in the absence of CMV pneumonia, 
and may represent asymptomatic infection [58, 
77]. Also, the correlation between CMV viral 
load in blood specimens and diagnosis of CMV 
pneumonia is not optimal in many instances [78, 
79]. Multiple studies have demonstrated good 
sensitivity and specificity of quantitative PCR 
using bronchoalveolar lavage; however, the 
ideal cutoff values varied significantly in previ-
ous studies [70, 79–82].

Studies in the 1980s showed better survival in 
patients with CMV pneumonia treated with 
pooled intravenous immunoglobulin (IVIG) or 
CMV-specific immunoglobulins and ganciclovir 
compared to either therapy alone. However, these 
studies were of limited quality, with small sample 
sizes, and historical controls were used for com-
parison groups. More recent studies failed to 
demonstrate a significant impact on mortality 
with the addition of IVIG to anti-CMV agents 
[67, 69]. In the absence of high-quality evidence, 
the addition of IVIG to anti-CMV agents in 
severely ill patients with CMV pneumonia is still 
utilized (Table 10.2).

 CMV Gastrointestinal Disease

CMV GI disease may occur early or late after 
HCT, with a median onset around day +90 with a 
wide range (17–1099 days post-HCT) [83, 84]. 
Allogeneic HCT recipients with CMV GI disease 
may present with a variety of symptoms related 
to the area of GI involvement, including diarrhea 
(59%) that can be profuse and either watery or 
bloody, nausea (51%), and vomiting (33%) [85]. 
Other symptoms include odynophagia, dyspha-

gia, persistent substernal chest pain, fever, and 
abdominal pain. Although CMV can involve any 
part of the GI tract, one study showed that upper 
GI involvement is more common in HCT trans-
plant recipients (upper GI CMV, 14/18 [78%]) 
[83]. Upon endoscopic evaluation, CMV GI 
manifestations may appear as erosive and/or 
ulcerative conditions and can occur anywhere 
along the GI tract from the mouth to the rectum 
[85]. Common sites of CMV GI disease in HCT 
and cancer patients include the stomach, esopha-
gus, colon/rectum, liver, and duodenum [71, 86]. 
In one study, 11% of HCT recipients had multi-
ple GI sites of CMV disease, and 39% had dis-
seminated disease involving other organs [83].

In allogeneic HCT recipients, CMV GI disease 
can be difficult to distinguish from GI GVHD 
relying solely on symptomatology. Additionally, 
GI GVHD and GI CMV disease can be present in 
these patients, complicating the diagnosis and 
treatment of both diseases [83]. Diagnosing and 
distinguishing GI CMV from GI GVHD requires 
an endoscopic evaluation and tissue biopsy con-
firming both entities [76]. Proven CMV GI dis-
ease requires GI symptoms in addition to 
macroscopic mucosal lesions plus CMV in histo-
pathology, virus isolation, rapid culture, immuno-
histochemistry, or DNA hybridization techniques 
[58]. CMV detection in blood or tissue biopsy 
specimens using PCR or the presence of antigen-
emia is not sufficient for diagnosing CMV GI dis-
ease. However, quantitative tissue PCR has been 
investigated as a potential diagnostic tool, and 
preliminary studies report a high sensitivity and 
specificity [58, 78, 84, 87, 88].

In HCT recipients with CMV GI disease, the 
treatment of choice includes induction phase 
therapy with (val)ganciclovir or foscarnet for a 
minimum of 2  weeks with improvement in 
symptoms (and resolution of positive serum 
CMV PCR if this was present at diagnosis), fol-
lowed by secondary prophylaxis therapy with 
(val)ganciclovir or foscarnet until at least day 
+90 after HCT or for a minimum of 8  weeks, 
whichever is longer (Table  10.2). In patients 
with significant GI involvement resulting in diar-
rhea or vomiting, caution should be taken when 
switching to an oral antiviral agent. Poor GI 
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absorption can lead to virologic failure and the 
development of CMV resistance [89]. The use of 
IVIG remains controversial, as no mortality ben-
efit has been observed compared to anti-CMV 
medications alone, and it is not recommended 
for CMV GI disease [66, 90].

 CMV Retinitis

Most commonly a clinical complication of human 
immunodeficiency virus (HIV), CMV retinitis 
has been infrequently reported in HCT recipients 
(1–3%) [43, 91, 92]. Traditionally, retinitis has 
been reported as a late manifestation of CMV 
infection, with most cases occurring after day 
+100 posttransplant and at a median occurrence at 
8 to 9  months [91, 93]. However, more recent 
studies suggest that an active approach to surveil-
lance, such as with ophthalmological screening 
based on positive CMV infection, before develop-
ing symptoms among patients with viremia may 
lead to earlier diagnosis and better outcomes [41, 
94]. Symptoms typically include unilateral or 
bilateral visual complaints such as diminished 
visual acuity, floaters, and photophobia [93, 94]. 
In addition, reported risk factors include lympho-
penia and CMV seropositivity [94].

CMV retinitis is diagnosed primarily via fun-
doscopic examination by an experienced oph-
thalmologist and confirmed using CMV PCR 
analysis of aqueous or vitreous humor speci-
mens. Typical fundoscopic findings include 
yellow- white retinal exudates and/or hemor-
rhage. Other findings include branch vessel 
occlusion, vessel sheathing, anterior uveitis, and 
retinal edema. In severe cases, retinal necrosis 
and/or detachment can occur [93–95]. 
Investigators have studied the utility of CMV 
PCR from aqueous humor specimens in patients 
with advanced HIV and found it to have good 
sensitivity [96]. Although retinitis is associated 
with CMV reactivation and high peak CMV 
blood levels [41], not all patients present with 
CMV viremia at diagnosis [97–100].

Ganciclovir and foscarnet are the most widely 
used systemic therapies for CMV retinitis in 
HCT recipients [99]. In addition to systemic anti-

viral therapy, intravitreal ganciclovir injections 
and ganciclovir implants should be considered in 
the treatment of CMV retinitis (Table  10.2). 
Intravitreal ganciclovir injection results in high 
retinal tissue concentrations [101], but few case 
series on its use in HCT recipients have been 
published [97, 98, 102, 103]. Intravitreal foscar-
net has also demonstrated efficacy in clearing 
CMV retinitis in HCT recipients and may be used 
in patients with peripheral cytopenias or those 
who have not previously responded to systemic 
treatment with (val)ganciclovir [99]. Systemic 
cidofovir, which is approved for CMV retinitis in 
HIV, is used as an alternative CMV therapy in 
HCT recipients with CMV disease (Table 10.2). 
However, intravitreal cidofovir injections have a 
narrow therapeutic index and are not commonly 
used due to their toxicity profile and poor toler-
ance [101].

 CMV Central Nervous System 
Disease/Encephalitis

CMV disease of the central nervous system 
(CNS) is associated with high mortality rates, 
even in the modern transplant era, with poor 
neurologic recovery in survivors [104–106]. 
Onset is usually late, with most cases occurring 
beyond day +100 after HCT [104, 107, 108]. 
Overall, the incidence of CMV CNS disease in 
HCT recipients has not been established, but in 
a large multicenter study of HCT recipients 
with viral encephalitis, CMV encephalitis was 
rare (6%) [109]. Reported risk factors in HCT 
recipients include delayed engraftment, haploi-
dentical HCT, T-cell depleting agents, and 
GVHD [58]. In this population, CMV CNS dis-
ease typically manifests as encephalitis or ven-
triculoencephalitis with rapid progression of 
symptoms, such as encephalopathy and cogni-
tive dysfunction, which ranges from mild con-
fusion to extreme lethargy and coma [100, 104, 
107, 110]. In a review of published CMV CNS 
cases in HCT recipients, approximately half of 
the patients presented with concomitant CMV 
disease in other organs (e.g., retinitis, pneumo-
nitis, colitis) [104].
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Regarding diagnosis, mild to moderate cere-
brospinal fluid (CSF) pleocytosis with a lympho-
cytic predominance is common, although this 
may not be consistent in patients with severe leu-
kopenia. Hypoglycorrhachia and mild to moder-
ate elevation of protein levels in the CSF may be 
present [104, 105]. Magnetic resonance imaging 
(MRI) findings include subependymal and peri-
ventricular inflammation, but these are not 
pathognomonic [104, 105]. Furthermore, MRI 
findings suggesting ventriculitis with fluid- 
attenuated inversion recovery demonstrating 
abnormal periventricular hypersensitivity have 
also been described [111]. Quantitative CMV by 
PCR in the CSF from an atraumatic lumbar 
puncture, either as a stand-alone test or as part of 
a multi-array panel, has excellent sensitivity and 
should be performed to aid in diagnosis and to 
monitor treatment response [105]. The definition 
of proven CMV CNS disease includes evidence 
of tissue involvement via histopathology, immu-
nohistochemical staining, culture, or tissue CMV 
PCR; however, brain tissue is rarely obtained 
[58]. Compatible signs and symptoms in the set-
ting of a positive CMV by PCR from the CSF are 
sufficient to establish a clinical diagnosis in the 
absence of an alternate etiology.

Compartmentalized resistance has been 
described in the setting of CMV encephalitis, 
such that resistant virus may be isolated from 
CSF in the absence of resistant virus in the serum 
[105, 110, 112]. Therefore, testing for CMV 
resistance from a CSF specimen is recommended 
(Table 10.2). The optimal therapy for CMV CNS 
disease in HCT recipients is not well established. 
However, ganciclovir and foscarnet could be 
used in combination, as foscarnet may have vari-
able CSF penetration, and ganciclovir’s CSF pen-
etration is not well studied [105].

 Other CMV Disease Manifestations

Other infrequently reported CMV disease mani-
festations include hepatitis, nephritis, cystitis, 
and myocarditis/pericarditis [58]. Because they 
are rare, few reports describe their clinical pre-
sentation and incidence in HCT recipients. 

Diagnosing proven CMV disease in any of these 
organ systems includes compatible signs and 
symptoms and detection of CMV via virus isola-
tion, rapid culture, immunohistochemistry, or in 
situ hybridization in infected tissue, together with 
identification of histologic features of CMV 
infection [58]. Because of the rarity of these 
CMV end-organ diseases, more common etiolo-
gies should be considered and ruled out when 
making treatment decisions [58].

 Resistant and Refractory CMV 
Infection and Disease

 Definitions

Definitions of resistant/refractory (R/R) CMV 
infections were developed by the Resistant 
Definitions Working Group of the 
Cytomegalovirus Drug Development Forum to 
assist in clinical trial designs and standardize the 
results of epidemiologic studies [113]. After the 
first week of induction antiviral therapy, an 
increase in viral load up to twice the initial level 
is not unusual [30]. This contrasts with refractory 
CMV infection, defined as viremia that increases 
by at least 1 log after 2 weeks of appropriately 
routed and correctly dosed antiviral therapy 
[113]. Therefore, an increase in CMV level dur-
ing the first 2 weeks of therapy of up to 1 log can 
be considered probable refractory infection and 
may warrant investigation. Refractory CMV dis-
ease can occur with or without refractory vire-
mia, defined as worsening signs and symptoms 
after 2 weeks of appropriate therapy or develop-
ment of organ involvement after 2 weeks of treat-
ment of viremia.

A lack of improvement in signs and symptoms 
of end-organ involvement without worsening can 
be considered probable refractory CMV disease. 
Of note is that not all refractory CMV infections 
result from virologic resistance. Many risk factors 
for CMV viremia can also contribute to delays in 
response to antiviral therapy [89, 114]. These 
include delayed and poor engraftment, intensive 
conditioning regimens, and immunosuppression 
for the treatment or prevention of GVHD. Therefore, 
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Previous antiviral
treatment

Prolonged antiviral
exposure (>3 mo)

Poor drug absorption or
conversion, variable drug
clearance, subtheraputic

levels

Haploidentical, allogeneic, or cord
blood HCT, R+/D- serostatus

Immunosuppressive therapy,
T cell depletion, delayed

engraftment

Recurrent CMV
infection

R/R CMV Risk Factors R/R CMV Definitions

CMV viremia that
increases 1 log10 in blood
or serum after two weeks

of appropriate therapy

Viral genetic alterations of
genes UL97, UL54, UL247,
UL51, UL56, and UL89 that

decreases the
susceptibility to one or
more anti-CMV drugs

Refractory CMV Infection

Antiviral Drug Resistance

Fig. 10.3 Definitions of and risk factors for resistant and refractory CMV infections [114]

testing for mutations conferring resistance to the 
available antiviral agents is recommended if a 
patient meets the criteria for proven or probable 
refractory CMV infection or disease [89].

CMV resistance is defined by identifying 
genetic mutations in specific areas of the CMV 
genome that decrease susceptibility to one or 
more antiviral drugs [89, 113, 114]. Resistance 
was traditionally assessed using phenotypic 
assays; however, these have been replaced by 
genotypic assays, including PCR and next- 
generation sequencing, which provide more 
timely results [89]. Resistance most commonly 
occurs following extended antiviral treatment, 
poor medication adherence, underdosing, or poor 
absorption leading to inadequate drug levels 
(Fig. 10.3). Rates of CMV resistance in the HCT 
population range from 1.7% to 14.5%, while 
rates of refractory CMV infections are as high as 
29% to 39% in HCT recipients [30, 114–119].

 Mechanisms of CMV Resistance

Ganciclovir, valganciclovir, foscarnet, and cido-
fovir act through various cellular pathways by 

inhibiting the viral DNA polymerase UL54; (val)
ganciclovir, however, must be phosphorylated by 
the CMV UL97 protein kinase (pUL97) before 
its activity at UL54. Therefore, specific muta-
tions on the UL54 subunits can confer resistance 
to one or more of these drugs, while specific 
mutations on UL97 confer resistance to (val)gan-
ciclovir (Fig. 10.3) [114]. Letermovir acts on the 
CMV UL56/89/51 terminase complex, and resis-
tance to letermovir is most often mediated by 
mutations on UL56 [89], although mutations on 
UL51 and UL89 have been described but less fre-
quently [114].

Maribavir is an inhibitor of pUL97-mediated 
phosphorylation of nuclear lamin A/C, which is 
responsible for CMV DNA synthesis, gene 
expression, and viral encapsulation. Resistance 
to maribavir is mediated by mutations to pUL97, 
similar to (val)ganciclovir. However, the amino 
acid substitutions described for maribavir resis-
tance are mostly different from those that confer 
resistance to (val)ganciclovir, although some 
substitutions, such as M460V/I, result in CMV 
mutant resistance to (val)ganciclovir and hyper-
sensitivity to maribavir (half-maximal inhibitory 
concentration, 4.8 nM) [114, 120]. Others, such 
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as C480F, F342Y, P521L, and V466G, can result 
in resistance to both (val)ganciclovir and mariba-
vir [66]. Importantly, due to maribavir’s mecha-
nism of action, the antiviral activity of (val)
ganciclovir, which requires phosphorylation by 
UL97, is inhibited, so coadministration of these 
anti-CMV agents is not recommended.

 Management of Resistant/
Refractory CMV

Despite advances in prevention and treatment in 
HCT recipients, R/R CMV infections are often 
difficult to manage due to limited treatment 
options and intolerable side effect profiles of 
most anti-CMV agents. Moreover, R/R CMV 
infections may lead to recurrent infections [121]. 
Therefore, changes in initial therapy should be 
guided by resistance testing if refractory CMV 
infection is suspected. If no resistance is detected, 
ensuring appropriate dosing, the optimal route of 
administration to mitigate the risk of poor absorp-
tion, and compliance should all be considered.

Changing therapy empirically while awaiting 
resistance testing is appropriate. An empiric 
change or additional anti-CMV agents may be 
necessary for patients at high risk for severe com-
plications of CMV disease or those who already 
have refractory disease with severe manifesta-
tions. Foscarnet is usually the drug of choice for 
patients initially treated with ganciclovir. High- 
dose ganciclovir (7.5–10.0  mg/kg twice daily) 
has been studied in solid organ transplant (SOT) 
recipients and advanced HIV populations with 
some success. However, high-dose ganciclovir is 
less well studied in the HCT population, for 
whom the risk of significant cytopenias may limit 
this approach. High-dose ganciclovir administra-
tion may be considered for HCT recipients with 
known mutations conferring low-level resistance 
to ganciclovir, such as the UL97 mutations 
C592G and A591V [122]. Similarly, treatment 
with cidofovir has had some success in the SOT 
population, but the experience with cidofovir in 
HCT recipients is limited [114].

In late 2021, the FDA approved maribavir for 
the treatment of posttransplant CMV infection 

and disease that is refractory or resistant to treat-
ment with (val)ganciclovir, foscarnet, or cidofo-
vir. Their decision stemmed from data from 
phase II and III trials demonstrating its safety and 
efficacy in adult and pediatric patients with R/R 
CMV infection and/or disease. Specifically, in 
the phase II randomized, dose-ranging trial, 
maribavir was assessed for efficacy as an alterna-
tive therapy for R/R CMV infections in HCT and 
SOT recipients [123]. Sixty-seven percent of 
patients met the primary endpoint of confirmed 
undetectable CMV DNA within 6 weeks of treat-
ment at a dose of 400 mg twice daily, which was 
as effective as the higher doses. In addition, 
maribavir was well tolerated, with no renal or 
cytotoxic effects. However, dysgeusia (65%), 
nausea (34%), and vomiting (29%) were com-
mon in the higher dose arms [123, 124]. In the 
phase III open-label, randomized, multicenter, 
active-controlled trial comparing maribavir to 
investigator-assigned therapy, the primary end-
point of superior viral clearance at week 8 after 
starting the study drug on the maribavir arm was 
achieved (55.7% vs. 23.9%, p < 0.0001) [125]. 
The FDA approved maribavir for children 
(aged  ≥  12  years and weighing ≥35  kg) and 
adults with posttransplant R/R CMV infections 
or disease on November 23, 2021 [126]. 
Maribavir is an important new treatment option 
that may soon become the first line of therapy for 
R/R CMV infection in HCT and SOT recipients 
based on its favorable results in clinical trials.

 Other Agents and Novel Therapies

The use of donor-derived CMV-specific cyto-
toxic T lymphocytes (CTLs) dates to the early 
2000s. Multiple case series demonstrated success 
with this approach, but confirmation trials are 
lacking thus far [127–130]. Initial challenges to 
this approach included delays in obtaining cells 
due to time spent culturing or processing them. 
However, more recent efforts have focused on 
developing “off-the-shelf” CTLs from partially 
human leukocyte antigen-matched donors to 
reduce the delays in initiating therapy [131–133]. 
A phase II trial designed to determine the effi-
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cacy of donor CMV-specific CTLs in HCT recip-
ients is ongoing (NCT02210078) [130].

Leflunomide, a drug initially used for rheuma-
toid arthritis, has shown some promise for CMV 
management in HCT recipients. Investigators 
demonstrated its activity in vitro due to its effects 
on virion assembly rather than DNA synthesis 
[100, 114]. For CMV infection/disease, we rec-
ommend leflunomide as adjunctive therapy with 
another CMV antiviral agent. Adult dosing con-
sists of an initial loading dose of 100 mg daily for 
5 days, followed by 40  mg daily thereafter. 
Dosing should then be adjusted based on serum 
levels of its active metabolite teriflunomide 
[134]. Recent case reports described its use for 
R/R CMV infections combined with conven-
tional therapy [134, 135]. Adverse effects of 
leflunomide include anemia, thrombocytopenia, 
hepatotoxicity, and neuropathy, which may limit 
its use in critically ill HCT recipients. In addition, 
pulmonary hypertension has occurred in patients 
after long-term use, and it is not recommended 
for patients with elevated liver enzymes or severe 
hepatic impairment (Table 10.2) [135].

Agents derived from artesunate, an antimalar-
ial drug, have shown in vitro and in vivo activity 
against CMV via an unknown mechanism of 
action [136]. Case reports describing its use for 
R/R CMV in HCT patients have shown mixed 
results [136–139].

In several small case series, authors have 
reported on the use of letermovir for R/R CMV 
combined with other therapies, mostly in SOT 
recipients. The doses used in these series were 
often higher than those used for prophylaxis, 
ranging from 280 to 960 mg daily, with little tox-
icity reported [140–142].

 Conclusion

CMV is one of the most pathogenic viruses in 
humans and frequently occurs in critically ill 
HCT recipients, with devastating outcomes. The 
prevention and treatment of CMV infection/dis-
ease after HCT have changed greatly over the 
past decade with the approval of letermovir for 
primary CMV prophylaxis in adult CMV- 

seropositive HCT recipients and maribavir for 
HCT and SOT recipients with R/R CMV infec-
tion/disease. However, despite these major 
advancements, breakthrough CMV reactivation 
and the development of R/R CMV infections 
continue to lead to devastating outcomes in HCT 
recipients.
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 Introduction

Respiratory viral infections (RVIs) are well- 
established causes of serious morbidity and mor-
tality among hematopoietic cell transplantation 
(HCT) recipients [1–4]. Given their impaired 
humoral and cell-mediated immunity, they are at 
risk for rapid progression of upper respiratory 
tract infection (URTI) to lower respiratory tract 
infection (LRTI) [5–8]. Furthermore, RVIs can 
result in late noninfectious pulmonary complica-
tions, including airflow decline and bronchiolitis 

obliterans syndrome [9–11]. Recent data using 
multiplex molecular detection platforms show 
that RVIs are common in allogeneic HCT recipi-
ents (Fig. 11.1). In this chapter, we focus on con-
temporary data published on RVIs in HCT 
recipients in the last ~5 years, addressing updated 
management strategies in the field and highlight-
ing unmet needs. As data primarily come from 
adults, some information may not be applicable 
to children. We cover both RNA and DNA respi-
ratory viruses, including influenza virus, adeno-
virus, respiratory syncytial virus (RSV), human 
metapneumovirus (HMPV), parainfluenza 
viruses (PIV), human rhinoviruses (HRV), and 
human coronaviruses (HCoV) other than 
SARS-CoV-2.Z. El Boghdadly (*) 
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 Diagnostic Considerations

Over the past two decades, molecular assays for 
the diagnosis of RVIs have improved dramati-
cally, leading to more accessible testing, shorter 
turnaround time, standardization, and higher sen-
sitivity and/or specificity compared to viral cul-
tures and immunofluorescence assays [12]. 
Nucleic acid-based detection assays have become 
the gold standard [13, 14], and multiplex poly-
merase chain reaction (PCR) assays have further 
added the advantage of simultaneous detection of 
multiple respiratory viral and bacterial pathogens 
[13]. However, to date, many licensed PCR 
assays do not provide validated quantitative 
results [13, 15]. Discordant results of PCR 
between upper and lower respiratory tract sam-
ples have been described, with discrepancies 
occurring in both directions; thus, it is encour-
aged to perform bronchoalveolar lavage (BAL) 
when LRTI is highly suspected, especially with a 
negative result from the nasopharyngeal sample 
[16]. Routine chest computed tomography is not 
required in patients without lower respiratory 
tract symptoms; however, it can capture subtle 
pulmonary changes undetected on a chest X-ray: 
patchy ground glass opacities, centrilobular nod-
ules, peribronchial thickening, and airspace con-
solidation. Viral pneumonia can radiographically 
mimic other noninfectious pulmonary complica-
tions such as pulmonary edema, sirolimus- 
induced pneumonitis, interstitial pneumonitis, 
and diffuse alveolar hemorrhage [17, 18], further 
supporting the use of BAL to definitely establish 
a diagnosis.

 Specific Viral Infections

 Influenza Viruses

Influenza virus is an RNA virus that belongs to 
the family Orthomyxovidae, which is further 
classified based on hemagglutinin and neuramin-
idase. Influenza A and influenza B are the types 
that are relevant to human infections. Influenza 
A viruses are subject to antigenic drifts and anti-
genic shifts, which results in pandemics. Patients 

with hematologic malignancies and HCT recipi-
ents with influenza are at risk for severe out-
comes, including progression to LRTI up to 46% 
and in-hospital mortality of 19.55% [95% CI, 
10.59–29.97%] as noted in a recent meta-analy-
sis [19]. The incidence of influenza LRTI and 
progression to LRTI after allogeneic HCT is 
shown in Fig. 11.1. In a 5-year multicenter pro-
spective study of seasonal influenza in HCT 
(autologous and allogeneic) and solid organ 
transplant recipients, 26.5% of HCT recipients 
developed LRTI, and 10.8% required intensive 
care unit (ICU) admission [20]. Viral loads were 
significantly higher among unvaccinated 
patients, those admitted to the ICU, and those 
with LRTI.  Using Ct values as a surrogate for 
viral load, higher progression rates among adult 
allogeneic HCT recipients with higher viral 
loads were also noted in another recent study [7]. 
Influenza vaccination remains a powerful tool 
for primary prevention in this population. The 
vaccine series usually starts around 6 months 
post- HCT; however, it can be given as early as 3 
months during community outbreaks [21, 22]. 
Live attenuated influenza vaccine should not be 
given to HCT households or recipients within 
the first 2 years or to those on treatment for 
active graft versus host disease (GvHD) [23]. 
Despite suboptimal vaccine response, overall 
benefits are still tangible in terms of reducing 
total numbers of RVIs (51 vs 36 %, p = 0.036), 
LRTI (16 vs 2%, P = 0.01) and lowering progres-
sion rates to LRTI (30 vs 7%, P < 0.01) com-
pared to unvaccinated HCT recipients [24]. 
Multiple vaccine strategies [25] have been 
adopted to augment immunogenicity, including 
high-dose trivalent vaccines [26], two-dose vac-
cine schedules [27, 28], and the use of adjuvants 
[29]. Although the high-dose inactivated vaccine 
resulted in higher titers for the H3N2 strain com-
pared to the standard dose, the trial was not pow-
ered adequately to compare immunogenicity 
[26]. National societies recommend annual 
influenza vaccination with either an inactivated 
or recombinant vaccine [30] with no favoring of 
one vaccine type over the other [31, 32]. Multiple 
studies emphasized the importance of early anti-
viral treatment (within 48 h of the symptom 
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onset) to improve clinical outcomes [20]; how-
ever, given the high risk for worse outcomes 
[33], a later initiation may still be beneficial 
[34]. The typical course is 5 days of standard 
dose oseltamivir. Longer oseltamivir duration 
(10 days) and high-dose oseltamivir (150  mg 
BID) have been used in critically ill patients, but 
no solid evidence exists to suggest the superior-
ity of higher doses [2, 35–37]. Another agent is 
inhaled zanamivir (active against influenza A 
and B), which is active against oseltamivir-resis-
tant strains [1]. An intravenous formulation is 
approved in Europe, is being explored in clinical 
trials for children, and is available for compas-
sionate use through the United States Food and 
Drug Administration [38]. Baloxavir is a novel 
single-dose drug for influenza, approved in 2018 
for both post- exposure prophylaxis and treat-
ment [39]. Some reports showed superior effec-
tiveness against influenza B compared to 
oseltamivir [40], but the emergence of baloxavir-
related resistance poses a clinical and epidemio-
logical challenge, as demonstrated in multiple 
trials [40, 41]. More recently, the FLAGSTONE 
study showed rapid virologic clearance but no 
clinical benefit of  baloxavir and neuraminidase 
inhibitors in combination compared with neur-
aminidase inhibitors alone in patients with 
severe influenza [42]. Some experts argue com-
bination therapy may be beneficial in immuno-
compromised hosts [41, 43–45], but there are to 
date no randomized clinical trials demonstrating 
the superiority of this approach.

Peramivir is a single-dose intravenous antivi-
ral agent that is approved in the United States for 
influenza infection. Studies did not show the 
superiority of oseltamivir [46, 47], and it also 
lacks activity against oseltamivir- resistant strains 
(H275Y mutation) [48]. Serious neuropsychiatric 
adverse events have been described.

The role of polyclonal intravenous immuno-
globulin (IVIG) remains unclear in HCT recipi-
ents with influenza. In one European clinical 
trial, no additional benefit of adjunct IVIG to 
oseltamivir was found [49, 50]. We illustrate the 
management of influenza and other RVIs in 
Fig. 11.2.

 Adenoviruses

Adenovirus is a DNA virus and a member of the 
Adenoviridae family that circulates throughout 
the year. It is further classified into seven species 
(A-G) with variable disease severity [43]. 
Infection in HCT recipients can either be primar-
ily acquired following exogenous exposure or 
reactivation of latent infection. Infections can 
range from asymptomatic DNAemia to serious 
pneumonia that can progress to acute respiratory 
failure requiring mechanical ventilation. In con-
trast to other RVIs, infection is not limited to the 
respiratory tract and can disseminate, causing 
enterocolitis, esophagitis, hemorrhagic cystitis, 
interstitial nephritis/renal failure, hepatitis/liver 
failure, and encephalitis and carrying a very high 
mortality rate [51].

Infection is more commonly seen in pediatric 
HCT recipients compared to adults [52]. In the 
AdVance multinational study, the incidence of 
any adenovirus infection was about 32% and 6% 
among pediatric and adult centers, respectively 
[53]. The majority of adenovirus infections in 
that study occurred in the first 100 days post- 
HCT, and use of T cell depletion, young age, and 
donor types other than matched related were all 
associated with the development of high-grade 
viremia >1000 copies/mL [53]. Despite the high 
mortality of this infection, there are no specific 
approved antiviral drugs against adenovirus [51, 
52]. Cidofovir has been the only antiviral used 
for adenovirus treatment [51, 54]. It causes sig-
nificant nephrotoxicity, leading to acute renal 
failure. There is no consensus on a specific ade-
novirus viral load cutoff to initiate cidofovir. A 
threshold of >1000 copies/ml is the most fre-
quently used and was also endorsed in the posi-
tion statement by the European Society of Blood 
and Marrow Transplantation [52]. Duration of 
antiviral therapy is dependent on the resolution of 
DNAemia, end organ disease recovery, and 
immune reconstitution. Based on our anecdotal 
experience, HCT recipients with asymptomatic 
low-level DNAemia or mild URTI do not neces-
sarily require antiviral therapy. Pursuing support-
ive measures such as reducing the level of 
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immunosuppression (if feasible) with vigilant 
monitoring for progression to moderate-to-severe 
disease is recommended. Some studies have 
shown in vitro activity of ribavirin against adeno-
virus species C [55, 56], but clinical data are 
lacking, and ribavirin is not routinely recom-
mended as antiviral therapy [52]. Brincidofovir 
(CMX001), an oral lipid conjugate prodrug of 
cidofovir [57, 58], is no longer available for com-
passionate use in the US, although it was 
approved for human smallpox disease in 2021. 
An intravenous formulation is presently being 
studied (ClinicalTrials.gov NCT04706923).

 Respiratory Syncytial Virus (RSV)

RSV belongs to the Pneumoviridae RNA virus 
family, further classified into types A and 
B.  Infection occurs throughout the year, with a 
higher incidence in the winter [43]. The inci-
dence of RSV infection also varies by transplant 
type, time since transplant, and age, and some 
reports demonstrate that up to 17% of HCT recip-
ients suffered from RSV infection [59]. HCT 
recipients with RSV URTI are at high risk for 
rapid progression to LRTI with rates ranging 
from 33% to 61% [60] (Fig. 11.1).

Researchers have developed scoring systems to 
assess the degree of immunosuppression in adult 
HCT recipients with RSV infection and stratify 
risk for progression to LRTI.  The University 
Hospital Basel Immunodeficiency grading system 
[61] and the MD Anderson Cancer Center immu-
nodeficiency scoring index (ISI) [62] are com-
monly used scoring systems, and a simplified 
approach to determining the number of risk factors 
at the time of URTI has been recently proposed 
[6]. Some of the clinical and laboratory criteria are 
overlapping in these scoring systems. These 
include but are not limited to myeloablative condi-
tioning regimen, timing after allogeneic HCT, 
presence of GvHD, use of systemic corticoste-
roids, prior lymphodepletion, and degree of neu-
tropenia <0.5 × 109/l, lymphopenia (<0.2 vs 0.1 × 
109/l) [43, 61, 62]. These scoring systems were 
initially created to assess the outcome of RSV but, 
due to the overlapping risk factors, were later 

applied to other viruses, including HMPV, influ-
enza, PIV, HRV, and seasonal HCoVs [6, 63–66]. 
Additional risk factors such as monocytopenia, 
hypoalbuminemia, multiple transplants, and 
hyperglycemia were recently found to be associ-
ated with progression to LRTI [6]. Mortality rates 
are higher among patients with higher ISI, reach-
ing more than 50% in some studies [3, 62, 67, 68]. 
To date, the primary RSV treatment is supportive 
care, including bronchodilators (if appropriate, 
predominantly in adults) and antipyretics [2]. 
Several studies from large transplant centers have 
shown a potential mortality benefit of ribavirin 
(aerosolized or oral) in HCT recipients with LRTI 
compared to no antivirals [69–71]. However, large 
randomized controlled trials are lacking. Ribavirin 
is currently endorsed by some experts for the treat-
ment of RSV in HCT recipients with LRTI or 
those with URTI with a higher risk of progression 
(e.g., moderate-high risk ISI) [4, 60, 72].

Aerosolized ribavirin is neither widely avail-
able nor routinely recommended due to challenges 
associated with drug administration, potential 
adverse events, and its extraordinarily high cost 
[73]. Although aerosolized ribavirin might have 
stronger protective effects compared to systemic 
ribavirin [70], several retrospective studies have 
shown comparable results with oral and aerosol-
ized formulations [74–76]. Most recently, presato-
vir (GS-5806), an oral fusion inhibitor, was 
evaluated in two phase 2 clinical trials among 
HCT recipients for RSV URTI and LRTI but failed 
to meet the primary endpoints [77, 78], and drug 
development was discontinued.

Palivizumab, a specific monoclonal antibody 
against the RSV F glycoprotein, was originally 
approved for the prevention of RSV in newborn 
infants born ≤29 weeks or those with congenital 
heart disease. Prophylaxis may be considered for 
children younger than 24 months who will be 
profoundly immunocompromised during the 
RSV season [79]. It is neither routinely recom-
mended nor approved in adults with RSV, as the 
efficacy is inconclusive in multiple studies, in 
addition to its high cost [70, 80–83]. Data on 
polyclonal IVIG are limited given the lack of 
large randomized control trials. Few reports 
showed potential benefit [69, 84], but retrospec-
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tive studies and systematic analyses have shown 
no improved outcomes compared to placebo [70, 
85]. Similarly to other RVIs, the use of empiric 
antibiotics should be avoided unless bacterial co- 
infection is suspected or confirmed. Exposure to 
antibiotics, especially with anaerobic activity, 
was associated with progression to LRTI in allo-
geneic HCT patients with PIV, RSV, HMPV, and 
HRV after adjusting for other confounders [86, 
87]. Although direct causation is difficult to 
prove, antibiotics have a known impact on micro-
biome diversity and subsequent poor transplant 
outcomes [88].

 Human Metapneumovirus (HMPV)

HMPV belongs to the Pneumovirinae subfamily 
within the Paramyxoviridae family and was first 
identified in 2001. It circulates more in the late 
winter and early spring seasons [89]. It can cause 
both URTI and LRTI, with a progression rate 
similar to that of RSV (Fig. 11.1). In a recent sys-
tematic review, HMPV incidence was about 7% 
among HCT recipients, which was similar to 
nontransplant patients with hematologic malig-
nancies; 34% of cases progressed to LRTI with a 
mortality rate up to 27% [90]. Lymphopenia and 
high-dose steroids (≥1 mg/kg) increased the risk 
of progression to LRTI [91]; however, viral load 
in nasopharyngeal samples at the time of diagno-
sis of URTI was not predictive of progression to 
LRTI [7]. There is no proven antiviral therapy 
against HMPV, and current guidelines only rec-
ommend supportive care. Although some centers 
have anecdotally used ribavirin and polyclonal 
IVIG in high-risk patients, their role remains 
controversial [2, 4, 92, 93].

 Parainfluenza Virus (PIV)

PIV is a member of the Paramyxoviridae family 
(serotypes 1-4) with PIV serotype 3 being the 
most common. PIV serotype 3 circulates through-
out the year compared to PIV serotypes 1 and 2, 
which occur mainly in the fall and winter [94, 
95]. PIV infection primarily causes URTI and it 

shares similar risk factors for progression to 
LRTI with other RVIs [96–99]. The risk for pro-
gression to LRTI ranges between 20 and 39% 
among HCT recipients, with an associated pooled 
mortality rates up of 30% [94]. PIV LRTI can 
predispose to long-term pulmonary dysfunction 
[100]. Management is primarily focused on sup-
portive care given the lack of any efficaciously 
approved antivirals or vaccines. Off- label use of 
ribavirin has been observed given its in vitro 
activity against PIV [1, 2, 4, 101]; however, there 
is no evidence to support its routine use, as noted 
in a recent meta-analysis showing a lack of any 
benefits of aerosolized or intravenous forms on 
mitigating risk of progression or mortality [94]. 
DAS181 is an investigational inhaled sialidase 
fusion protein inhibitor that blocks the virus entry 
into respiratory epithelial cells. Reports of com-
passionate use showed improved lung function 
and viral load reduction [102–104]. It is presently 
studied in a phase 3 randomized, placebo- 
controlled, multicenter clinical trial (STOP PIV) 
based on the results of a phase 2 trial [105] (clini-
caltrials.gov NCT03808922).

 Human Rhinovirus

HRV is a member of the Picornaviridae family, 
part of the Enterovirus genus. HRV is divided 
into 3 species (A-C) with numerous serotypes 
>100, which makes the development of a targeted 
vaccine challenging. HRV circulates throughout 
the year; however, more cases occur in spring and 
autumn, and it is the most common cause of com-
mon cold [106]. It accounts for the majority of 
the RVIs in HCT recipients, with a cumulative 
incidence of ~20% within the first year post-HCT 
(Fig. 11.1) [107]. HRV is known for prolonged 
shedding among HCT recipients compared to 
other viruses with a median of 3 weeks but can 
last beyond 3 months in some patients [107, 108]. 
One study found a possible correlation between 
initial high viral load and increased risk for pro-
longed viral shedding [109]. Majority of HRV 
infections are limited to URTI but severe cases of 
LRTI requiring ICU care have been reported with 
mortality rates similar to those associated with 
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RSV, PIV, or influenza virus, even in the absence 
of other co-infections [110, 111]. Figure  11.1 
shows a relatively low progression rate of HRV to 
LRTI; however, given the highest incidence of 
the infection, the number of LRTI cases was the 
highest post-HCT. HRV also shares similar risk 
factors for progression to LRTI compared to 
other RVIs. In a large retrospective study, alloge-
neic HCT, prior HRV URTI events, lymphocyte 
count < 100 × 106 cells/l, positive recipient CMV 
serostatus, statin use, and steroid use ≥2 mg/kg/
day were identified as risk factors for progression 
to LRTI [66]. There are currently no effective 
antiviral therapies [2, 4]; however, several drug 
and immunotherapy development programs are 
ongoing [2, 112–114].

 Human Coronaviruses Other Than 
SARS-CoV-2 (HCoVs)

Seasonal HCoVs belong to the Coronaviridae 
family, with either the Alphacoronavirus (229E 
and NL63) or Betacoronavirus (OC43 and 
HKU1) genera, and are considered the second 
most common cause of common colds following 
HRV [43, 115]. Their progression to LRTI is 
infrequent compared to other RVIs, as depicted 
in Fig.  11.1. Gammacoronavirus and 
Deltacoronavirus genera mainly infect animals 
and are well recognized as zoonotic diseases. 
Severe acute respiratory syndrome (SARS), 
Middle East respiratory syndrome (MERS), and 
the ongoing SARS-CoV-2 pandemic are 
described in other chapters. In addition to the 
common risk factors associated with progression 
to viral LRTI, hypoalbuminemia, and steroid- 
induced hyperglycemia were found to increase 
the risk, while no correlation with an initial high 
viral load was noted [115]. A recent study showed 
that the presence of HCoVs in BAL samples in 
HCT recipients was significantly associated with 
high rates of respiratory support (oxygen use and 
mechanical ventilation) and mortality, similar to 
well-established virulent respiratory viruses 
including RSV, influenza virus, and PIV [116]. 
Prolonged viral shedding has also been described 
among HCT recipients with HCoV [107, 117, 

118]. In one study, prolonged viral shedding 
occurred in 59% of patients with a median dura-
tion of 4 weeks (range 0–30 weeks) [119], but no 
specific serotype was significantly associated 
with prolonged viral shedding [117, 119] and no 
evolution of the viral genome occurred [117]. In 
a recent international study among allogeneic 
HCT with HCoVs, the 3-month overall mortality 
was 7% in the entire cohort and 16% in those 
with LRTI [118]. Risk factors associated with 
higher mortality were an absolute lymphocyte 
count <0.1 × 109/ml, corticosteroid use, and ICU 
admission [118]. Treatment consists of support-
ive care as vaccines, monoclonal antibodies, or 
direct-acting antivirals are not available.

 Special Considerations for HCT 
Recipients with Respiratory Viruses

 Pretransplant Respiratory Viral 
Infections

Given the negative impact of respiratory viral 
infections on HCT outcomes [120], optimizing 
the proper timing of transplant following recent 
exposure or a confirmed RVI in HCT candidates 
is paramount. In HCT candidates with confirmed 
RVIs due to RSV, HMPV, PIV, influenza, and 
adenoviruses, deferral of HCT or cellular therapy 
should be considered as advised by the consensus 
recommendations [4, 72, 92]; however, these rec-
ommendations are primarily based on small case 
series and anecdotal experience. For the past few 
years, there has been uncertainty on whether pre-
transplant HRV and HCoV infections also require 
deferral of HCT [120]. However, a recent large 
retrospective study exploring the consequences 
of pretransplant RVIs according to the location of 
the infection and the strength of the conditioning 
regimen provided stronger evidence [121]. In that 
study, HCT candidates with HRV or HCoVs 
URTI did not have worse post-HCT outcomes 
than those without pre-HCT RVIs, in contrast to 
prior observations in another study [120]. 
However, myeloablative conditioning and pre- 
HCT LRTI with any virus were independent risk 
factors for increased mortality [121].
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Recipient Infection Donor Infection 

URTI LRTI Any type

Influenza

RSV 

HMPV

Parainfluenza 

Non-SARS Corona viruses

Rhinovirus

Adenovirus

Abbreviations LRTI, lower respiratory tract infection; URTI, upper respiratory tract infection; SARS, Severe acute respiratory syndrome, HMPV, human metapneumovirus

Proceed safely 

Proceed with caution, consider additional risk factors

Delay Transplant until complete clinical recovery if feasible

Assess risk of progression to LRTI based
on intensity of conditioning regimen &

type of transplant (see text)

Fig. 11.3 Pretransplant respiratory viral infections in allogeneic hematopoietic stem cell transplant candidates (expert 
opinion)

In HCT candidates who have persistently posi-
tive PCR results following clinical recovery from 
RVIs, confirmation of a “test of cure” is often nei-
ther practical nor a prerequisite to proceeding 
with HCT. However, the practice has been vari-
able among cancer centers, and some may require 
a negative pre-HCT PCR, especially in those with 
persistent respiratory symptoms, given the risk of 
poor HCT outcomes [121]. Consensus guidelines 
do not routinely recommend universal nasopha-
ryngeal PCR screening for respiratory viruses in 
asymptomatic HCT candidates [4]. For high-risk 
HCT candidates who are exposed to the influenza 
virus, antiviral prophylaxis with once-daily osel-
tamivir, once-daily inhaled zanamivir or one- time 
baloxavir can be considered [31, 122]. In 
Fig.  11.3, we summarize our expert opinion on 
how to tackle some common scenarios related to 
pre-HCT RVIs among allogeneic HCT candi-
dates. Key decision variables are the type of virus, 
the location of the infection, and the strength of 

the conditioning regimen. Proper timing for HCT 
is dependent on the urgency of transplantation, 
recovery from respiratory illness, and overall clin-
ical performance.

 Clinical Sequelae of Respiratory Viral 
Illness

The negative implications of RVIs in HCT recipi-
ents extend beyond the initial acute phase, as they 
can increase the future risk for superimposed 
infections including bacteria (Staphylococcus, 
Streptococcus, Haemophilus, Pseudomonas) and 
mold (Aspergillus species) [123–125]. There are 
emerging data that link RVIs to alloimmune post- 
HCT pulmonary syndromes [126], such as idio-
pathic pneumonia syndrome, late airflow decline, 
bronchiolitis obliterans syndrome, and crypto-
genic organizing pneumonia [9, 11, 127]. One 
study showed that prior RVI with RSV, PIV, or 
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influenza is associated with at least a 10% decline 
in post-RVI forced expiratory volume in the first 
second (FEV1) from pre-infection baseline val-
ues, which was an independent predictor for 
2-year nonrelapse mortality [9].

Future research should focus on innovative 
tools that better identify HCT recipients at high 
risk for post-RVI pulmonary dysfunction. 
Examples include relying on longitudinal assess-
ment of home-based viral detection and quantita-
tion [128] and lung function [129], as well as 
measuring serum, bronchoalveolar inflammatory 
markers, lung viromes, and microbiomes.

 Adjunct Corticosteroids and Other 
Immunosuppressive Agents

We generally recommend the reduction of immu-
nosuppression as clinically feasible to facilitate 
clinical recovery and mitigate the risk of progres-
sion to LRTI and prolonged shedding. Impact of 
steroids on progression to LRTI varies by patho-
gen and has been, especially at high doses, an 
independent risk factor for overall mortality for 
most RVIs, but the correlation is less clear for 
influenza [2, 94, 111].

Use of corticosteroids is not generally rec-
ommended, although theoretically it may abate 
a virus-induced hyper-inflammatory response. 
Corticosteroids are widely used for the man-
agement of GvHD, and their impact on respira-
tory virus outcomes has been examined in many 
studies. Moderate doses of steroids (up to 1 mg/
kg) may not increase the risk of progression to 
LRTI, but it remains unclear if they are benefi-
cial (summarized in [2]). Administration of 
dexamethasone has become the standard prac-
tice in severe cases of SARS-CoV-2 requiring 
supplemental oxygen [130]. Although its utility 
in other RVIs has not been fully explored, some 
studies have reported benefits in patients with 
influenza, as described in one review [2], but 
the impact has been deemed inconclusive by 
others [131, 132].

 Summary and Future Directions

RVIs among HCT candidates and recipients still 
represent a therapeutic dilemma given the limited 
efficaciousness of antiviral and monoclonal anti-
body options. Recently identified risk factors for 
progression, such as hyperglycemia, hypoalbumin-
emia, CMV infection (in some cases), and use of 
antibiotics, require validation and could be incor-
porated in revised progression scoring indices. 
Some of these factors are also potentially modifi-
able. Future grading scores should also focus on 
virus-specific humoral and cell- mediated immu-
nity. Further understanding of the interplay between 
respiratory viruses, viral load in different compart-
ments, gut microbiome, pulmonary microbiome, 
and impact on the immune- inflammatory axis 
would provide insight into determinants of RVI 
severity and apply sensitive predictive models to 
identify high-risk patients. Given the potentially 
important role of T-cell immunity in controlling 
RVIs, the use of adoptive T-cell therapy is increas-
ingly investigated in early-phase clinical trials. 
Promising results in patients with adenovirus have 
been reported [133–135], and the utility and safety 
of parainfluenza- specific T-cells are also being 
investigated [136]. ALVR106 is an off-the-shelf, 
multi-virus-specific therapy that targets RSV, influ-
enza, PIV, and HMPV and is being explored in a 
Phase 1/2, randomized double-blind trial 
(ClinicalTrials.gov NCT04933968). The success-
ful development of long-lasting monoclonal anti-
bodies against SARS-CoV-2 and recently also 
against RSV emphasizes the potential need for 
developing monoclonal antibodies against multiple 
respiratory viruses, providing unprecedented pro-
phylactic and therapeutic options in this vulnerable 
population [137, 138]. Also, new antiviral drugs are 
needed for respiratory viruses, and existing drugs 
for SARS-CoV-2 should be examined for their effi-
cacy against seasonal HCoVs. In Fig.  11.4, we 
illustrate our holistic approach on how to address 
current knowledge gaps with proposed exploratory 
research venues that focus on diagnostic, preven-
tive, therapeutic, immunologic, and microbiologic 
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• Measurement of virus specific immune function in serum and 
respiratory samples: T cell, B cell, NK cell, neutrophil, 
immunoglobulins (Ig A, Ig M, Ig G)

Immunity against viral
infections 

• Advance self testing for respiratory viral infections
• Easy detection of viral mutations, variants
• Distinction between viral shedding, active replication, 

contagiousness 

Laboratory Diagnsotics

• Explore impact of metatranscriptomics on viral illness severity
• Determine microbiome influence on infection progression and 

vaccine responsiveness
• Identify measures to restore microbiome balance
• Optimize antimicrobials utilization and stewardship  

Microbiome
Gut/Lung Interactions

• Integrate results from viral load, transcriptomics, epigenomics, 
immunogenetics, metabolomics, proteomics to assess severity  
and progression risk of respiratory viruses

• Explore role of artificial intelligence in risk stratification
Predictive Models

• Novel vaccines that illicit both humoral and cell mediated immunity 
at plasma and respiratory tissue levels

• Develop pre and post-exposure virus specific monoclonal 
antibodies

Preventive Measures

• Develop antiviral agents against non-influenza viruses 
• Novel agents with high barrier to resistance 
• Efficacious virus-specific monclonal antibody
• Advance adoptive T cell therapy  
• Generate high-quality data on combination therapy

Therapeutic Tools

Precision
Medicine

&
Individualized

Care

Fig. 11.4 Gaps of knowledge and unmet clinical needs in respiratory viral infections in HCT recipients

pathways. In the absence of effective antiviral 
drugs and vaccines for the majority of RVIs, strict 
infection control measures remain essential tools to 
mitigate the morbidity of RVIs. Lastly, more pedi-
atric-specific data are warranted, as the majority of 
the data come from adult patients, and the applica-
tion of the management guidance to children may 
need caution.
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 Incidence and Pathophysiology

Severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) has spread rapidly since 
December 2019, and the World Health 
Organization (WHO) declared Coronavirus dis-
ease 2019 (COVID-19) a global pandemic caus-
ing a public health crisis. At the time of this 
report, 404,910,528 cases were reported world-
wide with 5,783,776 deaths [1]. Infected individ-
uals develop several symptoms, mainly affecting 
the respiratory system. The disease course can 
range from mild to life-threatening, in the latter 
case because of an inflammatory reaction and a 
microvascular pulmonary thrombosis leading to 

a progressive endothelial thrombo-inflammatory 
syndrome that takes place after alveolar viral 
damage and, potentially involving other vital 
organs, can lead to multiple organ failure and 
death [2].

 Clinical Presentation and Risk 
Factors

In the general population, risk factors for severe 
COVID-19 are older age, male sex, and comor-
bidities such as cardiovascular disease, obesity, 
or cancer. Moreover, the individual predisposi-
tion may play a role, with at least 10% of critical 
COVID-19 pneumonia cases being proven to be 
secondary to autosomal inborn errors of type I 
interferon immunity, autoantibodies against these 
cytokines, and X-linked recessive toll-like recep-
tor- 7 deficiency [3, 4]. COVID-19 severity is 
classified according to the World Health 
Organization (WHO) scale, a measure of patient 
clinical progression through the health-care sys-
tem (Table 12.1) [5].

Hematopoietic stem cell transplant (HSCT) or 
chimeric antigen receptor T-cell (CAR-T) ther-
apy recipients have a higher risk of mortality with 
COVID-19 owing to profound immune dysregu-
lation. Mathew et  al. revealed the existence of 
three immune types displaying different patterns 
of lymphocyte responses in hospitalized patients 
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with COVID-19. These three patterns may each 
represent a different suboptimal response, rang-
ing from a robust active CD4+ or CD8+ T-cell 
activity to a lack of activated B and T-cell reactiv-
ity, reflecting different clinical patterns and dis-
ease severity [6]. Most immunocompromised 
patients likely represent the immune type without 
a valid immune activation, suggesting that a 
timely treatment directed towards viral clearance 
could be beneficial. In these years of the pan-
demic, great efforts have been made to collect 
data on the impact of COVID-19 on hematologi-
cal patients and transplant recipients, both autol-
ogous stem cell transplant (ASCT) and allogeneic 
HSCT (allo-HSCT). Table 12.2 summarizes the 
most relevant studies.

The ITA-HEMA-COV group performed a 
multicenter study on behalf of all Italian societies 
dealing with hematology, reporting the outcome 
of 536 adults with hematological malignancy and 
symptomatic COVID-19 during the first wave of 
the pandemic. Overall, 84% of patients required 
hospitalization, and 37% died, a worse outcome 
than both the general Italian population with 
COVID-19 (standardized mortality ratio of 
2.04  in the whole study cohort and of 3.72  in 
individuals <70 years) and the adults with hema-
tological malignancies without COVID-19 (stan-
dardized mortality ratio of 41.3). In multivariable 
analysis, older age [hazard ratio (HR) 1.03], pro-
gressive disease status (2.10), diagnosis of acute 
myeloid leukemia (AML) (3.49), indolent non- 
Hodgkin lymphoma (NHL) (2.19), aggressive 
NHL (2.56), or multiple myeloma (MM) (2.48), 
and severe COVID-19 (4.08) were associated 
with worse survival. Among 536 patients, 15% 
were transplant recipients (51 ASCT, 31 allo- 
HSCT), with a mortality rate in allo-HSCT of 
35% [7].

The first large-scale study on transplant recip-
ients was conducted by the Center for 
International Blood and Marrow Transplant 
Research, analyzing 318 patients (184 allo-
HSCT, 134 ASCT) diagnosed with symptomatic 
COVID-19. The median time from transplant to 
COVID-19 was 17 months for allo-HSCT and 23 
months for ASCT, and the median follow-up of 
survivors was 21 days for allo-HSCT and 25 
days for ASCT.  Overall, disease severity was 
mild in 49% of patients, while it was severe in 
14%. At 30 days, after COVID-19 diagnosis, 
overall survival was 68% for allo-HSCT and 
67% for ASCT. In allo-HSCT recipients, higher 
mortality was observed in older patients (HR 
2.53), male sex (3.53), and those who developed 
COVID-19 within 12 months of transplant (2.67) 
[8]. Soon after, the European Society for Blood 
and Marrow Transplantation (EBMT) published 
data on 382 transplant recipients (236 allo-
HSCT, 146 ASCT) diagnosed with COVID-19. 
Overall, 91% experienced symptomatic disease, 
the median age was 54 years for allo-HSCT and 
61 years for ASCT, and the median time from 
transplant to COVID- 19 was 16 months for allo-

Table 12.1 Classification of COVID-19 severity accord-
ing to the WHO scale, a measure of patient clinical pro-
gression through the health-care system (adapted from the 
‘WHO Working Group on the Clinical Characterization 
and Management of COVID-19 infection’) [5]

Patient state Descriptor Score
Uninfected Uninfected; no viral RNA 

detected
0

Ambulatory: 
mild disease

Asymptomatic; viral RNA 
detected
Symptomatic; independent
Symptomatic; assistance 
needed

1
2
3

Hospitalized: 
moderate 
disease

Hospitalized; no oxygen 
therapy
Hospitalized; oxygen by 
mask or nasal prongs

4
5

Hospitalized: 
severe disease

Hospitalized; oxygen by 
NIV or high flow
Intubation and mechanical 
ventilation, PaO2/FiO2 ≥ 
150 or SpO2/FiO2 ≥ 200
Mechanical ventilation 
PaO2/FiO2 < 150 (SpO2/FiO2 
< 200) or vasopressors
Mechanical ventilation 
PaO2/FiO2 < 150 and 
vasopressors, dialysis, or 
ECMO

6
7
8
9

Dead Death 10

COVID-19 Coronavirus disease 2019, ECMO extracorpo-
real membrane oxygenation, NIV noninvasive ventilation, 
PaO2/FiO2 ratio ratio of arterial oxygen partial pressure 
(PaO2 in mmHg) to fractional inspired oxygen (FiO2 
expressed as a fraction), SpO2/FiO2 oxygen saturation to 
fraction of inspired oxygen ratio, WHO World Health 
Organization
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Table 12.2 Clinical observational studies of Coronavirus disease 2019 in allogeneic hematopoietic stem cell trans-
plant and chimeric antigen receptor T-cell therapy recipients

Reference
Location/year
Study population COVID-19 severity

COVID-19 
treatment

Outcome 
(mortality)

Risk factors for 
mortality in 
multivariable 
analysis

Passamonti 
et al. 
(2020) [7]

Multicenter 
retrospective, 
Italy
First wave 
(Feb-20, 
May-20)
536 
hematological 
patients with 
symptomatic 
COVID-19
51 ASCT, 31 
allo-HSCT (16 
recent 
transplanta)

85 patients in 
out-patient 
setting:
   •  84 mild disease
   •  1 severe 

disease
451 patients 
hospitalized:
   •  184 mild 

disease
   •  193 severe 

disease
   •  74 critical 

disease (50 
immediate ICU 
admission)

188 antivirals 
[114 LPV/r, 62 
DRV, 8 RDV, 5 
oseltamivir (single 
or in 
combination)]
295 
hydroxy- 
chloroquine
40 tocilizumab

Overall 37% 
(198/536)
In allo-HSCT 
35% (11/31)

Older age (HR 
1.03)
Progressive 
disease status (HR 
2.1)
Diagnosis of:
   •  AML (HR 

3.49)
   •  indolent NHL 

(HR 2.19)
   •  aggressive 

NHL (HR 
2.56)

   •  plasma cell 
neoplasms (HR 
2.48)

Severe-critical 
COVID (HR 4.08)

Sharma 
et al. 
(2021) [8]

Multicenter, 
CIBMTR 
(mainly USA)
First wave 
(Mar-20, 
Aug-20)
318 transplant 
recipients with 
symptomatic 
COVID-19
134 ASCT, 184 
allo-HSCT

Mild disease (no 
oxygen supply): 
155 transplant 
recipients
Moderate disease 
(oxygen supply): 
49 allo-HSCT 
(27%), 27 ASCT 
(20%)
Severe disease 
(mechanical 
ventilation): 28 
allo-HSCT (15%), 
17 ASCT (13%)b

44 antivirals (38 
RDV, 6 
oseltamivir)
40 
hydroxy- 
chloroquine
7 tocilizumab
19 convalescent 
plasma

In allo-HSCT 
22% [40/184 (37 
COVID-related 
mortality, 3 
disease-related)]
In ASCT 19% 
[26/134 (19 
COVID-related 
mortality, 4 
disease-related)]

In allo-HSCT:
   •  Age ≥50 years 

(HR 2.53)
   •  Male sex (HR 

3.53)
   •  COVID <12 

months of 
transplant (HR 
2.67)

In ASCT:
   •  Disease 

[lymphoma > 
myeloma (HR 
2.41)]

Ljungman 
et al. 
(2021) [9]

Multicenter 
prospective, 
EBMT-GETH
First wave 
(Mar-20, Jul-20)
146 ASCT (132 
symptomatic 
COVID-19), 236 
allo-HSCT (216 
symptomatic 
COVID-19)

Asymptomatic 
disease: 8.9% of 
patients
Hospitalization: 
74.4% of patients
   •   Oxygen 

supply: 76 
allo-HSCT 
(32%), 56 
ASCT (38%)

   •  No details 
about a severe, 
critical disease

61 antivirals (44 
LPV/r, 14 RDV, 3 
favipiravir)
81 
hydroxy- 
chloroquine
48 corticosteroids, 
40 tocilizumab, 
15 anakinra, 2 
siltuximab
5 convalescent 
plasma

In allo-HSCT: 66 
deaths
In ASCT: 41 
deaths
Overall 
COVID-related: 
25%
Survival at 6 
weeks:
   •  In allo- HSCT 

78%
   • In ASCT 72%

Older age (HR 
1.21)
Better PS (HR 
0.83)
Need for ICU 
(HR 3.17)
Moderate-high ISI 
score (HR 1.84)

(continued)
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Table 12.2 (continued)

Reference
Location/year
Study population COVID-19 severity

COVID-19 
treatment

Outcome 
(mortality)

Risk factors for 
mortality in 
multivariable 
analysis

Daudt et al. 
(2022) [10]

Multicenter 
cross-sectional, 
Brazil
First wave 
(Mar-20, Sep-20)
25 ASCT, 61 
allo-HSCT
62 adults, 24 
children

Asymptomatic 
disease: 10 
patients (12%)
Hospitalization: 
61 patients (71%)
ICU admission: 
12 patients (14%)

21 antivirals (19 
oseltamivir, 2 
GCV)
12 
hydroxy- 
chloroquine
24 corticosteroids, 
1 tocilizumab
2 convalescent 
plasma

Overall 30% 
(26/86):
   •  COVID- 

related 18/26
   •  superinfection-

related 5/26
COVID-related:
   • Overall 21%
   •  In allo-HSCT 

15%
   • In ASCT 36%

Multivariate 
Correspondence 
Analysis model:
   •  COVID-19 

severity 
(asymptomatic/
mild versus 
severe/critical)

   •  Acute renal 
injury (urea 
≤50 versus >50 
mg/dl)

   •  ECOG PS (0-2 
versus >2)

Pagano 
et al. 
(2021) [11]

Multicenter 
observational, 
EHA
First-second 
waves (Mar-20, 
Dec-20)
3801 
hematological 
patients with 
COVID-19
292 ASCT, 265 
allo-HSCT, 24 
CAR-T (74 
ASCT, 173 
allo-HSCT, 21 
CAR-T 
performed within 
3 months)

Asymptomatic 
disease: 675 
patients (18%)
Mild disease: 658 
patients (17%)
Severe disease: 
1736 patients 
(46%)
Critical diseasec: 
689 patients 
(18%)
Hospitalization: 
2778 patients 
(73%)
   • ICU admission 
(689/2778)

Not reported Overall 31% 
(1185/3801)
   •  COVID- 

related 58%
   •  Hematological 

disease-related 
15%

   •  Both 13%
In ASCT 27% 
(20/74) deaths in 
allo-HSCT 25% 
(43/173)
In CAR-T 48% 
(10/21)
Lower mortality 
in second wave 
[41% vs 25% (p 
< 0.0001)]

Older age (HR 
1.03)
Active underlying 
disease (HR 1.86)
Acute myeloid 
leukemia (HR 
2.05)
Severe COVID-19 
(HR 1.68)
Critical 
COVID- 19 (HR 
4.23)
Chronic cardiac 
disease (HR 1.41)
Liver disease (HR 
1.39)
Chronic kidney 
disease (HR 1.40)
Lymphocytes >0.5 
× 109/mm3 (HR 
0.60)

Mushtaq 
et al. 
(2021) [12]

Single-center 
prospective, USA
First-second 
waves (Mar-20, 
May-21)
23 ASCT, 32 
allo-HSCT, 3 
CAR-T (3 ASCT, 
8 allo-HSCT, 2 
CAR-T within 
100-day)

Mild disease: 29 
patients
Moderate-severe 
disease: 20 
patients
Critical disease: 9 
patients
ICU admission: 
11 patients (19%)

24 antivirals (24 
RDV)
13 
dexamethasone, 2 
tocilizumab
20 convalescent 
plasma, 11 mAb

In allo-HSCT 
28% (9/32)
In ASCT 0% 
(0/23)
In CAR-T 0% 
(0/3)

Univariate 
logistic regression 
analysis for 
predictors of 
COVID severity:
   • allo-HSCT 
(OR 3.6)

   • grade II-IV 
a-GVHD (OR 
4.6)

   • concurrent IST 
(OR 5.9)

(continued)
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Table 12.2 (continued)

Reference
Location/year
Study population COVID-19 severity

COVID-19 
treatment

Outcome 
(mortality)

Risk factors for 
mortality in 
multivariable 
analysis

Spanjaart 
et al. 
(2021) [13]

Multicenter 
observational, 
EHA-EBMT
First-second 
waves 
(Mar-20- 
May-21)
56 CAR-T

Hospitalization: 
45/56 patients 
(80%)
Oxygen supply: 
24/56 patients 
(43%)
ICU admission: 
22/56 patients 
(39%)

21 antivirals (20 
RDV, 1 LPV/r)
1 
hydroxy- 
chloroquine
12 corticosteroids, 
8 tocilizumab, 2 
baricitinib
17 convalescent 
plasma

Overall 45% 
(25/56)
COVID-related 
41% (23/56)

Older age 
(10-year-effect, 
HR 1.39)
Not being in 
complete 
remission at 
COVID diagnosis 
(HR 2.40)
Metabolic 
comorbidities 
(HR 2.75)
Better PS 
(10-point effect, 
HR 0.71)

COVID-19 coronavirus disease 2019, ASCT autologous stem cell transplant, allo-HSCT allogeneic hematopoietic stem 
cell transplant, ICU intensive care unit, HR hazard ratio, NHL non-Hodgkin lymphoma, LPV/r lopinavir/ritonavir, DRV 
darunavir, RDV remdesivir, GCV ganciclovir, CIBMTR Center for International Blood and Marrow Transplant Research, 
USA United States of America, EBMT European Society for Blood and Marrow Transplantation, GETH Spanish Group 
of Hematopoietic Stem Cell Transplantation, ISI immunodeficiency scoring index, EHA European Hematology 
Association, a-GVHD acute graft-versus host disease, IST immunosuppressive therapy, ECOG PS Eastern Cooperative 
Oncology Group Performance status, mAb monoclonal antibodies
a Recent transplant: performed within 6 and 3 months for allo-HSCT and ASCT, respectively
b No information about COVID-19 severity in 42 patients
c COVID-19 classification according to WHO scale

HSCT and 25 months for ASCT. Moreover, 83% 
developed lower respiratory tract disease 
(LRTD), and 22% were admitted to an intensive 
care unit (ICU). Survival at 6 weeks after 
COVID-19 diagnosis was 78% and 72% in allo-
HSCT and ASCT recipients, respectively. In 
multivariable analysis, older age (HR 1.21), 
need for ICU (3.17), and moderate/high immu-
nodeficiency index (1.84) increased the risk of 
death; other factors such as the underlying diag-
nosis, time from transplant, graft-versus-host 
disease (GVHD), or ongoing immunosuppres-
sive therapy (IST) did not seem to influence sur-
vival [9]. A national survey from Brazil reported 
data on 86 transplant recipients (61 allo-HSCT, 
25 ASCT; 62 adults, 24 children). The COVID- 
related mortality rate was 36% in ASCT and 
15% in allo-HSCT.  Transplant recipients with 
COVID- 19 displayed a high mortality rate if 
they were adults and had critical disease at 
admission [10]. One additional single-center 
prospective study analyzed the outcome of 58 
adults (32 allo- HSCT, 23 ASCT, 3 CAR-T ther-

apy) who were diagnosed with COVID-19 dur-
ing both the first and second waves of the 
pandemic. The median time from treatment to 
SARS-CoV-2 infection was 18 months, and 22% 
of patients acquired SARS-CoV-2 within 100 
days posttreatment. Active GVHD and current 
IST were noted in 31% and 36% of patients, 
respectively; co- infections were observed in 
19%. Overall, 28% of patients developed severe 
COVID, and 19% experienced ICU admission. 
In univariate analysis, significant predictors of 
COVID-19 severity included allo-HSCT (OR 
3.6), history of grade II-IV acute GVHD (OR 
4.6), and concurrent IST (OR 5.9). After a 
median follow-up of 6 months, the overall mor-
tality rate was 16% (28% in  allo- HSCT). Among 
allo-HSCT recipients, 16% developed pulmo-
nary chronic GVHD, necessitating additional 
IST. The median duration of viral shedding was 
7.7 weeks, and two patients had persistent infec-
tion for >5 months post-CAR- T therapy [12].

Deriving data from the second pandemic 
wave, the European Hematology Association 
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(EHA) performed the largest survey on 3801 
patients affected by hematological cancer diag-
nosed with COVID-19 [NHL n = 1084, MM n = 
684, chronic lymphoid leukemia (CLL) n = 474, 
AML n = 497, and myelodysplastic syndromes 
(MDS) n=279]. Considering the last treatment 
strategy before COVID-19, 173, 74, and 21 
patients underwent allo-HSCT, ASCT, and 
CAR-T therapy, respectively. Overall, 64% of 
patients developed severe COVID-19, requiring 
hospitalization in 73% of cases and ICU admis-
sion in 18%. Death occurred in 31% of patients 
(COVID-19 as the primary cause of death in 58% 
of cases). The highest mortality was observed in 
AML (40%) and MDS (42%); interestingly, the 
mortality rate significantly decreased between 
the first (Mar–May 2020) and second wave (Oct–
Dec 2020) [41% vs 25% (p < 0.0001)], and it was 
higher in CAR-T recipients than in allo-HSCT 
recipients [47% (10/21) vs 25% (43/173)]. In 
multivariable analysis, age, active malignancy, 
chronic cardiac disease, liver or renal impair-
ment, smoking history, and ICU stay correlated 
with mortality [11].

Finally, EBMT and EHA joined forces to pro-
vide data about COVID-19 in CAR-T recipients, 
reporting 56 cases. CAR-T therapy was given 
mainly for NHL (82%); most patients were in 
complete remission after CAR-T (62%). The 
median time from CAR-T infusion to COVID-19 
was 7 months. Overall, 32% of patients had met-
abolic comorbidities, 80% were hospitalized for 
COVID-19, 43% needed oxygen supply, and 
39% required an ICU stay. The mortality rate was 
45%, with most deaths COVID-related (23/25). 
In multivariable analysis, older age (HR = 1.39), 
not being in complete remission at COVID-19 
diagnosis (2.40), and metabolic comorbidities 
(2.75) were associated with higher mortality; 
conversely, sex, time from CAR-T to COVID-19, 
and occurrence of neurotoxicity or cytokine 
release syndrome after CAR-T did not have a rel-
evant effect on mortality [13].

 Management and Therapeutic 
Treatments for COVID-19

In the setting of hospitalized patients requiring 
supplemental oxygen (WHO score 5), the first 
drug exhibiting a survival benefit was dexameth-
asone, as shown in the controlled open-label 
Recovery trial [mortality within 28 days: 23% 
dexamethasone vs 26% standard of care (SOC); 
rate ratio 0.82] [14]. Also, a 5-day course of the 
antiviral remdesivir is recommended unless high- 
flow oxygen is needed, even if the results from 
the studies were conflicting. The most consistent 
trial on remdesivir was ACTT-1, a large, random-
ized placebo-controlled study showing that rem-
desivir improved time to recovery and lowered 
mortality within 29 days [HR for death 0.30 
(0.14–0.64)] [15]; a post hoc analysis demon-
strated that the clinical benefit of remdesivir was 
most evident in those with symptoms for ≤10 
days. Two open-label controlled trials (Solidarity, 
Discovery) reported no difference in the rate of 
in-hospital deaths, percentage of those who pro-
gressed to mechanical ventilation (MV), or length 
of hospital stay between patients who received 
remdesivir and those who received SOC [16, 17].

Regarding anticoagulants, three open-label 
randomized trials compared the use of therapeu-
tic to prophylactic or intermediate doses of hepa-
rin in hospitalized patients who did not require 
ICU-level care (entry criteria: requirement of 
supplemental oxygen, elevated D-dimer levels, 
not being at risk of major bleeding events) [18–
20]. The largest trial showed an increase in the 
number of organ support-free days in the thera-
peutic heparin arm, but no difference in mortality 
or length of hospitalization [18]. So, in this set-
ting (WHO score of 5), a therapeutic dose of 
heparin for COVID-19 could be considered and 
should be further evaluated.

In the setting of hospitalized patients who 
require rapidly increasing oxygen supplementa-
tion (WHO score 6–7), a second 
 immunomodulatory drug [IL-6 inhibitors (tocili-
zumab, sarilumab) or Janus kinase (JAK) inhibi-
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tors (baricitinib)] should be considered in 
addition to dexamethasone, weighing the risk of 
opportunistic infections. The analyses of differ-
ent trials have not clearly defined which patients 
in this heterogeneous group are most likely to 
benefit from using corticosteroids with another 
immune modulator. The Recovery trial showed 
that in patients on low-flow oxygen and with evi-
dence of systemic inflammation (C-reactive pro-
tein ≥75 mg/L), those who received tocilizumab 
plus dexamethasone had a lower incidence of 
28-day mortality than those who received SOC 
including dexamethasone [21]. Data on JAK 
inhibitors are conflicting; the Cov-Barrier trial 
did not find a significant benefit for baricitinib in 
patients on low-flow oxygen (WHO score 5), 
whereas in the ACTT-2 placebo-controlled trial, 
among patients receiving high-flow oxygen 
(WHO score 6), baricitinib plus remdesivir was 
superior to remdesivir alone (corticosteroids 
were not yet SOC) in reducing recovery time [22, 
23]. In patients on invasive MV or extracorporeal 
membrane oxygenation (WHO score 7–9), treat-
ment with baricitinib compared with placebo 
(with SOC including corticosteroids) signifi-
cantly reduced 28-day and 60-day mortality [24]. 
Regarding anticoagulants in this setting (WHO 
score 6–7), therapeutic doses of anticoagulants 
are not recommended unless venous thromboem-
bolism is confirmed.

Nonhospitalized patients with COVID-19 at 
risk of progression to severe disease (WHO score 
2–3) should receive antivirals (ritonavir-boosted 
nirmatrelvir, remdesivir, molnupiravir) and/or 
monoclonal antibodies against SARS-2-CoV 
[mAb (primarily sotrovimab)], the choice of 
which must take into account various aspects 
[clinical efficacy, activity against SARS-2-CoV 
variants of concern (VOC), availability, feasibil-
ity of administering parenteral drugs (mAb, rem-
desivir), drug-drug interactions (ritonavir-boosted 
nirmatrelvir)]. The preferred option is oral antivi-
ral ritonavir-boosted nirmatrelvir, which was 
studied in the randomized placebo-controlled 
EPIC-HR trial enrolling 2246 unvaccinated 

adults with symptomatic COVID-19 within 5 
days after symptoms’ onset. In the modified 
intention-to-treat population that included 
patients treated within 3 days of symptom onset 
who did not receive mAb, the Kaplan-Meier esti-
mated event rates for COVID-19-related hospi-
talization or any-cause death through day 28 
were 0.7% with ritonavir-boosted nirmatrelvir vs 
6.5% with placebo [25]. The second option is 
intravenous sotrovimab, which retains activity 
against the last-emerging Omicron (B.1.1.529) 
VOC, whose data derived from the COMET-ICE 
trial, which included adults with mild to moder-
ate COVID-19 within 5 days of symptoms’ onset. 
Endpoint events (hospitalization or death from 
any cause by day 29) occurred in 3 of 291 partici-
pants (1%) in the sotrovimab arm and in 21 of 
292 participants (7%) in the placebo arm (p = 
0.002), resulting in an 85% relative reduction in 
risk of hospitalization or death [26]. The third 
option is remdesivir, which has been studied in 
the PINETREE trial in patients with mild to mod-
erate COVID-19: a 3-day course of remdesivir 
within 7 days of symptoms’ onset resulted in an 
87% relative reduction in risk of hospitalization 
or death compared to placebo [27]. Finally, mol-
nupinavir is recommended only if these three 
options are unavailable because of its lower effi-
cacy (reducted rate of hospitalization or death by 
30% compared to placebo [28]) and potential risk 
for genotoxicity. All these three antivirals are 
expected to be active against Omicron (B.1.1.529) 
VOC. Importantly, there are currently no clinical 
trial data that (1) directly compare the clinical 
efficacy of these four therapies, (2) explore the 
use of combinations of antivirals and/or anti- 
SARS- CoV-2 mAb, and (3) focus on the impact 
of these therapies in immunocompromised 
patients because in registration trials, enrolled 
patients had mainly metabolic or cardiovascular 
diseases (0-5% of the trials’ population was 
affected by cancer or immunocompromised).

The abovementioned studies on transplant 
recipients do not assess the impact of all these 
therapeutic interventions because they are based 
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on the data from the first wave of the pandemic. 
In the setting of immunosuppressed transplant 
recipients, the ideal approach is to try to avoid the 
progression from upper to lower respiratory tract 
infection with an early therapy directed towards 
viral clearance (antivirals, neutralizing mAb); 
only data that will emerge from the second wave 
onwards will tell us how these interventions will 
have been able to modify the course of 
COVID- 19  in immunocompromised patients. 
The validity of this approach has partially 
emerged from the study of Spanjaart, where a 
positive effect of convalescent plasma on overall 
survival was observed in univariate analysis 
when only looking at patients who were hospital-
ized (HR 0.37, p = 0.03); unfortunately, the num-
ber of patients was too small to observe any effect 
of treatments on the outcome [13].

Finally, in ASCT, allo-HSCT, and CAR-T 
recipients, current and future therapeutic per-
spectives regard the role of (1) post-exposure 
prophylaxis with ritonavir-boosted nirmatrelvir 
(EPIC-PEP randomized placebo-controlled trial 
ongoing, NCT05047601) and (2) pre-exposure 
prophylaxis with the mAb combination 
tixagevimab- cilgavimab that is recommended for 
high-risk patients with absence of IgG antibodies 
against SARS-2-CoV spike protein [29].

 EBMT Recommendations

The new coronavirus SARS-CoV-2 caused 
unprecedented stress on the health-care system, 
including programs performing HSCT and CAR- 
T. Since 2020, EBMT has provided clear recom-
mendations for the management of transplant 
recipients, their donors, and patients undergoing 
CAR-T therapy [30], addressing various aspects 
of clinical management and providing specific 
suggestions to guide the delivery of HSCT 
through different stages of the pandemic. The 
evolution of the global pandemic has been rapid 
with great impact on many hospital services and 
health-care workers (HCWs) [31]. The learning 
curve has extended into longer-term modifica-
tions in clinical practice, with ‘restoration and 
recovery’ or ‘reset’ periods, including SARS- 

CoV- 2 minimization pathways, and the possibil-
ity of further ‘resurges’ and peaks. Consequently, 
HSCT programs have been ready to rapidly adapt 
to change, following the course of the pandemic 
and adopting a prioritization process to deliver 
HSCT according to clinical urgency, strictly 
depending on [32]:

 1. Virus-related factors: local prevalence of the 
virus in the community, the reproduction rate 
(R-rate), national and regional alert status. 
Key epidemiological parameters are the 
R-rate, which defines the average number of 
secondary cases generated by one primary 
case, thus reflecting the infectious potential of 
the disease, and the growth rate of the epi-
demic [33]. In case of “resurges” and peaks or 
local outbreaks, HSCT for some indications 
(i.e., nonmalignant disorders) was postponed; 
patients and families have been counseled 
about the possibility of short notice cancella-
tion of their planned HSCT.

 2. Hospital-related factors: availability of infec-
tion prevention and control (IPC) and per-
sonal protective equipment (PPE) for staff, 
testing and tracing of staff and patients, ability 
to create COVID-secure facilities with clear 
pathways to separate patients from those that 
may have COVID, adequate supportive ser-
vices for the HSCT program, including ICU 
beds; suitable isolation facilities, including 
single rooms with en-suite facilities and for 
patients that tested positive for SARS-CoV-2, 
rooms with negative pressure or neutral pres-
sure if this is not possible; back-log of patients 
with hematological malignancies, who will 
take priority. In many countries, HSCT fol-
lows established pathways for adult elective 
care, but patients may also need to access ser-
vices urgently (i.e., post-discharge complica-
tions, non-admitted emergency care, 
outpatient procedures and diagnostics). Where 
possible and clinically appropriate, separate 
care pathways for urgent and planned care 
have been arranged with the aim of eliminat-
ing the risk of nosocomial infection. All 
patients have been screened at the hospital 
entrance with a questionnaire and temperature 
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checks. Access to appropriate expertise was 
maintained, and pathways have been compli-
ant with JACIE measures. Most hospitals have 
developed physically separate zones and 
cohorted staffing to reduce movement 
between COVID-protected and non-protected 
areas.

 3. Patient-related factors: individual risk/benefit 
assessment and ability to give fully informed 
consent; ability to self-isolate, PPE compli-
ance, home infrastructure to allow self- 
isolation and agreement to comply with the 
need to self-isolate; financial factors pertinent 
to the need to work from home for the first 
few months following HSCT; ability to attend 
clinical appointments without using public 
transportation.

Before starting the transplant procedure, the 
availability of adequately trained staff, ICU beds, 
ventilators, as well as the stem cell product have 
been ensured. All patients have been tested for 
SARS-CoV-2. A negative test result was required 
before the start of conditioning, regardless of 
whether upper respiratory symptoms were pres-
ent. Patients planned to be admitted for transplant 
or to undergo CAR-T therapy have been recom-
mended to minimize the risk by going into home 
isolation 14 days before the start of transplant 
conditioning [30].

In cases where potential recipients test posi-
tive for SARS-CoV-2, transplant has been 
delayed as advised in EBMT guidelines, having 
an additional negative swab before start of condi-
tioning, full recovery of lung function, consider-
ing the gravity of SARS-CoV-2 infection and 
underlying hematological disease.

During the high-risk phases of the pandemic, 
access to a stem cell donor was restricted either 
due to the donor becoming infected, logistical 
reasons at the harvest centers in the middle of a 
strained health-care system, or travel restrictions 
across international borders. Indeed, it was 
strongly recommended to secure stem cell prod-
uct access by freezing the product before the start 
of conditioning and, when not possible, to have 
an alternative donor as a backup. Peripheral 
blood has been preferentially used, unless in 

cases with strong indications for bone marrow, 
since it is more complicated to cryopreserve. 
Each center is still addressing the issue of the 
graft on an individual basis.

Patients have been advised to strictly adhere to 
prevention practices such as hand hygiene and 
social distancing after HSCT [34], at least until a 
full immune reconstitution. Vaccination is cov-
ered in a separate part of this chapter, but vacci-
nated patients have been informed to continue 
following guidelines to decrease the risk of con-
tracting SARS-CoV-2, especially early after 
transplantation and with ongoing immunosup-
pression and/or active GVHD.

In this context, nurses have played a key role 
in explaining all precautions and providing writ-
ten information for patients and caregivers. 
Patients have received guidance on how to mini-
mize the risk of infection and advice for house-
hold members; a dedicated caregiver with low 
risk of COVID-19 exposure was strongly recom-
mended for the first few months after 
HSCT. Visitors have not been admitted to trans-
plant wards during peaks of the pandemic, and 
methods for communication between recipients, 
family members, and HCWs, such as video-calls, 
have been supported. Outpatient visits have been 
facilitated at home via telehealth if deemed 
appropriate and feasible. Since the COVID-19 
situation varies substantially between and within 
countries, centers have been mandated to follow 
guidelines, policies, and procedures decided by 
national authorities as well as local and institu-
tional policies.

A specific ‘COVID-19 Task Force’ with trans-
versal participation across different EBMT 
groups and committees was created to support 
patients and the transplant community through-
out the pandemic. Information has been con-
stantly updated on the EBMT website (https://
www.ebmt.org/covid- 19- and- bmt) and through 
disease-specific publications (i.e., acute leuke-
mias and autoimmune diseases) [32, 35], 
promptly adapting them to available updates on 
COVID-19 epidemiology and clinical outcome. 
EBMT started early in the pandemic to collect 
data regarding the impact of COVID-19 on HSCT 
recipients and on CAR-T treated patients. 
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Currently, more than 1350 patients have been 
registered. The 6-week mortality in the first wave 
[9] was approximately 25%. Preliminary data 
from the second wave supports an improvement 
in outcome, showing a mortality rate a bit below 
20%.

The recent EBMT activity survey [36] 
described this pandemic challenge within the 
transplant community, who continued to provide 
patients access to treatment. In allo-HSCT, the 
use of haploidentical donors and cord blood units 
increased, together with the use of non- 
myeloablative conditioning. Reductions have 
been more pronounced in nonmalignant disor-
ders for allo-HSCT and in autoimmune diseases 
for autologous procedures since nonurgent trans-
plants have been deferred for nonmalignant dis-
orders, mainly in 2020. Moreover, in 29% of 
EBMT centers, CAR-T therapy [37] was delayed 
for at least one patient due to the pandemic.

 ASH: ASTCT Recommendations

Similarly to EBMT, the American Society for 
Transplantation and Cellular Therapy (ASTCT), 
in a joint effort with the American Society of 
Hematology (ASH), has provided support to cli-
nicians and patients during the pandemic.

Recommendations are periodically updated 
according to the evolution of the pandemic, ther-
apeutic options, and strategy of prevention [38]. 
Based on COVID-19 transplant and immunother-
apy, centers have modulated their activity: some 
centers never decreased their activity, while oth-
ers curtailed clinical activity while preparing for 
or responding to a COVID-19 surge. At the last 
survey follow-up, many centers were back to nor-
mal patient numbers. As a general consideration, 
in the case of ongoing or increasing levels of 
COVID-19 activity, deferring of nonurgent 
patients is still an option.

Similarly, patients who are positive for SARS- 
CoV- 2 and are candidates for cellular therapies 
should have the procedure delayed until the viral 
test is negative. Immunocompromised patients 
typically shed the virus for longer than 4 weeks, 
advocating for careful monitoring of patients 

after COVID-19. Of note, for patients with a per-
sistently low level PCR positivity, transplant 
practices are evolving and vary by centers; not 
enough evidence is available to make any 
recommendations.

Rigorous preventable measures for the safety 
of patients undergoing cellular therapies are war-
ranted: testing of patients, limitations of visitors, 
and screening of medical staff that are measures 
still crucial to preventing infections and nosoco-
mial cross infection.

Cryopreservation of cells collected is an 
option; prospective studies evaluating the impact 
on major outcomes are ongoing and will better 
clarify the real cost-effectiveness. So far, there is 
geographic variability.

An important consideration was designated 
for patients with GVHD: no adjustment of 
GVHD treatment due to COVID-19 risk or actual 
infection is recommended. The current therapeu-
tic guideline recommendation for the use of 
dexamethasone as the standard of care for hypox-
emia in COVID-19 pneumonia or the anti- 
inflammatory treatment of specific COVID-19 
manifestations, makes it unlikely that the reduc-
tion of immunosuppressive treatment in patients 
with GVHD will be necessary.

 Vaccination

Starting from the general consideration that vac-
cination is the cornerstone for the prevention of 
infectious diseases, the advent of a vaccine spe-
cific for SARS-CoV-2 was one of the major 
achievements during the pandemic. The preven-
tion of SARS-CoV-2 infection is based on strict 
infection control measures coupled with vaccina-
tions that have shown high efficacy in reducing 
community transmission, hospitalization, and 
deaths due to severe COVID-19 disease in the 
general population.

Multiple vaccines have advanced to the clinic 
[39]. For immunocompromised patients and 
patients with hematological malignancies, mRNA-
based vectors have been the most commonly used.

Several vaccine candidates were tested in 
phase II/III trials for the general population, but 
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so far data on safety and efficacy in immunocom-
promised patients remain scarce [40]. Definitive 
information on different immunocompromised 
patient populations is not yet available.

As a general consideration, to generate opti-
mal protective immunity post vaccine, it is cru-
cial to have a preserved antigen presentation 
system, functional B- and T-cell activation, and 
plasma B-cell antibody generation. A fully pro-
tective immune response to vaccines is linked to 
a functional adaptive immune system. Both 
HSCT and CAR-T treatments are well known to 
highly compromise the functionality of the adap-
tive and innate immune systems.

A prospective study among immunocompro-
mised vulnerable patients [41–43] confirmed that 
adverse events were generally mild, proving the 
safety in immunocompromised patients [41, 42] 
and that the rate of seroconversion was substan-
tially lower than in healthy controls [41]. Among 
immunocompromised patients, those with hema-
tological malignancies showed the worst perfor-
mance for what concerns the humoral response 
despite a competitive T cell response [43]. 
Repeated mRNA vaccination against SARS- 
CoV- 2 elicits a robust polyfunctional T cell 
response in allo-HSCT recipients [44], proving to 
be safe and effective in HSCT recipients, espe-
cially in those who are immunosuppression-free 
[45]. Of note, SARS-CoV-2 mRNA vaccines 
induce meaningful cellular immunity in patients 
with isolated B-cell deficiency due to anti-CD19 
CAR-T therapy [46, 47]. A dissertation on the 

features of each vaccine approved for immuno-
compromised patients is beyond the scope of the 
present chapter.

Recently the 9th European Conference on 
Infections in Leukemia (ECIL 9) [48] paved the 
way with recommendations for the management 
of vaccination in patients with hematological 
malignancies or hematopoietic cell transplanta-
tion. Similarly, the principal scientific societies 
involved in the field of transplantation and cellu-
lar therapies have constantly supported the scien-
tific community through recommendations and 
guidelines: both EBMT [49] and the ASTCT—
NMPD (National Marrow Donor Program)—
ASH with the CDC (Center for Disease Control 
and Prevention) [50] have implemented specific 
recommendations on vaccine in immunocompro-
mised patients after HSCT and cellular therapy. 
Both the European and American recommenda-
tions strongly support vaccination for vulnerable 
HSCT-CAR-T patients, along with their caregiv-
ers, families, and household contacts—in line 
with local regulatory approval for specific age 
groups. Patients should receive a full vaccination 
program (Table 12.3) with the most immediately 
available, locally approved vaccine, except in 
specific conditions where the expected response 
rate is very low. Whatever the actual measured 
vaccine response, patients should be informed of 
the ongoing risk of SARS-CoV-2/COVID-19 
despite vaccination and adhere to the hygiene and 
social distancing recommendations of their com-
munity or country.

Table 12.3 Recommended COVID-19 vaccination schedule for HSCT and CAR-T patients (adapted from “Use of 
COVID-19 vaccines in the United States”—Centers for Disease Control and Prevention) [51]

Primary 
vaccination

Age 
group

No. of primary 
vaccine doses

No. of 
booster 
doses

Interval between the 
first and second dose

Interval between 
2nd and 3rd dose

Interval between 
3rd and 4th dose

Pfizer- 
BioNTech

5–11 
years

3 NA 3 weeks ≥4 weeks NA

Pfizer- 
BioNTech

≥12 
years

3 1 3 weeks ≥4 weeks ≥3 months

Moderna ≥18 
years

3 1 4 weeks ≥4 weeks ≥3 months

Janssen ≥18 
years

1 Janssen, 
followed by 1 
mRNA

1 4 weeks >2 months NA

COVID-19 coronavirus disease 2019, HSCT hematopoietic stem cell transplant, CAR-T chimeric antigen receptor T-cell
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According to the ECIL9 recommendation, 
HSCT recipients should receive the COVID-19 
vaccine, preferably initiating at least 6 months 
after HSCT if transmission of SARS-CoV-2  in 
the community is low. Moreover, m-RNA vac-
cines are preferred over the adenovirus vector- 
based vaccine for primary and booster 
vaccination. Of note, both the EBMT and the 
ASTCT-NMDP-ASH recommendations outlined 
that the current mRNA SARS-CoV-2 vaccines 
could be offered as early as 3 months post- 
transplantation to HCST and CAR T cell recipi-
ents to prevent infection and severe disease, 
though efficacy may not be optimal as suggested 
in situations of influenza community outbreaks.

Risk factors associated with poor efficacy 
(viz., insufficient humoral response) of SARS- 
CoV- 2 vaccination are immunosuppressive drugs 
[52–56], active GVHD [55–57], low lymphocyte 
counts [52, 54, 57], older age (>65 years) [53], 
and early time after HSCT (<12 months) [53, 54, 
57]. An important consideration is that a defi-
ciency of SARS-CoV-2-specific T-cell immunity 
can also translate into insufficient humoral 
responses [58].

Based on data from other vaccines, it is likely 
that immunity obtained from either pre-transplant 
SARS-CoV-2 infection or vaccination will be 
wiped out by the transplant procedure. However, 
no data currently exists regarding this issue. 
However, it seems logical from a risk/benefit 
assessment that such patients should have a 
 full- dose new vaccine schedule (a primary series 
of 3 doses plus the 4th booster dose; the m-RNA 
vaccine is recommended) after transplantation. 
HSCT patients with previous SARS-CoV-2/
COVID-19 should be vaccinated with the full 
program.

In the case of COVID-19 infection prior to the 
second dose, the CDC recommends delaying the 
second dose of the m-RNA COVID-19 vaccine 
series until the symptoms have resolved and iso-
lation precautions are discontinued. There is no 
indication so far of vaccine-associated enhanced 
disease (VAED) or other serious adverse events.

In the case of therapy with SARS-CoV-2 
monoclonal antibodies or convalescent plasma in 
HCT and CAR T-cell recipients, despite the lim-

ited published report, based on the CDC recom-
mendations, COVID-19 vaccination should not 
be deferred after receipt of convalescent plasma 
or monoclonal antibodies directed at SARS 
CoV-2 for post-exposure prophylaxis or treat-
ment. Conversely, due to the restrictions from the 
regulatory agency for Evusheld (tixagevimab/
cilgavimab), administration of Evusheld should 
be delayed for two weeks after vaccine 
administration.

Patients who are exposed to or develop SARS- 
CoV- 2 infection after receiving the COVID-19 
vaccine are eligible for monoclonal antibodies 
that retain neutralizing activity against the circu-
lating variant(s) for post-exposure prophylaxis or 
treatment with COVID-19. All the scientific soci-
eties confirm that COVID-19 vaccines should not 
be used for treatment. Of note, routine post- 
transplant vaccines can be given concomitantly 
with COVID-19 vaccines, and no limitation is 
related to immunoglobulin intravenous 
administration.

Data on efficacy are constantly increasing; 
of note—as underlined by the ECIL9 recom-
mendation—the response rate to two doses of 
mRNA vaccine varied between 69 and 85% 
among HSCT patients and 0–36% among 
CAR-T patients, pointing out as risk factors 
for poor response early after cellular therapy: 
lower lymphocyte count, B-cell aplasia, active 
GVHD, and ongoing (or recently discontinued) 
immunosuppression.

ECIL9 confirmed that the vaccine safety 
events were similar in non-transplanted hematol-
ogy patients and in healthy individuals, both in 
frequency and type, and were mostly local (pain, 
redness, swelling) and rarely systemic (fatigue, 
headache, fever). Of interest, most reported stud-
ies show similar rates of side effects among 
HSCT patients as in healthy controls. However, 
as outlined by both the ECIL9 recommenda-
tion—EBMT recommendation and ASTCT/ASH 
recommendation, there is a risk for worsening/
eliciting GVHD in allo-HSCT recipients. This 
risk needs to be considered when deciding about 
the timing of vaccination.

There is no specific recommendation for vac-
cinating stem cell donors for any other purpose 
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than protecting the donor. However, previous 
vaccination of the donor might reduce the risk of 
jeopardizing the donation. Moreover, the recent 
emergence of new variants may require vaccine 
modifications and strategies to improve efficacy 
in these vulnerable patients.

 Conclusions and Future Directions

Summarizing available data, the overall mortality 
rate in allo-HSCT and ASCT recipients with 
COVID-19 is around 25–30%, lower than in non- 
transplanted hematological patients. The follow-
ing aspects may explain in part the lower 
mortality in the transplant setting: patients under-
going allo-HSCT are by definition younger and 
healthier than overall onco-hematological 
patients, and generally, transplantation is per-
formed with an underlying controlled disease 
[11]. Conversely, patients undergoing CAR-T 
infusion displayed worse clinical outcome that 
needs further investigation [11, 13]. However, 
even if adults with hematological malignancies 
and after transplantation have a substantial mor-
tality rate for COVID-19, formal comparisons to 
the general population are lacking. Such a com-
parison deserves to be investigated because, for 
example, in the setting of solid-organ transplant 
recipients, the building evidence suggests that 
they are not at increased risk of mortality from 
COVID-19 when compared with age- and 
comorbidity- matched controls [59].

Moreover, it should be considered that by dis-
playing protracted SARS-2-CoV shedding and 
prolonged symptoms’ duration, transplant recipi-
ents are also at risk for promoting the generation 
of highly mutated viruses that could render treat-
ments ineffective, as for one of the latest VOC, 
Omicron 2 (B.1.1.529.2), that is resistant to 
sotrovimab and for which the newest mAb bebt-
elovimab is upcoming [60, 61].

Finally, given the essential roles of IgM and 
IgA in the control and elimination of SARS- 
CoV- 2 infection, mucosal immunity could be 
exploited for therapeutic and prophylactic pur-
poses; so IgM, IgA, and bispecific antibodies 
anti-SARS-2-CoV are currently under investiga-

tion, as well as the possibility to exploit adoptive 
SARS-2-CoV-specific T-cell therapy in immuno-
compromised hosts at risk of severe COVID-19 
[62, 63].
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Abbreviations

ARDS Acute respirator distress syndrome
GVHD Graft versus host disease
HFNC High flow nasal cannula
HSCT Hematopoietic stem cell 

transplantation
MAP Mean arterial pressure
MEWS Modified early warning score
NEWS National early warning score
NIV Noninvasive ventilation
PLR Passive leg raise
PEEP Positive end expiratory pressure
POCUS Point of care ultrasonography
qSOFA Quick sequential organ failure score
SSC Surviving sepsis campaign
SIRS Systemic inflammatory response 

syndrome
SOFA Sequential organ failure score

 Introduction

Major advances in the care of hematopoietic stem 
cell transplantation (HSCT) patients through 
improved transplant procedures and the use of 
reduced intensity conditioning regimens have led 
to improved outcomes [1]. Despite this, mortality 
following HSCT remains high, especially in 
patients with allogeneic (allo-HSCT), reaching as 
high as 51.7% based on a systematic review by 
Saillard et al. [2]. The review also showed a reduc-
tion in mortality when looking at data from 2004 
onwards. Infectious complications are a major fac-
tor leading to morbidity and mortality in this patient 
population. Given the immunological compro-
mises associated with HSCT, including neutrope-
nia, neutrophils and lymphocytes dysfunction, the 
break in mucosal barriers associated with mucosi-
tis, and graft versus host disease (GVHD), infec-
tions are commonly associated with sepsis that 
could quickly progress to septic shock. Improved 
prophylactic measures against infections, earlier 
diagnosis, and more effective antimicrobial thera-
pies have improved the outcomes associated with 
infections as well as sepsis [2]. The advances in the 
management of different infections following 
HSCT are detailed in other chapters. This chapter 
will focus on the approach to the management of 
sepsis and septic shock, providing specifics related 
to HSCT recipients whenever applicable.

S. R. Alsunaid (*) 
Department of Cardiothoracic and Vascular Surgery, 
Montefiore Medical Center, The University Hospital 
of the Albert Einstein College of Medicine, Bronx, 
NY, USA
e-mail: salsunaid@montefiore.org 

A. O. Soubani 
Division of Pulmonary, Critical Care Medicine and 
Sleep Medicine, Wayne State University School of 
Medicine, Detroit, MI, USA
e-mail: asoubani@med.wayne.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28797-8_13&domain=pdf
https://doi.org/10.1007/978-3-031-28797-8_13
mailto:salsunaid@montefiore.org
mailto:asoubani@med.wayne.edu


194

 Definition and Screening for Sepsis

Early recognition and prompt initiation of therapeu-
tic measures, including appropriate antibiotics, 
hemodynamic support, and source control, are key 
to improved outcomes of sepsis [3]. In order to do 
so, standardized and current definitions are needed, 
as sepsis and septic shock definitions have evolved 
since their first introduction in 1991 [4]. In 2016, the 
Sepsis-3 committee defined sepsis as a life-threaten-
ing condition caused by a dysregulated host response 
to infection, resulting in organ dysfunction. Septic 
shock, on the other hand, is characterized by circula-
tory, cellular, and metabolic abnormalities in septic 
patients, presenting as fluid-refractory hypotension 
requiring vasopressor therapy with associated tissue 
hypoperfusion (manifested in different ways, includ-
ing lactate >2 mmol/L) [5]. These definitions were 
used in the most recent updated 2021 surviving sep-
sis campaign (SSC) guidelines [6].

HSCT patients are at increased risk of develop-
ing sepsis and septic shock compared to non- 
transplant patients. The risk is highest for allo-HSCT 
recipients. These are at an even greater risk for com-
plications if the diagnosis was missed or delayed 
[7]. Their immune system may respond to or handle 
infection differently secondary to prior cancer ther-
apies, neutropenia, or immunosuppressive therapies 
[8]. Furthermore, other common post-transplant 
complications such as engraftment syndrome, ane-
mia, transfusion reactions, idiopathic pneumonia 
syndrome, acute kidney injury, and drug side effects 
can present in a similar fashion to sepsis [9].

The immunocompromised state associated 
with HSCT poses an increased risk for critical ill-
ness in these patients. When the clinical signs and 
symptoms point towards organ dysfunction related 
to sepsis, it is important for the treating team to be 
able to recognize and initiate treatments quickly. 
Severe neutropenia (absolute neutrophil count 
<500/μL) and neutropenia lasting longer than 7 
days are known to increase sepsis risk in addition 
to prolonged hospital stay, prior surgery, advanced 
disease, delay in ICU admission, presence of long-
term catheters, and pre- treatment with antibiotics 
or chemotherapy, all of which are associated with 
increased infection, sepsis, and septic shock [8, 
10]. Studies have also linked the occurrence of 
sepsis and its progression to septic shock with the 
presence of hypophosphatemia (<0.8 mmol/L), 

hypoproteinemia (<62 g/L) [11], febrile neutrope-
nia, tachypnea, elevated procalcitonin (PCT ≥1.5 
ng/ml), lactate level (>3 mmol/L), low bicarbonate 
(<17 mmol/L), low antithrombin (<70%), or factor 
VIIa (<0.8 ng/mL) [8].

It is strongly recommended by the SSC that sep-
sis screening programs for acutely ill or high- risk 
patients be part of standard operating procedures to 
improve morbidity and reduce mortality [12].

Multiple tools for screening are available, includ-
ing the systemic inflammatory response syndrome 
(SIRS) criteria [4], the quick sequential organ fail-
ure score (qSOFA) [5], the sequential organ failure 
score (SOFA) [13], the national early warning score 
(NEWS) [14], and the modified early warning score 
(MEWS) [15], all with variable sensitivity and 
specificity that help in early identification and 
timely intervention (Table 13.1). Because of these 
variations, the 2021 SSC guidelines strongly rec-
ommend with moderate quality evidence, against 
using qSOFA compared to SIRS, NEWS, or MEWS 
as a single screening tool [12]. This can be further 
understood by reviewing a recent retrospective 
analysis by Lind et al. [9] that looked at the predic-
tive values of qSOFA (cutoff ≥2), SIRS (cutoff ≥2), 
and NEWS (cutoff ≥7) with respect to short-term 
mortality in allo-HSCT patients during the first 100 
days specifically, measured at 10-day and 28-days 
post infection in both inpatient and outpatient set-
tings. They observed a 10.7% mortality, which was 
similar to previously published rates in US trans-
plant centers [16]. The study showed that NEWS 
had a balanced performance but suboptimal sensi-
tivity, with its sensitivity and specificity being 
78.3% and 70.2%, respectively. SIRS maintained 
the highest sensitivity at 91.3% but with a poor 
specificity of 35.0%, while qSOFA was the oppo-
site, with the highest specificity of 90.5% but the 
least sensitive at 47.8%. In the HCT patients specifi-
cally, these scores performed worse, with low posi-
tive predictive values and likelihood ratios. These 
limitations indicate the need for new, population-
specific criteria in this population [9]. This pre-
vented SSC from recommending one screening tool 
over the other, but rather, a comprehensible assess-
ment for each patient should be utilized. In sum-
mary, screening for sepsis in allo-HSCT patients 
may be more challenging compared to the general 
population. The current available screening tools 
are helpful, but none appears to be more superior.
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Table 13.1 Surviving sepsis campaign major recommendations for the management of sepsis and septic shock

Recommendation Strength
Quality of 
evidence

Hospital to adopt programs to screen acutely ill and high-risk patients for sepsis Strong Moderate
Recommendation against using qSOFA compared with SIRS, NEWS, or MEWS as a 
single-screening tool for sepsis or septic shock

Strong Moderate

When suspecting sepsis, suggest measuring serum blood lactate Weak Low
When hypoperfusion is present, suggest that at least 30 mL/kg of IV crystalloid fluid should 
be given within the first 3 h of resuscitation

Weak Low

Suggest using dynamic measures to guide fluid resuscitation, over physical examination, or 
static parameters alone

Weak Very low

Suggest guiding resuscitation to decrease serum lactate in patients with elevated lactate 
levels over not using serum lactate

Weak Low

When on vasopressors, recommend an initial target mean arterial pressure (MAP) of 65 mm 
Hg over higher MAP targets

Strong Moderate

When unconfirmed infection, recommend continuously reevaluating and searching for 
alternative diagnoses and discontinuing empiric antimicrobials if an alternative cause of 
illness is demonstrated or strongly suspected

Best practice

Recommend administering antimicrobials immediately, ideally within 1 hour of recognition Strong Weak
Suggest against using procalcitonin plus clinical evaluation to decide when to start 
antimicrobials, as compared to clinical evaluation alone.

Weak Very low

Recommend prompt removal of intravascular access devices that are a possible source of 
sepsis or septic shock after other vascular access has been established

Best practice

Recommend using crystalloids as first-line fluid for resuscitation. Strong Moderate
Suggest using balanced crystalloids instead of normal saline for resuscitation Weak Very low
Suggest using albumin in patients who received large volumes of crystalloids Weak Moderate
Recommend against using starches for resuscitation Strong High
Recommend using norepinephrine as the first-line agent over other vasopressors Strong Low to high 

against other 
vasopressors

When on norepinephrine with inadequate mean arterial pressure levels, suggest adding 
vasopressin instead of escalating the dose of norepinephrine

Weak Moderate

When inadequate mean arterial pressure levels persist despite norepinephrine and 
vasopressin, suggest adding epinephrine

Weak Low

When cardiac dysfunction is associated with persistent hypoperfusion despite adequate 
volume status and arterial blood pressure, suggest either adding dobutamine to 
norepinephrine or using epinephrine alone

Weak Low

Suggest invasive monitoring of arterial blood pressure over noninvasive monitoring, as soon 
as practical and if resources are available

Weak Very low

Suggest starting vasopressors peripherally to restore mean arterial pressure rather than 
delaying initiation until central venous access is secured

Weak Very low

Insufficient evidence to make a recommendation on the use of restrictive versus liberal fluid 
strategies in the first 24 h of resuscitation in patients who still have signs of hypoperfusion 
and volume depletion after the initial resuscitation

No recommen-
dation

For sepsis-induced hypoxemic respiratory failure, we suggest the use of high-flow nasal 
oxygen over noninvasive ventilation

Weak Low

With ongoing requirement for vasopressor therapy, we suggest using IV corticosteroids Weak Moderate
Recommend using a restrictive transfusion strategy over a liberal transfusion strategy Strong Moderate

Recommend initiating insulin therapy at a glucose level of ≥180 mg/dL Strong Moderate

Suggest against using IV vitamin C Weak Low

In most cancer centers, sepsis screening is part 
of the daily rounds as the presentation can be 
atypical. General screening parameters include 
fever or hypothermia, new or increased tachycar-
dia, dyspnea and/or tachypnea, and altered men-
tation [8, 17]. Once sepsis is diagnosed, further 
evaluation and treatment steps should be started 

immediately, these often include measurement of 
lactate level, blood cultures, administration of 
broad-spectrum antibiotics, rapid fluid adminis-
tration, and possibly vasopressors to maintain 
blood pressure, source control, and additional 
supportive therapies [8]. These measures are 
detailed below and summarized in Table 13.2.
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 Initial Resuscitation and Fluid 
Management

Once sepsis or septic shock are suspected, timely 
resuscitation is important. When there is evi-
dence of hypoperfusion, it is suggested by SSC to 
give 30 ml/kg of intravenous balanced crystalloid 
fluid over normal saline within the first 3 hours 
[12]. While the strength of the recommendation 
was downgraded to weak based on the lack of 
prospective intervention studies comparing out-
comes at different fluid volumes, there is evi-
dence from a retrospective analysis of higher 
in- hospital mortality for patients presenting to 
emergency departments with sepsis and septic 
shock who did not receive 30 ml/kg within 3 
hours that supports its use [18]. There is no evi-
dence that using a colloid such as albumin 
improves the outcome of patients with sepsis or 
septic shock. Albumin’s use is suggested by SSC 
only in patients requiring large volumes of crys-
talloids, while starches are contraindicated [12, 
19]. Following initial resuscitation, patients 
should be evaluated for additional volume needs; 
this becomes more challenging as the risk of vol-
ume overload increases. Dynamic guides, includ-
ing the passive leg raise (PLR) test, fluid bolus, 
stroke volume, stroke volume variation, pulse 
pressure variation, and point-of-care ultrasonog-
raphy, are recommended over static measures 
such as central venous pressure, where only 
extreme values can be helpful [12, 20]. Capillary 
refill time and serial lactate levels are additional 
resources that can guide fluid recusation, with the 
objective being to identify volume responders 
from nonresponders where early start of vaso-
pressor may be needed [12, 20]. The goal of vol-
ume resuscitation is to maintain adequate cardiac 
output and tissue perfusion, which should take 
into consideration the severity of illness and car-
diac function, especially since many HSCT 
patients may have baseline cardiac dysfunction 
from comorbidities or prior cancer therapies [2, 
20].

Hypervolemia increases intravascular pres-
sure, promoting edema; increase in pulmonary 
artery pressure, which can contribute to right 
ventricular failure; increase in central venous 

pressure, which may impair organ perfusion, and 
increase in intra-abdominal pressure, which may 
impair renal function [20]. It should be noted that 
the presence of edema does not exclude the need 
for fluids [21]. Circling back to the prediction of 
fluid responsiveness, the dynamic measures can 
be used in two main categories: methods that 
mimic a fluid challenge (fluid bolus or mini 
bolus, PLR) and methods that measure variations 
in cardiac preload by mechanical ventilation 
(pulse pressure and stroke volume variation) 
[20]. To conclude, fluid management should be 
individualized according to the patient's condi-
tion and hemodynamics. This should include 
appropriate amounts of fluids during the 
 resuscitation and maintenance phases, followed 
by fluid removal after stabilization once organ 
recovery starts [3, 20, 22].

 Vasopressors

In fluid nonresponders or when adequate organ 
perfusion is not achieved despite appropriate 
resuscitative measures, the use of vasoactive med-
ications is needed. These should be started 
promptly to restore and maintain mean arterial 
pressure (MAP) >65 mmHg. In the absence of 
central access, these medications should be started 
peripherally and not delayed till access is secured 
[3, 12]. Norepinephrine is the preferred first-line 
vasopressor in sepsis and septic shock, as it has 
demonstrated survival benefit and reduced risk of 
arrhythmia [23]. While two systematic reviews 
[23, 24] found no difference in clinical outcomes 
and mortality with norepinephrine vs epineph-
rine, vasopressin, terlipressin, or phenylephrine, 
the stronger evidence from multicenter random-
ized controlled trials favors norepinephrine, mak-
ing it the first-line recommendation from SSC 
guidelines [12]. When norepinephrine treatment 
fails to achieve the targeted MAP, it is recom-
mended to add a second pressor over an escalating 
norepinephrine dose. Both vasopressin and epi-
nephrine are recommended as second-line agents 
by the SSC guidelines. Septic shock involves a 
relative vasopressin deficiency; adding vasopres-
sin has been shown to have a sparing effect on 
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norepinephrine, resulting in lower doses being 
needed [3]. Epinephrine is a strong alpha- and 
beta-adrenergic agonist, which increases MAP by 
increasing cardiac output and vasomotor tone. Its 
use is limited by the significant risk of tachycar-
dia, arrhythmia, and lactic acidosis [25]. When 
cardiac dysfunction is present in septic shock 
patients and hypoperfusion persists despite ade-
quate volume status and arterial blood pressure, 
the addition of dobutamine to norepinephrine or 
the use of epinephrine alone is recommended. 
With the use of vasopressors, invasive monitoring 
of arterial blood pressure is recommended [12].

 Antimicrobial Treatment 
and Source Control

After initial stabilization and while awaiting 
infectious work up results to reveal potential 
sources, it is important to decide on the appropri-
ate empiric antimicrobial therapy. It is recom-
mended by the SSC guidelines to administer 
antimicrobials immediately, ideally within one 
hour of sepsis recognition after obtaining appro-
priate samples for culture [12]. The initial choice 
should be broad spectrum, covering all likely 
pathogens, considering the site of infection, pre-
vious antibiotic use, local pathogen susceptibil-
ity patterns, risk factors for resistant organisms, 
and the immunocompromised state [3]. Rising 
antibiotic resistance rates may impact the effi-
ciency of empiric treatment; a recent cross-sec-
tional study, including 14 US cancer centers, the 
“BISHOP” study [26], prospectively identified 
blood stream infections in high-risk febrile neu-
tropenia patients, including HSCT patients, 
found that cefepime and piperacillin-tazobactam 
were the most commonly prescribed and that 
they remain effective as empirical treatment, 
maintaining high pathogen susceptibility and 
excellent outcomes. Adding methicillin-resistant 
Staphylococcus aureus (MRSA) coverage is rec-
ommended, as is the use of two antimicrobial 
gram-negative coverage agents versus a single 
agent when there is a high risk of multidrug- 
resistant organisms [12]. It is also important to 
consider antifungal coverage in allo-HSCT 

patients in septic shock, as they are at an 
increased risk for fungal infections given their 
immunocompromised state and likely recent 
antibiotic exposure [3]. Antiviral or anti-Pneu-
mocystis jirovecii pneumonia (PJP) treatment 
should be considered in the appropriate situa-
tions [27]. Timely consultation with infectious 
disease specialists with expertise in HSCT 
patients is recommended.

Another key aspect of sepsis and septic shock 
management is the identification and elimination 
of the likely source of infection as soon as logisti-
cally and medically possible; this includes the 
prompt removal of indwelling catheters and 
intravascular access devices after other access 
has been established, the drainage of purulent 
collections, and the debridement of necrotic tis-
sue when applicable [12, 28]. In the past, a more 
conservative approach to catheter removal was 
suggested in cytopenic patients for fear of com-
plications from new catheter insertion. This is no 
longer the case with the availability, feasibility, 
and improved clinician skill with the use of bed-
side ultrasound [29]. Tunneled catheters should 
also be removed if they are suspected sources of 
infection, and a temporary non-tunneled catheter 
should be placed in the meantime. This is espe-
cially true for infections with non-fermenting 
gram-negative bacilli, candida species, and 
Staphylococcus aureus infections. Only in rare 
cases where there is no alternative, the use of sys-
temic antibiotics and an antibiotic lock can be 
considered to salvage the catheter [28, 29].

A multidisciplinary team approach is needed to 
choose the least invasive procedures that guarantee 
maximal source control while avoiding additional 
damage or creating long-term disability. Keeping 
in mind that sometimes temporizing strategies are 
needed to overcome certain limitations, for exam-
ple, patient factors; severity of illness, hemody-
namic instability, respiratory, and metabolic status, 
abnormal labs; coagulation profile, location; extent 
of infection; and collateral damage associated with 
source control interventions [28].

Ongoing assessments for de-escalation of 
antimicrobial therapies are recommended over a 
fixed duration of therapy without de-escalation; 
shorter courses are preferred over longer courses, 
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especially when cultures are negative and no 
identifiable infection is identified [12]. A retro-
spective analysis in HSCT patients with febrile 
neutropenia and a negative infectious workup 
done by Rearigh et al. [30]. where early empiric 
antibiotics were de-escalated to prophylactic 
therapy 24 hours prior to neutrophilic recovery 
when patients were afebrile 48 hours later found 
that mortality rates, new infections, and clinical 
decompensation requiring ICU transfer within 
30-days were similar to standard of care, leading 
to less broad-spectrum antibiotic exposure.

 Mechanical Ventilation

HSCT patients in septic shock often develop respi-
ratory failure, including acute respiratory distress 
syndrome (ARDS), and require mechanical venti-
lation. It is recommended to apply lung protective 
strategies with low tidal volume (6 ml/kg of ideal 
body weight), addition of PEEP with limitation of 
plateau pressure (<30 cmH2O). Other strategies 
for the management of severe ARDS include 
prone positioning for >12 h/day [12].

 Additional Therapies

Additional supportive measures for HSCT 
patients with septic shock include the use of 
intravenous stress-dose corticosteroids (hydro-
cortisone <300 mg daily) [12]. An updated meta- 
analysis found that systemic corticosteroids 
accelerated the resolution of shock and increased 
vasopressor-free days [31]. These desirable ben-
efits outweigh the undesirable effects such as 
neuromuscular weakness, and as such, the SSC 
guidelines continue to suggest their use when 
adequate volume resuscitation and vasopressors 
are unable to restore hemodynamic stability [12].

Hyperglycemia (>180 mg/dL), hypoglycemia 
(<70 mg/dL), and frequent glycemic variability 
are associated with increased mortality in the 
critically ill [32]. It is recommended that insulin 
therapy be initiated when blood sugar levels are 
>180 mg/dL and that it be titrated to a target 
range of 140–180 mg/dL [12].

The use of IV vitamin C, which is known to 
have anti-inflammatory properties, in septic 
shock was recommended after a single-center 
study in 2017 reported a mortality benefit and 
shorter vasopressor duration when used in com-
bination with corticosteroids and thiamine [33]. 
The SSC group analyzed systematic reviews and 
meta-analyses from multiple RCTs published 
since, which showed that the overall size of any 
desirable effect was small and recommended 
against its use in septic shock based on the cur-
rent data [12]. No data is available for HSCT 
patients specifically.

Sodium bicarbonate is not routinely recom-
mended to improve hemodynamics or reduce 
vasopressor requirements unless there is severe 
metabolic acidemia (pH ≤7.2) and acute kidney 
injury [12].

Early administration of enteral nutrition in 
sepsis and septic shock patients has physiologic 
benefits in maintaining gut integrity and prevent-
ing intestinal permeability, dampening the 
inflammatory response, and modulating meta-
bolic responses that may reduce insulin resis-
tance [34]. It is recommended that in septic shock 
patients who can be fed eternally, nutrition be 
started within 72 h [12].

Finally, in assessing short-term mortality of 
critically ill allo-HSCT patients admitted to the 
ICU, Saillard et  al. [2] identified the following 
prognostic factors as being associated with 
increased mortality: mechanical ventilation, 
vasopressor need, renal replacement therapy, 
ICU admission for respiratory failure, acute kid-
ney injury, and acute graft-versus-host disease. In 
contrast, single organ failure, neurological fail-
ure, and reduced conditioning regimens were 
associated with increased ICU survival [2].

 Conclusion

HSCT patients are at an increased risk of infec-
tion leading to sepsis or septic shock. Early 
identification and prompt management of sepsis 
and septic shock are essential in all patients and 
particularly in HSCT recipients given their 
compromised immune system. Figure 13.1 sum-
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Sepsis & Septic Shock

Screen at-risk
patients

(clinical evaluation,
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NEWS, MEWS)

Consider
alternative

causes

Order
appropriate
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(cultures,
lactic acid,
POCUS)

Initial
resuscitation

with crystalloid
at 30ml/kg

Assess fluid
responders vs.
non-responders
to avoid volume

overload

Vasopressors
for persistent
hypotension
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Lung
protective
strategy if
intubated

Fig. 13.1 Initial management of sepsis and septic shock in HSCT patients

marizes the main components suggested by SSC 
for the initial management of sepsis and septic 
shock. We believe that the components of this 
bundle apply to the HSCT patient with sepsis or 
septic shock. Strong collaboration between the 
transplant specialist, intensivist, and other spe-
cialists is critical in improving the outcome of 
these patients.
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 Introduction

Diffuse alveolar hemorrhage (DAH) is the clini-
cal syndrome in which bleeding occurs into the 
lung alveoli. Typically, this results in dyspnea 
and diffuse infiltrates on chest imaging, and it 
may cause frank hemoptysis in some patients. 
DAH can occur after both allogeneic and autolo-
gous hematopoietic stem cell transplantation 
(HSCT).

Although DAH is rare overall, it is seen as a 
complication of several systemic diseases. Since 
the mechanism of DAH development in these set-
tings has been relatively better studied than DAH 
after HSCT, it is worthwhile discussing these 
conditions when considering post-HSCT DAH 
[1]. The vasculitides, in particular anti-neutrophil 
cytoplasmic antibody (ANCA)-associated vascu-
litis, as well as several systemic rheumatologic 
diseases such as anti-glomerular basement mem-
brane disease, rheumatoid arthritis, and systemic 
lupus erythematosus, are associated with the 
development of DAH. The mechanism of action 
in these conditions appears to be pulmonary cap-
illaritis [1–3]. Alveolar wall inflammation leads 
to disruption of the alveolar-capillary basement 
membrane barrier with resultant hemorrhage into 
the alveoli [4]. Inflammation is typically neutro-

philic and centers around capillaries and small 
veins. Unlike pulmonary infections, where neu-
trophilic infiltration is intra-alveolar, infiltration 
is typically interstitial. Capillaritis often leads to 
fibrinoid necrosis of alveolar and vessel walls. 
Pulmonary capillaritis has also been reported as a 
reaction to certain drugs, including carbimazole, 
propylthiouracil, and hydralazine [5]. The second 
major category of DAH syndromes is that of 
bland hemorrhage, typically characterized by 
hemorrhage into the alveolar space without 
inflammation or alveolar damage. This is typi-
cally seen in patients on anticoagulation or in 
those with left ventricular failure [6]. The third 
major category of the DAH syndromes is associ-
ated with diffuse alveolar damage (DAD). This 
can occur with acute respiratory distress syn-
drome (ARDS), several drugs (e.g., cytotoxic 
chemotherapy, amiodarone), radiation therapy, 
and pulmonary infections [7].

Importantly, these categories aren’t mutually 
exclusive, and a patient may develop DAH in the 
context of multiple histopathologic injuries. It is 
not unreasonable to consider the HSCT patient 
susceptible to bland hemorrhage from thrombo-
cytopenia, diffuse alveolar damage due to infec-
tions and ARDS, and capillaritis due to 
medications.
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 Definition and Diagnosis

DAH after HSCT was first described in 1989 in a 
case series of 29 autologous HSCT patients [8]. 
Since then, multiple studies have furthered our 
understanding of this post-HSCT pulmonary 
complication.

The definition of DAH consists of three main 
criteria (Fig. 14.1). First, there needs to be evi-
dence of diffuse lung involvement rather than 
focal disease, and this is typically demonstrated 
with bilateral pulmonary infiltrates on chest 
imaging. Second, there are some consequences 
of alveolar hemorrhage, typically hypoxemia and 
a new oxygen requirement. Third, there needs to 
be evidence of alveolar hemorrhage, usually 
requiring bronchoscopy with bronchoalveolar 
lavage (BAL). A fiberoptic bronchoscope is 
passed through the vocal cords and advanced to a 
single lung segment until it cannot be advanced 
further (“wedged”). This segment is typically 
chosen based upon (a) affected areas on radio-
graphic imaging and (b) likelihood of a good 
return for BAL (often the right middle lobe or 

lingula). Serial aliquots of saline (typically 20cc) 
are instilled into this wedged segment, and the 
return is examined for evidence of hemorrhage. 
A sample is considered “progressively bloody” if 
subsequent aliquots are more hemorrhagic than 
the last (Fig.  14.2). Typically, at least 4–8 ali-
quots are instilled, and the fluid is sent for appro-
priate laboratory studies (Table  14.1). Most 
centers send BAL fluid for cytologic analysis for 
hemosiderin-laden macrophages. The cutoff for a 
“positive” BAL is 20% or more hemosiderin- 
laden macrophages [9].

A major limiting factor in prior DAH litera-
ture is its variable and inconsistent definition. 
Some studies require rigorous bronchoscopic 
confirmation of alveolar hemorrhage, whereas 
others diagnose DAH based on “clinician opin-
ion,” with or without bronchoscopic criteria. The 
latter is particularly unreliable given the clinical 
(respiratory failure), radiographic (diffuse bilat-
eral infiltrates), and hematologic (declining 
hemoglobin) findings of DAH that are commonly 
seen in HSCT when patients are vulnerable to a 
range of pulmonary complications and often in 

1
Diffuse pulmonary

involvement

Bilateral infiltrates on
X-ray or chest CT

e.g. dyspnea, cough
hemoptysis, hypoxemia

Definite DAH:

Probable DAH:

1 + 2 + both 3a and 3b

1 + 2 + either 3a and 3b

2
Pulmonary

signs/symptoms

3a
Progressively

hemorrhagic retrun

Bronchoscopy evidence of DAH

3b
Hemosiderin-laden

macrophages > 20%

Fig. 14.1 Diagnostic 
criteria for diffuse 
alveolar hemorrhage. 
DAH diffuse alveolar 
hemorrhage, CT 
computed tomography

Fig. 14.2 Radiographic and bronchoscopic features of 
diffuse alveolar hemorrhage. Left: characteristic chest 
X-ray showing diffuse bilateral pulmonary infiltrates. 

Right: Serial aliquots show a progressively hemorrhagic 
return. Hemosiderin-laden macrophages in this patient 
were 43%
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Table 14.1 Bronchoalveolar lavage testing for diffuse 
alveolar hemorrhage

Non-infectious 
studies Cell count and differential

Cytology, including hemosiderin- 
laden macrophages

Viral studies Influenza A/B and RSV PCR
Respiratory viral culture
Adenovirus PCR
SARS CoV-2 PCR
Cytomegalovirus PCR

Bacterial studies Gram stain
Nocardia stain
Legionella PCR
Legionella culture
Aerobic bacterial culture

Fungal studies Fungal smear
Pneumocystis PCR
Aspergillus antigen
Fungal culture

Mycobacterial 
studies

Acid fast smear
Mycobacteria culture

need of transfusion support. Concise definitions 
as proposed in Fig. 14.1 may help to standardize 
DAH research.

Some studies include all patients with the 
DAH syndrome, while other studies only include 
those in whom an inciting event or infection is 
not identified. Importantly, most DAH studies are 
dated, from an era in which the evaluation for 
infection was often more technically limited than 
what occurs currently. For example, polymerase- 
chain reaction assays, now routine in the infec-
tious evaluation of the immunocompromised 
transplant patient, were not available in many of 
these studies. As such, a report of “noninfectious 
DAH” may not always have been the case. 
Understanding that infectious evaluation is 
imperfect, the best option may be to consider 
DAH as an umbrella for the pulmonary syn-
drome, with subsequent stratification between 
infectious and noninfectious causes.

Radiographic abnormalities in DAH are non-
specific. Most patients have a mild interstitial or 
alveolar pattern on the chest radiograph at initial 
presentation, and bilateral lung involvement is 
more common than unilateral involvement. The 
most common finding on CT is bilateral ground 

glass opacities and a “crazy paving” pattern with 
middle or lower lobe predominance [7, 10].

The vast majority of DAH patients will be 
unable to perform pulmonary function testing 
due to the severity of their illness. However, in 
studies that have been completed, the presence of 
blood in the airways may lead to an increase in 
the measured diffusing capacity for carbon mon-
oxide (DLCO) compared to baseline pulmonary 
function testing (typically performed before 
HSCT for all recipients) [11].

 Clinical Presentation and Time 
Course

The main clinical features of DAH are nonspe-
cific, with dyspnea and cough being the most 
common [8]. Even in non-HSCT DAH syn-
dromes, hemoptysis is not universal. In DAH 
after HSCT, hemoptysis is uncommon, only 
occurring in only 15% of the cases [8, 12, 13]. 
Patients typically progress to hypoxia and acute 
respiratory failure with less than 10% of patients 
on room air on initial presentation. Around 50% 
require invasive mechanical ventilation in recent 
reports [13].

Early studies of DAH noted that most patients 
presented within the first 30 days of HSCT, often 
coinciding with the phase of pre-engraftment 
thrombocytopenia and neutropenia, in which 
patients were also most susceptible to bland hem-
orrhage and infectious pneumonia [8, 13, 14]. 
More recently, there have been substantial 
improvements in peri-transplant outcomes. 
Improved understanding of the infectious syn-
dromes after HSCT has led to guideline-based, 
standardized antibacterial and antifungal prophy-
laxis with significant reductions in post-HSCT 
infections [15]. There has also been a steady 
improvement in the management of critical care 
syndromes, with better treatment of sepsis, 
ARDS, and pneumonia [16]. With that, the 
median time to DAH diagnosis is now around 4 
months after HSCT, and DAH can no longer be 
considered as only an early complication of 
HSCT [13].
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 Incidence

As outlined above, there has been substantial 
inconsistency in prior studies regarding DAH 
definition, with not all studies including both 
infectious and noninfectious DAH and many 
including patients without bronchoscopic confir-
mation of DAH. As such, the reported incidence 
of DAH in these studies has ranged fairly widely 
from 1% to 16% [17–20]. In a large recent cohort 
study using a standardized definition of DAH 
(including both infectious and noninfectious 
cases), the incidence was 2.3% [13]. Consistent 
with most prior reports, the rate of DAH was 
higher in those undergoing allogeneic HSCT 
compared to autologous HSCT (7.2% versus 
1.1%) [13, 18, 20].

 Risk Factors

Data regarding underlying risk factors for DAH 
are limited. Pre-HSCT cumulative cyclophos-
phamide dose, conditioning regimen, use of 
total body irradiation or thoracic radiation, 
delayed platelet engraftment, and age have 
been associated with increased risk of DAH in 
HSCT recipients [8, 21–23]. Patients with acute 
graft-versus-host disease are also more likely to 
develop DAH [24].

In those diagnosed with DAH, several factors 
are associated with worse survival [13, 22]. These 
include platelet count (OR 0.98, lower platelet 
count associated with worse outcomes), higher 
INR (OR 4.08), and the need for invasive 
mechanical ventilation (OR 8.2). The higher INR 
was associated with poorer outcomes despite 
median INR being relatively close to normal 
(1.3). As such, this may be a marker of severity of 
illness or nutritional deficit rather than coagulop-
athy. In line with this, correction of underlying 
coagulopathy has not been shown to change out-
come [13, 22, 25]. Other risk factors associated 
with poor outcomes in DAH patients include 
delayed platelet engraftment and high D-dimer 
level, both of which may be indicators of other 
systemic illness [22].

Those diagnosed with DAH more than 30 
days after HSCT are also more likely to have 
worse outcomes (OR for mortality: 7.06) [13]. 
This may reflect the fact that early DAH may be 
from treatable causes such as pneumonia, 
whereas later-onset DAH may be a form of non-
infectious lung injury less amenable to treatment 
and reversal.

 Pathogenesis

As discussed above, the three histopathologic eti-
ologies of alveolar hemorrhage syndromes are 
pulmonary capillaritis, bland hemorrhage, and 
diffuse alveolar damage [26]. Almost certainly, 
post-HSCT DAH is a combination of these dif-
ferent etiologies to varying degrees, likely driven 
predominantly by the latter two (bland hemor-
rhage and diffuse alveolar damage). Limited 
research has been done regarding the pathogene-
sis of DAH, and our understanding is largely lim-
ited to autopsy studies. Coagulopathy and 
severity of acute respiratory failure typically pre-
clude transbronchoscopic or surgical lung biopsy.

In a 1989 study of 29 patients with DAH after 
autologous HSCT, autopsies were performed in 
15 patients [8]. All 15 patients had evidence of 
diffuse alveolar damage. Other findings noted in 
patients included patchy hyaline membrane 
deposition within alveoli, fibroblast proliferation, 
and interalveolar connective tissue deposition. In 
a postmortem study of allogeneic HSCT recipi-
ents, 11 DAH cases were identified. Seven cases 
had DAD with the remaining having infectious 
pneumonia (bacterial, viral, or fungal) [27]. In a 
recent study of 99 DAH patients, seven deceased 
patients underwent autopsy with no cases of cap-
illaritis, one case of bland alveolar hemorrhage, 
and four cases of DAD [13]. Taken together, 
these findings support the notion that the major 
histopathologic hallmarks of post-HSCT DAH 
are DAD and bland hemorrhage. DAD is often 
seen with ARDS, and one could consider DAH a 
phenotype of post-HSCT ARDS. It is unknown if 
there are specific pathophysiology features of 
DAD in this setting that are unique to the post- 
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HSCT setting, or whether it represents a result of 
one of the many types of lung injury HSCT 
patients may experience. Pretransplant exposures 
predisposing to DAD include chemotherapy and 
radiation therapy. Post-transplant exposures 
include pulmonary infections, aspiration, 
transfusion- associated acute lung injury, and 
graft versus host (GvH) disease [25, 28].

Capillaritis has typically not been reported in 
autopsy studies. This is important to consider 
given that the mainstay of specific pharmacologic 
therapy is high-dose corticosteroids, as inferred 
from the treatment of DAH associated with the 
ANCA vasculitis syndromes. However, one 
major limitation of autopsy studies is that they 
are often carried out long after the initial DAH 
episode, anywhere from 12 to 45 days from diag-
nosis, such that there may be an evolution of pul-
monary pathology findings by the time of autopsy 
[8, 13, 27].

 Management and Treatment

The mainstay of DAH management is supportive 
care. To prevent the progression or worsening of 
ARDS in hospitalized patients, prompt empiric 
antimicrobial coverage is essential while infec-
tious studies are pending. If a patient requires 
mechanical ventilation, early application of a 
lung-protective ventilation strategy is important 
in preventing the progression of respiratory fail-
ure. The ARDS Network trial showed lower tidal 
volume (now typically 4–6 cc/kg of ideal body 
weight), lower plateau pressure (Pplat) less than 25 
mmHg, and adequate positive end-expiratory 
pressure (PEEP) greater than 5 mmHg were asso-
ciated with lower mortality and a greater number 
of ventilator-free days [29]. However, the rela-
tionship between tidal volume, plateau pressure, 
and optimal PEEP is complex, and driving pres-
sure (Pplat-PEEP) has been proposed as a surrogate 
for the effect of tidal volume on the remaining 
functional lung size. Driving pressure has been 
strongly associated with survival, and maintain-
ing a driving pressure below 15 mmHg is an 
important part of lung-protective ventilation [30]. 

In mechanically ventilated patients with moderate- 
to-severe ARDS (PaO2/FiO2 ratio less than 150), 
patients may benefit from other lung- protective 
interventions, including neuromuscular blockade, 
especially if there is substantial ventilatory dys-
synchrony [31, 32]. Dyssynchrony is where there 
is inappropriate timing between delivery of the 
mechanical breath and patient effort, resulting in 
the possibility of ventilator- induced lung injury. 
Other interventions that may be beneficial in 
ARDS patients are prone positioning [33] and 
fluid-restrictive resuscitation [34]. Adhering to 
these ARDS best practices is important in the sup-
portive care of DAH patients, although there are 
limited data on mechanical ventilation strategies 
specific to this subset of patients.

In addition to supportive therapy, many patients 
receive high-dose corticosteroids, typically after 
infection has been excluded by microbiological 
studies of BAL fluid. The use of high-dose corti-
costeroids (≥1 g methylprednisone per day) was 
extrapolated from the treatment of alveolar hem-
orrhage in patients with ANCA vasculitis [35]. 
However, there is inconsistent evidence regarding 
the benefit of corticosteroids in patients with 
DAH after HSCT. Early small case series and ret-
rospective studies suggested high-dose corticoste-
roids dramatically improved survival [36–38], but 
these results have not been replicated in more 
recent, larger cohorts [13, 22]. Additionally, 
higher doses of corticosteroid therapy (≥250 mg 
methylprednisolone per day) have been associ-
ated with worse outcomes than lower dose steroid 
therapy (<250 mg methylprednisolone per day), 
but the studies were limited either by an absence 
of confirmation by bronchoscopy or by a small 
sample size [13, 39]. In a recent cohort study of 
92 allogeneic DAH patients, medium-dose corti-
costeroids (defined as methylprednisolone 10–20 
mg/kg/day) had better 30-day survival than 
patients who received low-dose corticosteroids 
(methylprednisolone <10 mg/kg/day) or high-
dose corticosteroids (methylprednisolone >20 
mg/kg/day) [22]. However, these effects did not 
persist, and 60- and 100-day mortality was not 
different between the three groups. In summary, 
although moderate- dose corticosteroid therapy is 
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considered standard of care for DAH patients 
once infection has been excluded, this practice is 
not clearly supported by evidence. There is an 
important unmet need to conduct randomized 
clinical trials to further investigate the optimal 
treatment for DAH in HSCT recipients. Our pre-
ferred approach is to exclude infection with bron-
choscopy/BAL, allow culture data to adequately 
mature for at least 24 h, then administer 1–2 mg/
kg of methylprednisone if cultures remain nega-
tive. Duration of therapy is determined on a case-
by-case basis, but typically we would favor 
relatively short- course corticosteroids (3–7 days) 
over extended- duration steroids.

Other adjunctive therapies have also been tri-
aled in HSCT patients with DAH, but there is a 
paucity of data regarding their effectiveness and 
safety. Aminocaproic acid (ACA) is an antifibri-
nolytic that inhibits plasmin and has been used in 
dental procedures, after biopsies, and in cardiac 
surgery to achieve hemostasis. In a case series of 
eight allogeneic HSCT patients who received 
ACA (1000  mg every 6 h) in addition to high- 
dose corticosteroids, survival was superior when 
compared to historical controls (100-day mortal-
ity of 44% versus 83%). However, in a larger 
cohort of 119 HSCT patients with DAH admitted 
to the intensive care unit, there was no difference 
in mortality between patients who received 
adjunctive ACA versus those who received high- 
dose steroids alone [39]. Tranexamic acid (TXA) 
is another antifibrinolytic that inhibits the conver-
sion of plasminogen into plasmin. Intrapulmonary 
or nebulized TXA has been used for DAH of 
other etiologies, but rarely in HSCT recipients 
outside of two isolated case reports [40, 41]. 
Recombinant Factor VIIa, an approved agent for 
major bleeding in patients with hemophilia and 
successfully used in patients with acquired 
thrombocytopathies, has also been attempted in 
HSCT patients with DAH when conventional 
therapy with high-dose steroids and platelet 
transfusions proved ineffective [42, 43]. Although 
case reports showed improved clinical outcomes, 
a more recent larger retrospective cohort study 
failed to show benefit with recombinant factor 
VIIa [14, 44, 45]. Along with the other adjunctive 
therapies described, use of Factor VIIa in DAH is 
not routinely recommended [46, 47].

 Prognosis

DAH is associated with dramatically high mor-
bidity and mortality. In historic studies, mortality 
associated with DAH was between 60% and 
80%. Despite advances in post-transplant care 
and critical care delivery for HSCT recipients, 
contemporary studies show little change in over-
all survival. In a cohort of 99 DAH cases, in- 
hospital mortality was 56% and 90-day mortality 
was 64% [13]. In a cohort of 92 allogeneic HSCT 
patients who developed DAH, overall mortality 
was remarkably high: 91% at 90 days [22]. Both 
cohorts are the closest approximations to con-
temporary practice available. Although patients 
often present with acute respiratory failure, the 
most common causes of death are multi-organ 
failure and sepsis. Respiratory failure with active 
pulmonary hemorrhage accounts for less than 
15% of the deaths [37].

 Research and Conclusions

Diffuse alveolar hemorrhage is an uncommon but 
devastating complication of HSCT. The underly-
ing etiology is most likely a combination of dif-
fuse alveolar damage (ARDS) and bland 
hemorrhage. The mainstay of therapy is support-
ive critical care. Corticosteroids (typically low 
dose: 1–2 mg/kg methylprednisone/day) can be 
considered after infection is excluded, but evi-
dence for their efficacy is relatively scant. 
Prospective mechanistic studies and DAH clinical 
trials are needed to better guide management.
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15Engraftment Syndrome 
and Peri- engraftment Respiratory 
Distress

Thomas R. Spitzer

 Introduction

Engraftment syndrome (ES) is a complication of 
hematopoietic stem cell transplantation (HSCT), 
occurring at the time of neutrophil recovery and 
mediated by a number of cellular interactions and 
proinflammatory cytokines [1–5]. First described 
in the setting of autologous HSCT and by the 
various terms engraftment syndrome, auto- 
aggression syndrome, and capillary leak syn-
drome, it has also been described in the setting of 
syngeneic and allogeneic HSCT [1–22]. While 
different criteria have been proposed for the defi-
nition of ES, the hallmark and most common fea-
tures of the syndrome are fever and systemic 
vascular leak, resulting in organ dysfunction. The 
reported incidence of ES after HSCT has varied, 
widely from 7% to 48%, depending in large part 
on the criteria used to establish the diagnosis [6–
22]. The pulmonary manifestations of ES are pri-
marily those of noncardiogenic pulmonary edema 
due to the vascular leak. The differential diagno-
sis of these pulmonary complications is broad 
and will be addressed in this chapter.

 Definition of ES

ES has been described, mostly in the autologous 
HSCT setting, according to variable clinical 
manifestations occurring at the time of engraft-
ment (neutrophil recovery to ≥500/ul). Two for-
mal diagnostic criteria have been developed for 
ES. Spitzer developed criteria based on the clini-
cal manifestations of ES, initially in the setting of 
nonmyeloablative HSCT and subsequently in a 
larger cohort of allogeneic HSCT recipients [1]. 
The criteria include major criteria (reflecting the 
frequency of noninfectious fever, pulmonary vas-
cular leak, and, in the original cohort of patients, 
rash not attributable to graft versus host disease 
(GVHD)) and minor criteria emphasizing other 
organ injury that occurs due to ES.

The criteria by Maiolino et al. were developed 
in the setting of autologous HSCT and include 
fever as a major criterion and several minor crite-
ria reflecting organ manifestations of vascular 
leak. In addition, diarrhea is included as a minor 
criterion [2].

Another important difference between the two 
criteria for ES is the time of onset: within 96 h of 
neutrophil recovery to ≥500/ul according to the 
Spitzer criteria, and within 24 h of neutrophil 
recovery according to the Maiolino criteria.
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 Distinction of ES from Other 
Cytokine-Mediated Syndromes 
After HSCT

An inflammatory state exists universally after 
HSCT and may be due to conditioning therapy, 
infection, neutrophil expansion at the time of 
engraftment, or immune cellular interactions, 
including the initially T-cell-mediated complica-
tions of allogeneic HSCT (GVHD and graft 
rejection).

A diagnosis of ES requires the exclusion of 
non-ES causes of fever and other manifestations 
of inflammation and appropriate timing of the 
clinical manifestations (shown in Fig. 15.1) [23]. 
After autologous HSCT, the diagnosis is more 
straightforward and can be made with confidence 
if an infectious etiology has been excluded. After 
allogeneic HSCT, ES must be distinguished from 
immune-mediated transplant complications, 
notably GVHD and less commonly graft rejec-
tion. While it has been argued that ES after allo-
geneic HSCT is just an early manifestation of 
acute GVHD (or hyperacute GVHD when the 
syndrome occurs within the first 2 weeks after 
transplantation), the fact that it occurs after autol-
ogous HSCT, has different (albeit sometimes 

overlapping) clinical manifestations, and may 
resolve without or with minimal treatment, 
strengthens the argument that ES may occur 
independently of GVHD after allogeneic 
HSCT. It is not surprising that ES may be associ-
ated with a higher risk of acute GVHD given the 
proinflammatory cytokine environment that 
exists, potentially triggering the immune- 
mediated cascade that characterizes 
GVHD.  Studies have reached different conclu-
sions about whether the risk of GVHD is 
increased in patients who develop ES.  A meta- 
analysis by Poonsombudlert et al. of 8 studies of 
ES after allogeneic HSCT showed a significantly 
increased risk of GVHD (a pooled OR of 2.76) in 
patients with ES [24]. Of note, in the analysis of 
ES after allogeneic HSCT by Omer et al. at our 
institution, the risk of early (within 28 days) 
acute GVHD but not the overall risk of acute or 
chronic GVHD was increased in 217 patients 
[20]. Of the 48 patients with ES, only 15 (31%) 
developed grade II-IV acute GVHD by day 180 
post-transplant.

A cytokine-mediated syndrome was also 
described at our institution following combined 
bone marrow and kidney transplantation for tol-
erance induction in patients with end-stage renal 

Fig. 15.1 Timing of cytokine syndromes after hemato-
poietic stem cell transplantation. CRS cytokine release 
syndrome, ES engraftment syndrome, GVHD graft- 
versus- host disease, HCT hematopoietic stem cell trans-
plantation, HS halo-storm, PTCy posttransplant 

cyclophosphamide. Originally published in: Spitzer, 
TR.  Cytokine syndromes associated with hematopoietic 
cellular therapy. Adv Cell Gene Ther. 2021; 4:e98. https://
doi.org/10.1002/acg2.98. Permission for use granted by 
John Wiley and Sons. Ltd
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disease without an underlying malignancy [25]. 
The syndrome occurred 1–2 weeks post- 
transplant and was characterized by profound 
fluid retention and acute kidney injury. In an 
analysis of chimerism studies, it became apparent 
that the cytokine storm occurred in the setting of 
hematopoietic graft rejection. Pulmonary mani-
festations of this phenomenon, subsequently 
termed chimerism transition syndrome, were less 
prominent than the kidney injury. Similar 
cytokine- mediated manifestations have also been 
observed after hematopoietic graft rejection after 
nonmyeloablative HSCT [26].

The cytokine profile of engraftment syndrome 
has been studied, but the data are limited by the 
variable panel of cytokines that were measured, 
whether plasma or serum levels or cytokine 
mRNA were assessed, and the different timing of 
the measurements. Not surprisingly, a large num-
ber of proinflammatory cytokines have been 
found to be elevated in both GVHD and ES and 
include interleukin (IL)-1, IL-2, IL-6, IL-7, IL-8, 
IL-10, tumor necrosis factor-α, and interferon-γ 
[27–32]. Khandelwal reported cytokine levels in 
pediatric HSCT recipients with ES, isolated acute 
GVHD, or both [32]. Significantly higher levels 
of IL-1b and IL-2 were seen in patients with iso-
lated ES.  Levels of the anti-inflammatory cyto-
kines IL-4 and IL-13 were also higher in patients 
with ES. While of interest and worthy of further 
study, cytokine levels are not a reliable way to 
distinguish cytokine-mediated syndromes after 
HSCT.

 Mechanism of the Pulmonary 
Manifestations of ES

The etiology of ES has not been fully elucidated 
but is likely the result of endothelial injury from 
chemoradiotherapy as conditioning for HSCT 
and the proinflammatory cytokine environment 
that occurs during neutrophil and other effector 
cell expansion and interaction during engraft-
ment. The endothelial cell injury from condition-
ing therapy is a prerequisite for ES, as the 
spectrum of clinical manifestations doesn’t occur 
after conventional chemotherapy followed by 

neutrophil recovery. The intensity of the condi-
tioning regimen, especially with high-dose TBI 
regimens, has correlated with the incidence of ES 
in some series [7, 19]. Biomarkers of endothelial 
injury, including thrombomodulin and plasmino-
gen activator type 1, have been shown to be ele-
vated in capillary leak syndrome after allogeneic 
HSCT [33, 34]. The same endothelial injury that 
predisposes to other complications such as 
thrombotic microangiopathy and hepatic veno- 
occlusive disease may also be a triggering event 
in terms of initiating a cytokine cascade that, at 
the time of engraftment, culminates in ES. T-cell 
and other effector cell alloreactivity after alloge-
neic HSCT may contribute to the clinical mani-
festations of ES even in the absence of 
GVHD.  Complement activation has also been 
shown to occur in ES and may exacerbate endo-
thelial injury [35].

The resultant cytokine cascade, which involves 
elevated levels of multiple potentially targetable 
proinflammatory cytokines such as IL-1, IL-6, 
TNF-α and interferon-γ leads to further endothe-
lial injury and systemic vascular leak. 
Thrombocytopenia may be a cause of alveolar 
hemorrhage in the context of pulmonary vascular 
endothelial injury and vascular leak.

 Pulmonary Manifestations of ES

The cardinal pulmonary manifestation of ES is 
noncardiogenic pulmonary edema. Clinically, 
dyspnea and hypoxemia, usually in the setting 
of significant volume overload and weight gain, 
occur, beginning as early as 96 h before engraft-
ment. Examination of the lungs is typically 
remarkable for tachypnea, bilateral “wet” crack-
les, and the absence of signs of heart failure 
such as an S3 gallop and jugular venous disten-
tion. Radiologic findings include diffuse bilat-
eral interstitial infiltrates and the absence of 
cephalization of vessels or cardiomegaly. 
Bilateral pleural effusions are common. CT 
scans may similarly show bilateral infiltrates, 
including ground glass opacities. Atypical 
radiologic findings may also occur, including 
multifocal consolidation.
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While pulmonary edema is included in the cri-
teria for ES, few series have detailed the nature of 
the pulmonary manifestations of ES or described 
the incidence of this complication (shown in 
Table 15.1). Including pulmonary infiltrates and/
or hypoxemia, the incidence of pulmonary mani-
festations has ranged from 20% to 100% of the 
patients with ES. Two more recent series of ES 
after allogeneic HSCT using the Spitzer criteria 
or modified Spitzer criteria revealed that half of 
the patients had pulmonary edema [18, 19]. In the 
series by Omer et al., 52% of 48 patients with ES 
had pulmonary infiltrates consistent with ES, 
while Chang reported that 54% of 119 patients 
with ES had pulmonary edema.

Risk factors for the development of ES 
(although not necessarily for the pulmonary man-
ifestations of ES) have varied widely according 
to the study. More aggressive preparative therapy 
(including regimens with myeloablative doses of 
total body irradiation), disease (higher incidence 
following autologous HSCT for breast cancer), a 
higher number of infused mononuclear or CD34+ 
progenitor cells, a faster time to neutrophil 
engraftment, and non-HLA matched related 

donors have been shown in some series to predict 
for ES [7, 9, 11, 12, 19].

In its most severe form, the pulmonary mani-
festations of ES can be severe and life- threatening. 
Shortly after the initial reports describing engraft-
ment syndrome, Marin et al. reported two patients 
who developed respiratory failure requiring 
mechanical ventilation in association with ES 
[36]. Capizzi et  al. coined the term “peri- 
engraftment respiratory distress syndrome” 
(PERDS) to describe the respiratory compromise 
that occurred in 19 of 416 (4.6%) patients who 
underwent autologous HSCT [37]. Six of the 19 
patients had an alveolar hemorrhage. PERDS was 
believed to be contributory to 4 deaths. Early cor-
ticosteroid administration was effective in amelio-
rating the syndrome. Elbahlawan et al. described 
30 patients among 1527 HSCT recipients (67% of 
whom underwent allogeneic HSCT) who devel-
oped acute respiratory failure due to engraftment, 
requiring mechanical ventilation [38]. Children 
who developed acute respiratory failure during 
engraftment had better intensive care unit survival 
rates than children who developed acute respira-
tory failure due to other etiologies.

Table 15.1 Summary of the literature on engraftment syndrome including pulmonary involvement

Author Transplant type Incidence of ES Incidence of pulmonary manifestations of ES Reference
Autologous
Ravoet Auto 6/61 (10%) 6/6 (100%) with pulmonary infiltrates [7]
Carreras Auto 43/328 (13%) 16/43 (37%) pulmonary infiltrates

14/43 (33%) hypoxemia
[17]

Khan Auto (breast Ca) 33/85 (39%) NS [13]
Maiolino Auto 25/125 (20%) 13/25 (56%) with pulmonary infiltrates [2]
Edenfeld Auto 11/1589 (7%) NS [12]
Madero Auto (Peds) 30/156 (19%) 20/30 (67%)

7/20 (35%) with ARDS/MV
[14]

Sheth Auto 46/178 (26%) 5/46 (11%) hypoxemia
9/46 (20%) pulmonary infiltrates

[21]

Allogeneic
Gorak Allo (NMA) 15/149 (10%) 15/15 (100%) with pulmonary infiltrates

13/15 (87%) with hypoxia
[15]

Schmid Peds Allo (MAC) 29/61 (48%) 7/29 (24%) [16]
Omer Allo (RIC/MAC) 48/217 (22%) 25/48 (52%) [20]
Chang Allo (RIC/MAC) 119/927 (13%) 64/119 (54%) [19]
Syngeneic
Koreth Syn 15/32 (47%) NS [18]

Auto autologous, Allo allogeneic, Syn syngeneic, Ca cancer, NMA nonmyeloablative, MAC myeloablative conditioning, 
RIC reduced intensity conditioning, Peds pediatric, NS not stated

T. R. Spitzer
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 Differential Diagnosis 
of Pulmonary ES

Because respiratory symptoms and signs usu-
ally occur in the context of neutropenia (or only 
recent neutrophil recovery), often with fever, 
and with chest X-ray and CT scans showing 
bilateral pulmonary infiltrates, the differential 
diagnosis is broad and can be broken down as 
follows:

 Infection

The risk of diffuse pneumonia and the offending 
organism(s) most likely to cause pneumonia vary 
according to the type of transplant (autologous vs 
allogeneic), infection history (particularly the 
CMV serostatus), and history of recent infection 
exposure. All transplant patients are at risk for 
Pneumocystis jirovecii pneumonia (PJP), but 
prophylaxis is standard of care, and early PJP is 
very uncommon. Cytomegalovirus pneumonia 
used to be a frequent cause of morbidity and mor-
tality after allogeneic HSCT but is much less 
common now with viral monitoring and preemp-
tive treatment of CMV infection [39]. It is most 
common in CMV-seropositive transplant recipi-
ents. When it does occur, it is usually later (after 
the first month) than when ES is first seen. Other 
infectious causes of diffuse pneumonia, espe-
cially occurring so early post-transplant, are 
uncommon.

 Diffuse Alveolar Hemorrhage (DAH)

DAH may occur after autologous or allogeneic 
HSCT and has a similar time of onset as ES (usu-
ally before day 30 post-transplant, at a median of 
about 2 weeks post-HSCT) [40]. Criteria for the 
diagnosis of DAH include diffuse alveolar injury, 
the absence of an infectious etiology, and, on 
bronchoscopy, progressive bloodier returns on 
bronchoalveolar lavage. The presumed etiology 
of DAH is similar to that of ES, namely endothe-
lial injury initiated by conditioning therapy and 
cytokine release damaging further endothelial 

membrane, leading to vascular leak. Hemorrhage 
may occur because of severe thrombocytopenia 
and other coagulopathies. When considered in 
the differential diagnosis, bronchoscopy may be 
indicated as the treatment is different than that 
for ES (with DAH requiring higher doses of 
corticosteroids).

 Heart Failure

A cardiogenic cause of pulmonary edema should 
also be considered, particularly if the exam, 
radiologic findings, and/or serum biomarkers 
suggest a cardiac origin. Transient heart failure is 
common after HSCT [41]. As age and comorbid-
ity eligibility boundaries have broadened signifi-
cantly in the past 1-2 decades, some patients have 
a significant cardiac history coming into trans-
plant. Many patients with hematologic malignan-
cies may have received a significant cumulative 
anthracycline dose. Cardiac insults in the peri- 
transplant period may include high-dose cyclo-
phosphamide, which is associated with a risk of 
myopericarditis, especially with doses of ≥120 
mg/kg. Other conditioning regimens, including, 
for example, fludarabine or the combination of 
fludarabine and melphalan, can occasionally be 
cardiotoxic. [42].

There is a higher incidence of cardiac toxicity 
(as determined by serial transthoracic echocar-
diograms (TTEs), albeit mostly subclinical, than 
observed clinically in HSCT patients [43]. As 
opposed to cumulative, dose-related 
anthracycline- induced cardiomyopathy, most 
cardiac injury from preparative chemotherapy is 
largely reversible.

 GVHD

It is controversial whether acute GVHD of the 
lung occurs [44, 45]. While pneumonitis in asso-
ciation with other manifestations of acute GVHD 
has been described, and a pathologic exam has 
shown lymphocytic infiltrates in some cases, 
GVHD typically occurs later than ES. An excep-
tion is hyperacute GVHD, which occurs within 
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the first 2 weeks after HSCT. More typical mani-
festations of GVHD, including rash (with consis-
tent biopsy findings), gut involvement with 
vomiting and/or diarrhea, and cholestatic hepa-
topathy, are expected in that setting.

 Drug-Induced Pneumonitis

Some chemotherapy drugs may cause acute lung 
injury, which many present as diffuse pneumoni-
tis [46, 47]. Carmustine (BCNU), which is 
included in many autologous HSCT regimens, 
typically causes delayed (after the first month) 
bilateral pneumonitis. Interstitial pneumonitis 
can also occasionally be caused by alkylating 
agents such as cyclophosphamide and melpha-
lan. Busulfan may cause lung injury, but it is usu-
ally later than when ES occurs, and tends to be 
more insidious, sometimes with progression to 
pulmonary fibrosis. Low-dose methotrexate, 
commonly given for GVHD prophylaxis, rarely 
causes an idiosyncratic pneumonitis, often with 
pleural effusions.

 Idiopathic Pneumonia Syndrome 
(IPS)

IPS is an all-encompassing term to describe dif-
fuse alveolar injury of noninfectious etiology 
after HSCT [48, 49]. The median time to diag-
nosis of IPS is about 2 months, and most defini-
tions require that IPS occurs within the first 100 
days post-HSCT.  It has, however, been 
described from as early as 1 week to 1-year 
post-transplant. It occurs more frequently after 
allogeneic HSCT.  Other risk factors include 
TBI-based preparative therapy and acute 
GVHD.  Although it has been defined by the 
lack of an infectious origin, one study identified 
a possible infectious etiology in over half 
(56.5%) of the patients with a diagnosis of IPS 
when BAL specimen quantitative polymerase 
chain reaction testing for 28 pathogens was per-
formed [50]. ES can be distinguished from IPS 
by its usually earlier onset and other findings, 
including volume overload.

 Diagnostic Evaluation

In the proper clinical setting, notably with vol-
ume overload and often with a noninfectious 
fever around the time of neutrophil engraftment, 
ES is the most likely cause of new-onset respira-
tory symptoms and signs. A chest X-ray should 
be obtained to evaluate for diffuse interstitial 
infiltrates. CT imaging is not necessary unless an 
infectious etiology is strongly suspected. A more 
invasive evaluation can be considered to evaluate 
for infection or DAH, as clinically indicated, or if 
there hasn’t been a rapid response to treatment of 
ES with corticosteroids. A lung biopsy should be 
avoided when there is compelling evidence for a 
diagnosis of ES.

An evaluation for a cardiac etiology of pulmo-
nary edema should include a careful exam with 
attention to signs of heart failure, a chest X-ray, 
and an NT-pro-B-Natriuretic Peptide (BNP) 
level. A TTE should be obtained according to 
clinical suspicion for heart failure.

A review of medications, particularly chemo-
therapy drugs, should be undertaken to determine 
if there is a convincing temporal relationship 
between the drug administration and lung injury.

 Treatment of ES

Treatment guidelines for ES are not well estab-
lished given the variable practices reported in the 
literature and the lack of randomized controlled 
trials to guide treatment. ES does not always 
require treatment and may be self-resolving, as 
29% and 21% of patients did not require therapy 
in the series of Omer et  al. and Chang et  al., 
respectively [19, 20]. ES is well known to be 
exquisitely sensitive to corticosteroids, which 
remain the initial therapy of choice when treat-
ment is required. The recommended dose range 
of corticosteroids has been variable depending on 
the severity of the clinical manifestations of 
ES.  For high fever unresponsive to other mea-
sures, for example, methylprednisolone (or pred-
nisone equivalent) doses of 0.5 to 1.0 mg/kg/day 
are usually sufficient, and defervescence is 
expected within hours. For mild respiratory 
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symptoms and signs, similar doses may be suffi-
cient. For more severe symptoms and signs of 
respiratory distress (e.g., for FiO2 requirements 
of ≥40%), higher doses of methyl-prednisolone 
in the range of 2–10 mg/kg/day may be effective 
in preempting acute respiratory failure and 
 avoiding mechanical ventilation. Methyl-
prednisolone doses up to 1000 mg/day may be 
used if there is concern for diffuse alveolar hem-
orrhage. Corticosteroids should be tapered as 
quickly as possible, usually over 3–7 days, given 
the usually rapid response to treatment and the 
desire to avoid the increased infection risk asso-
ciated with corticosteroids.

For volume overload and pulmonary edema 
due to ES, loop diuretic therapy is usually indi-
cated but must be undertaken with caution, par-
ticularly in patients on a calcineurin inhibitor 
(CNI) after allogeneic HSCT.  ES is a state of 
intravascular volume depletion, and vigorous 
diuresis may cause or aggravate acute kidney 
injury caused in part by a CNI-induced reduction 
in renal blood flow.

Targeting specific proinflammatory cytokines 
is of theoretical value in ES but has not been well 
studied. As IL-6 levels have been found to be 
elevated in ES, tocilizumab has been proposed as 
a possible treatment for ES, given its effective-
ness in treating cytokine release syndrome after 
immune effector cell therapy [51]. Given the 
rapid resolution of ES with corticosteroids in 
most cases of ES, tocilizumab might be consid-
ered in more severe presentations of the syn-
drome, such as in impending respiratory failure.

Etanercept, an inhibitor of TNF-α, has been of 
possible benefit in the treatment of 
IPS.  Retrospective comparisons have suggested 
improvements in outcomes for IPS treated with 
etanercept [52]. A prospective, randomized, 
placebo- controlled trial, while underpowered, 
did not show an improved response rate with 
etanercept [53]. There is no evidence of the ben-
efit of etanercept for ES.

Given the temporal overlap of ES and DAH 
and the higher risk of bleeding in the peri- 
engraftment period (prior to platelet recovery), 
maintenance of an adequate platelet count (at 
least 10,000/ul) is crucial. For patients with ongo-

ing bleeding at other sites or suspicion of alveolar 
hemorrhage, higher platelet thresholds are likely 
necessary. Other coagulation abnormalities 
should also be corrected, as is feasible.

Confidence in a diagnosis or ES and exclusion 
of other causes of acute lung injury is important 
from a therapy standpoint for other reasons as 
well. Avoiding the empiric use of amphotericin 
B, for example, is desirable to avoid causing or 
exacerbating AKI. When PJP is in the differential 
diagnosis, avoiding the myelosuppressive effects 
of empiric high-dose co-trimoxazole is also 
desirable.

 Conclusions and Future Direction

ES and the pulmonary manifestations of ES are a 
result of endothelial injury from preparative ther-
apy and a proinflammatory cytokine cascade 
occurring at the time of neutrophil engraftment 
after HSCT.  Exclusion of other diagnoses that 
can present with similar clinical manifestations is 
paramount. Early diagnosis and treatment of ES, 
when indicated, is crucial, particularly when 
there is significant organ compromise. Early 
administration of corticosteroids is especially 
important in the management of noncardiogenic 
pulmonary edema due to ES, in order to avoid 
respiratory failure requiring mechanical ventila-
tion. Additional investigation is warranted to 
determine the value of targeting specific cyto-
kines, such as IL-6, with tocilizumab.
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16Idiopathic Pneumonia Syndrome

Rachel N. Criner and Vivek N. Ahya

 Introduction

Idiopathic pneumonia syndrome (IPS) is an 
umbrella term for several forms of acute nonin-
fectious diffuse lung injury that typically occurs 
within the first few months of hematopoietic stem 
cell transplantation (HSCT) [1, 2]. These condi-
tions have overlapping clinical presentations, 
imaging characteristics, and histopathological 
findings and may be categorized by sites of pri-
mary lung injury: parenchymal injury—acute 
interstitial pneumonia (AIP), post-transplant 
acute respiratory distress syndrome (ARDS), vas-
cular endothelial injury—diffuse alveolar hemor-
rhage (DAH), peri-engraftment respiratory 
distress syndrome (PERDS), and airway epithe-
lial injury—cryptogenic organizing pneumonia 
(COP) (see Fig. 16.1). Although IPS is a heteroge-

neous syndrome, progression to respiratory fail-
ure is common, and it is associated with high 
mortality [1]. To better characterize and study this 
condition, the National Heart, Lung, and Blood 
Institute (NHLBI) established a formal definition 
in 1991, which described IPS as a clinical syn-
drome radiographically manifested as diffuse 
alveolar infiltrates in the absence of active pneu-
monia [2]. The IPS definition was further refined 
in 2010 by the American Thoracic Society to 
exclude cardiac and renal disease and iatrogenic 
fluid overload as potential causes of pulmonary 
infiltrates. IPS may develop after either autolo-
gous or allogeneic HSCT but has a higher inci-
dence after allogeneic transplantation, 
highlighting the importance of both conditioning 
regimen toxicity and the alloimmune or graft-ver-
sus-host response in mediating lung injury [1].
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Fig. 16.1 Idiopathic pneumonia syndrome causes a spec-
trum of disease presentations based on the major site of 
anatomical injury, as determined by bronchoscopy with 

bronchoalveolar lavage, computerized tomography of the 
chest, echocardiogram, angiography, and/or lung biopsy

 Incidence

The reported incidence of IPS varies greatly in 
the literature. A review of 12 studies published 
prior to the formal definition of IPS by the 
NHLBI in 1993 reported an incidence of 2–17% 
[3]. More recent single-center studies using the 
IPS consensus definition have reported a similar 
incidence, with a range of 3.7–21% [4–8]. The 
wide incidence range is likely due to differences 
in patient populations as well as the diversity and 
intensity of condition regimens. IPS typically 
occurs early after transplantation, with a median 
time of 25 days in a large single-center study and 
most cases developing within 100 days [4–6, 8, 
9]. Late-onset IPS, i.e., after day 100 of HSCT, 
has been infrequently reported [10, 11].

 Risk Factors

 Conditioning Regimen

The type and intensity of the conditioning regimen 
administered before hematopoietic stem cell infu-
sion is a major risk factor for IPS. Myeloablative 
or conventional conditioning regimens typically 
include high doses of chemotherapy with or with-
out total body irradiation (TBI) to eradicate malig-
nancy, while reduced- intensity or 
non-myeloablative regimens rely more heavily on 
immunologic mechanisms (i.e., graft-versus-
tumor effects) [12, 13]. The application of mye-
loablative conditioning regimens is limited by 
organ toxicity and is generally not an option for 
older patients with comorbidities [12–14]. Not 

R. N. Criner and V. N. Ahya



223

surprisingly, these high-dose conditioning regi-
mens have been reported to increase the risk of IPS 
[4, 5, 14]. For example, a retrospective cohort 
analysis of 1100 allogeneic HSCT patients at Fred 
Hutchinson Cancer Research Center (FHCRC) in 
Seattle, WA, found that patients with conventional 
conditioning (n = 917) had a significantly higher 
IPS incidence at 120  days compared to those 
receiving nonmyeloablative conditioning 
(n = 183) (8.4% vs. 2.2%) [4]. However, in a more 
contemporary analysis from the same group, only 
conventional myeloablative regimens that included 
high-dose TBI (>12 Gy) were associated with an 
increased incidence of IPS compared to patients 
who had received non-myeloablative regimens or 
conventional regimens without TBI [6]. This find-
ing was also seen in another study of 202 adults 
and children who underwent myeloablative condi-
tioning with cyclophosphamide with or without 
fludarabine and subsequent TBI [7]. Those receiv-
ing a high TBI dose (>15 cGY/min) had an IPS 
incidence rate of 29% within 100 days of HSCT, 
compared to a 10% incidence in patients receiving 
low dose TBI (≤15 cGY/min) [7]. Fukuda et al. 
reported similar findings in patients greater than 
40 years old, reporting that high TBI (≥12  Gy) 
was a significant risk factor for IPS, compared to 
those receiving non-TBI-based (0  Gy) conven-
tional conditioning (16% vs. 5.8%). This trend 
was not consistently seen in patients 40 years of 
age or younger [4]. In another single study of only 
pediatric patients (ages 1–21), high-dose TBI 
(>15 Gy) was again associated with IPS [15]. In 
the future, conditioning regimen strategies 
employing three-dimensional image-guided inten-
sity-modulated radiotherapy to reduce lung dose 
and exposure may potentially reduce IPS risk [16].

 Acute Graft-Versus-Host Disease

Among recipients of allogeneic HSCT, the pres-
ence of high grade acute graft-versus-host disease 
(aGVHD) has been significantly associated with 
IPS [4, 5, 17]. In a single-center cohort analysis of 
369 adults who underwent allogeneic HSCT with 
conditioning regimens that included TBI and par-
tial T-cell depletion, acute GVHD grade II or 
higher was identified as an independent risk factor 

for post-transplant pulmonary complications, 
including IPS [17]. Other reported risk factors for 
IPS include transplants from unrelated donors and 
an underlying diagnosis of acute leukemia or 
myelodysplastic syndrome. However, it is diffi-
cult to determine whether these truly represent 
independent risks or represent conditions associ-
ated with higher rates of aGVHD and/or increased 
intensity conditioning regimens [4, 5].

 Infections

Recently, in a study of pediatric patients who 
underwent pretransplant surveillance for respira-
tory viral infections, the detection of viral infec-
tion in the lower respiratory tract (bronchoalveolar 
lavage fluid) was identified on multivariate analy-
sis as an independent risk factor for post- 
transplant IPS, albeit of borderline significance 
(p  =  0.06) [18]. The authors hypothesized that 
respiratory viral infections induced tissue dam-
age and enhanced lung immunogenicity, thereby 
increasing the risk for alloimmune-mediated lung 
injury. Further studies are needed to evaluate this 
hypothesis, which will require close attention to 
ruling out progressive respiratory viral infection 
rather than IPS as the cause of lung injury.

 Pretransplant Pulmonary Function

The presence of pretransplant lung disease has 
been reported to increase the risk for post- transplant 
respiratory complications. In a recent single-center 
study, pulmonary function abnormalities, including 
reduced forced vital capacity (FVC), forced expira-
tory volume (FEV1), and diffusion capacity 
(DLCO) were all associated with increased risk of 
post-transplant ARDS [19]. This finding has been 
observed in older studies as well. For example, in a 
comprehensive analysis of almost 3000 patients 
transplanted at the FHCRC, reductions in pulmo-
nary function parameters were significantly associ-
ated with post-transplant respiratory failure and 
mortality. The investigators used these measure-
ments to establish a pretransplant lung function 
score (LFS) calculated by incorporating the sever-
ity of decline in FEV1 and DLCO.  The patients 
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with the highest LFS (FEV1 < 60% predicted and 
DLCO <60% predicted) had the lowest probability 
of survival. Notably, if this group received high-
dose TBI as part of the conditioning regimen, mor-
tality was extremely high [20]. In another 
investigation evaluating risk factors for non-relapse 
mortality after HSCT, severe pulmonary dysfunc-
tion before transplant, defined by the presence of 
dyspnea at rest, need for supplemental oxygen or 
DLCO, and/or FEV1 ≤ 65% predicted, was associ-
ated with an increased risk of mortality, especially 
for patients who had received conditioning with 
fludarabine and melphalan [21]. Thus, pre-HSCT 
pulmonary function measurements are important 
tools to assess risk for early post-transplant pulmo-
nary complications and may inform decisions 
regarding the type of conditioning regimen to uti-
lize. However, no single PFT parameter should be 
used alone to exclude transplantation as an option, 
but rather these studies should be incorporated into 
a more comprehensive assessment of the risks and 
benefits of the procedure [22].

 Pathophysiology

The pathophysiology of IPS is complex and 
incompletely understood. Insights from preclini-
cal and translational studies have highlighted the 
pivotal role of the adaptive and innate immune 
systems [23, 24]. Murine models of IPS demon-
strate significant injury in multiple lung compart-
ments, including the alveolar, interstitial, 
bronchial, and vascular tissues [1]. These studies 
suggest that the conditioning regimen is directly 
toxic to the lung, and that injury is further ampli-
fied by the resulting immunologic responses that 
involve the release of pro-inflammatory cyto-
kines and interaction of donor T lymphocytes 
with host antigen-presenting cells [25]. This allo-
immune response activates T cells and induces 
the production of interleukin-2 (IL-2) and 
interferon- gamma (IFN-γ), resulting in the clonal 
expansion of activated T cells and macrophages. 
Activated macrophages secrete tumor necrosis 
factor-alpha (TNF-α), a critical cytokine thought 
to have a prominent role in IPS pathogenesis 
[25]. Murine studies have shown that increasing 
levels of donor-derived TNF-α in bronchoalveo-

lar lavage (BAL) fluid and lung tissue are associ-
ated with greater severity of lung injury and that 
the use of donor TNF-α knockout mice or admin-
istration of TNF-α neutralizing antibodies miti-
gates lung damage [26, 27].

Animal studies have also demonstrated that in 
addition to TNF-α, BAL fluid also contains high 
levels of lipopolysaccharide (LPS) or endotoxin 
[28]. LPS is derived from the outer membrane of 
Gram-negative bacteria and is absorbed into the 
systemic circulation through the intestinal epithe-
lia. LPS, through interactions with LPS-binding 
protein and cluster of differentiation 14 (CD14) is 
recognized by the innate immune system recep-
tor, Toll-like receptor 4 (TLR4) [29]. This interac-
tion ultimately activates innate immune responses 
and the production of TNF-α [29]. Murine studies 
have shown that transplantation with donor mice 
that are LPS-resistant have lower levels of TNF-α 
and LPS in BAL fluid and less severe IPS. These 
findings have supported the hypothesis that there 
is a “gut-liver-lung axis of inflammation,” 
whereby gut injury through conditioning regimen 
toxicity or acute GVHD facilitates translocation 
of bacterial LPS into the systemic circulation to 
augment the pro- inflammatory cytokine storm 
and ultimately contribute to the development of 
both lung and hepatic injury [28]. Notably, in the 
clinical setting, patients with IPS have also been 
shown to have elevated TNF-α, other pro-inflam-
matory cytokines, and components of the LPS 
pathway in BAL fluid [30]. Overall, these studies 
laid the foundation for human clinical trials of 
TNF-α – blockade in patients with IPS [9, 31].

 Clinical Presentation 
and Diagnostic Criteria

Patients with IPS present with the acute onset of 
cough, tachypnea, shortness of breath, with or 
without fever, hypoxemia, diffuse infiltrates on 
CXR, and often rapidly progress to respiratory 
failure [23]. Diagnosis of IPS requires evidence 
of diffuse alveolar injury without active lower 
respiratory tract infection and the exclusion of 
cardiac and renal dysfunction and iatrogenic vol-
ume overload as the causes of pulmonary disease 
(see Fig. 16.2) [1, 2].

R. N. Criner and V. N. Ahya



225

Recent thoracic
imaging*

Yes

Presence of active lower respiratory tract infection?‡

- Negative BAL for bacterial, viral and fungal pathogens§

Yes

IPS ruled out

No

Is cardiac dysfunction, renal dysfunction, or iatrogenic volume 
overload present and cause of pulmonary dysfunction?

Yes

IPS ruled out

No

IPS ruled in

No

IPS ruled out

Presence of diffuse alveolar injury?
- Multilobar infiltrates on CXR or CT

- Signs and symptoms of pneumonia†
- Elevated alveolar-arterial oxygen gradient

- New or worsening restrictive lung disease on PFTs

Fig. 16.2 Diagnostic algorithm for Idiopathic Pneumonia 
Syndrome. *Idiopathic pneumonia syndrome typically 
occurs within 120 days after hematopoietic cell transplan-
tation; IPS occurring after 120  days is considered late- 
onset. †Pneumonia signs and symptoms include cough, 
dyspnea, tachypnea, and/or rales. ‡Additional infectious 
testing to consider includes serum galactomannan 
enzyme-linked immunosorbent assay for Aspergillus spe-
cies and polymerase chain reaction for human metapneu-
movirus, rhinovirus, coronavirus, human herpesvirus 6, 

Chlamydia, Mycoplasma, and Aspergillus species. A 
transbronchial biopsy can be considered for additional 
confirmation of the absence of infection. §If the pathogen 
is isolated but not clinically significant, IPS can still be 
considered. HSCT indicates hematopoietic stem cell 
transplantation, CXR chest X-ray, CT chest tomography, 
PFTs pulmonary function tests, BAL bronchoalveolar 
lavage, CMV cytomegalovirus, RSV respiratory syncytial 
virus, HSV herpes simplex virus, VZV varicella-zoster 
virus, IPS idiopathic pneumonia syndrome
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Exclusion of active infection is confirmed 
with bronchoscopy and the absence of bacterial, 
fungal, and viral pathogens on BAL samples [1]. 
Quantitative polymerase chain reaction testing of 
BAL fluid for specific viral, fungal, and atypical 
infections and serum galactomannan enzyme- 
linked immunosorbent assay for Aspergillus spe-
cies should be obtained, if available, as occult 
infection may have a clinical presentation similar 
to IPS. In a single-center study, 57% of patients 
initially diagnosed with IPS were subsequently 
found to have infections with human herpesvirus-
 6, human rhinovirus, cytomegalovirus, and 
Aspergillus species [1, 32]. Transbronchial biop-
sies may be considered for additional evaluation 
and/or confirmation of a noninfectious etiology 
but rarely identify information that alters clinical 
management and may be associated with exces-
sive risk in the neutropenic or thrombocytopenic 
patient with respiratory failure [33, 34].

Radiographic imaging of patients with IPS 
typically demonstrates multilobar infiltrates; 
however, findings on initial presentation can be 
variable. One study of the imaging characteristics 
of patients with IPS demonstrated the following 
findings on computed tomography (CT): ground- 
glass opacities (93%), consolidation (21%), 
ground-glass opacities with consolidation (14%), 
and coarse reticulation (14%) [35]. Infiltrates 
were predominantly central (71%) and symmetric 
(71%) [35]. Although not part of the diagnosis, 
over 50% of cases had pleural effusions at the 
time of presentation [35]. In this same study 
group, follow-up CT imaging at more than 
60 days after IPS resolution was predominated by 
coarse reticulation (71%), suggesting the devel-
opment of a fibrotic process in IPS survivors [35].

There has been interest in identifying plasma 
biomarkers to aid in IPS diagnosis. 
Lipopolysaccharide-binding protein (LBP) has 
been identified as a potential diagnostic plasma 
biomarker, with one study showing a fivefold 
increase at the time of IPS diagnosis in a cohort 
of 24 adult and pediatric patients [36]. Other 
plasma biomarkers associated with IPS diagnosis 
include stimulation-2 (ST2), interleukin-6, and 
tumor necrosis factor receptor 1 [37]. At present, 
however, these plasma biomarkers have not 

undergone prospective validation. Further inves-
tigation is required to determine utility in the 
clinical setting.

 DAH and PERDS

As previously discussed, DAH and PERDS are 
two subtypes of IPS with distinct clinical presen-
tations. DAH, like other forms of IPS, is charac-
terized by the development of dyspnea, fever, 
diffuse infiltrates on CXR, and rapid develop-
ment of respiratory failure. Hemoptysis may be 
present but is not a common finding. High reso-
lution CT typically demonstrates diffuse ground 
glass opacities in the mid- to lower-lung zones, 
more prominent in the peri-hilar regions. 
Interlobular septal thickening is seen in some 
patients with DAH, creating a “crazy-paving” 
pattern [38]. DAH is distinguished from other 
forms of IPS by bronchoscopy. The finding of 
progressively bloody BAL fluid on sequential 
aliquots from several lung segments supports the 
diagnosis if infectious etiologies and cardiogenic 
pulmonary edema are excluded. The presence of 
more than 20% hemosiderin-laden macrophages 
on a cytological evaluation of BAL fluid adds 
confirmatory evidence [39]. A small post-mor-
tem study, however, suggested that bronchos-
copy may not have sufficient sensitivity or 
specificity for the diagnosis of DAH; 7 of 13 
patients with hemorrhagic BAL fluid did not 
have histologic evidence of DAH, while 4 of 8 
patients with DAH did not have hemorrhagic 
BAL fluid [40]. Although thrombocytopenia is 
almost always present, it does not appear to be 
more common in patients with DAH compared 
to other patients. However, delayed platelet 
engraftment resulting in prolonged thrombocy-
topenia may be a risk factor [41]. DAH, like 
other types of IPS, is seen after both autologous 
and allogeneic transplantation and occurs in 2 to 
8% of HSCT recipients in contemporary studies 
[41, 42]. Most cases of DAH typically present in 
the first post-transplant month, often around the 
time of engraftment and neutrophil influx. Later 
presentations can occur and may be associated 
with a poorer prognosis [39].
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PERDS is a type of IPS that develops around 
neutrophil engraftment and is the respiratory 
manifestation of a diffuse capillary leak disorder 
termed engraftment syndrome. This condition 
generally has a better prognosis than other types 
of IPS. The timing of acute lung injury (within 5 
days of engraftment) and the presence of extra-
pulmonary manifestations of engraftment syn-
drome, such as fever in the absence of infection, 
erythrodermatous rash, fluid retention, and, in its 
fulminant form, multi-organ dysfunction and 
hemodynamic collapse, are consistent with the 
clinical diagnosis of PERDS [23, 43, 44].

 Management

The potential for rapidly progressive respiratory 
failure in IPS requires prompt and aggressive 
care. Supportive management includes the admin-
istration of supplemental oxygenation, non-inva-
sive ventilation (NIV), and invasive mechanical 
ventilation (IMV). As respiratory failure requiring 
IMV is a poor prognostic factor, there has been 
interest in evaluating the role of NIV as a way to 
avert intubation. Most of the published studies 
demonstrating the benefit of NIV, however, have 
been in the broader population of immunocom-
promised patients and did not specifically evalu-
ate patients with early post- HSCT respiratory 
failure [45]. Available data in this population sug-
gests that while NIV support may be attempted 
and is not associated with poorer outcomes in 
most studies, a high percentage of patients prog-
ress to respiratory failure requiring IMV [46–50]. 
Invasive mechanical ventilation also has the 
advantage of safely permitting diagnostic bron-
choscopy to evaluate for lower respiratory tract 
infection and subtypes of IPS such as DAH that 
may warrant specific interventions. Support with 
extracorporeal membrane oxygenation (ECMO) 
platforms may be considered but infection, throm-
bosis, and bleeding risks are extremely high in 
this heavily immunocompromised cytopenic 
patient population. In a recent meta-analysis, 
ECMO support for respiratory failure in patients 
who had undergone HSCT (all causes, not just 
IPS) had a pooled mortality rate of 84% [51–53].

 Corticosteroids

Treatment of IPS has generally targeted the inflam-
matory and immunologic mechanisms identified as 
having a central role in pathogenesis. Intermediate 
or high doses of corticosteroids are frequently 
administered to patients with IPS; however, data 
demonstrating their benefit are sparse. In patients 
with post-HSCT DAH, varying doses ranging from 
30  mg of methylprednisolone per day to “pulse 
doses” of up to 1500 mg daily for several days have 
been reported, with several retrospective studies 
reporting better outcomes with treatment [23]. 
Notably, a non- randomized, single-center prospec-
tive study suggested benefit with lower doses 
(<250 mg/day), although mortality remained high 
[54]. The subset of IPS patients with PERDS is 
most likely to derive benefit from corticosteroids, 
especially if initiated early. Typically, patients with 
PERDS are treated with 0.5–1.5 mg/kg/day of IV 
methylprednisolone with tapering of the dosage 
after clinical response [55, 56].

 Antibiotics

Although absence of infection is necessary for 
the diagnosis of IPS, empiric administration of 
broad-spectrum antibiotics is often included in 
the treatment strategy for these heavily immuno-
compromised patients at high risk for rapidly 
progressive respiratory failure and death [1, 8].

 Etanercept

Over the last 20 years, etanercept, a soluble TNF-α 
binding protein, has been introduced as a potential 
therapeutic agent, based on preclinical and transla-
tional data highlighting the pivotal role of this 
cytokine in IPS pathogenesis [25]. Unfortunately, 
while preliminary outcomes after etanercept treat-
ment were encouraging, more recent evidence 
suggests that longer-term survival is poor. A 2008 
single-center study at the University of Michigan 
treated 15 IPS patients with etanercept in combi-
nation with corticosteroids, with the primary out-
come of supplemental oxygen discontinuation 
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during study treatment [9]. Etanercept was dosed 
at 0.4 mg/kg (maximum dose 25 mg) subcutane-
ously twice weekly for a maximum of 8 doses, and 
the corticosteroid dose was 2 mg/kg/day for 7 days 
with tapering then determined by the patient’s 
physician [9]. Thirteen of the 15 patients (87%) 
had a reduction in oxygen requirement, and 10 of 
the 15 patients (67%) were completely weaned off 
supplemental oxygen within a median time of 7 
days [9]. Early initiation of etanercept therapy was 
associated with a greater likelihood of clinical 
improvement [9]. A 2012 retrospective single-cen-
ter study at the University of Pennsylvania com-
pared the 28-day survival of IPS patients treated 
with high- dose corticosteroids only (n  =  22) to 
those treated with a combination of high-dose cor-
ticosteroids and etanercept (n  =  17) [8]. 
Corticosteroids were dosed at 1 g of methylpred-
nisolone for 3 days with a 50% taper every 3 days 
until at 1  mg/kg/day with subsequent tapering 
based on clinical status. Etanercept was dosed at 
25 mg subcutaneously twice a week for 4 weeks 
and initiated within 3 days of starting corticoste-
roids. The high-dose steroid-only group was trans-
planted a few years earlier than the 
steroid-etanercept combination group and thus 
had somewhat different conditioning and was 
more likely to have received bone marrow grafts 
rather than peripheral blood stem cell grafts [8]. 
The study found a significant 28-day survival 
advantage in the steroids plus etanercept group 
(88%), compared to the steroids only group (36%) 
(p < 0.001). However, long- term survival was low 
with only 18% of patients who received steroids 
plus etanercept surviving at 2  years [8]. 
Subsequently, a phase III, randomized, double-
blind, placebo-controlled, multicenter trial of etan-
ercept plus corticosteroids compared to a placebo 
plus corticosteroids was conducted. Unfortunately, 
enrollment (n = 34) was poor, and the study was 
discontinued early by the Data Safety Monitoring 
Board due to poor accrual [31]. The study found 
no significant difference in 4-week, 8-week, and 
1-year overall survival (4-week: etanercept 69% 
vs. placebo 72%; 8-week: 63% vs. 61%; 1-year: 
23% vs. 17%), or in supplemental oxygen discon-
tinuation at 4 weeks (p = 0.69) [31]. In the absence 
of alternative therapies, corticosteroids and etaner-

cept are often still administered, but the data sup-
porting their use are limited. Of note, late-onset 
IPS, i.e., IPS that develops after 100  days from 
HSCT, may have a more favorable response to 
etanercept in combination with high-dose cortico-
steroids [10, 11]. A study of 23 HSCT patients 
who developed late-onset IPS reported that 43% 
(n = 10) had both resolution of pulmonary symp-
toms and supplemental oxygen use within 28 days 
of treatment initiation, while 12 of the remaining 
13 patients had progressive hypoxemic respiratory 
failure and eventual death [11]. At the time of 
treatment initiation, the patients who had a com-
plete response had a less severe lung injury and did 
not require NIV or IMV support [11]. Two-year 
survival in complete responders was significantly 
higher at 67% [11].

 Adjunctive Therapies: DAH

Adjunctive therapies that promote hemostasis have 
been explored for patients with DAH. The antifibri-
nolytic agent aminocaproic acid was not associated 
with improved outcomes in a retrospective analysis 
of 119 patients who received this agent in conjunc-
tion with corticosteroids [54]. In contrast, another 
study of only 14 patients reported that the 9 patients 
who received corticosteroids and aminocaproic 
acid had lower 100- day mortality [57]. Recombinant 
factor VIIa (rFVIIa) promotes thrombin generation 
at the site of tissue injury, and off-label uses of this 
agent administered systemically or via the intrapul-
monary route have been tried in patients with 
DAH.  At present, there are no randomized con-
trolled trials evaluating the efficacy of this agent. 
Limited experience in the post-HSCT population 
with DAH suggests that systemic administration of 
rFVIIa is not associated with reduced mortality 
or  ventilator-free days. Additionally, thromboem-
bolic complications may be higher [58, 59]. 
Intrapulmonary installation of rFVIIa to facilitate 
direct exposure of the agent to sites of lung injury 
and reduce thrombosis risk has been reported to 
achieve hemostasis in small case series [60–62]. 
More rigorous studies are required to evaluate 
short-term benefits and their impact on longer- term 
outcomes.
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 Lung Transplantation

Lung transplantation is generally not an option 
for patients due to the presence of recent malig-
nancy and high risk for infection and bleeding, 
however, there is one recent report of a successful 
bilateral lung transplant procedure performed for 
IPS diagnosed 5 months after HSCT for a patient 
with myelodysplastic syndrome who had 
achieved bone marrow engraftment [63].

 Outcomes

Despite advances in critical care and treatment 
with immunomodulatory agents and other 
adjunctive therapies, mortality remains high for 
patients who develop IPS [3–5]. While studies 
have reported mortality rates as high as 87% 
within 120 days after transplantation, early out-
comes may be improving [4, 5]. A recent retro-
spective single-center cohort study of 1829 
adults who underwent allogeneic HSCT at 
FHCRC reported that 67 patients (3.7%) met 
the NHLBI criteria for IPS. The mortality rate 
was 46% at day 120. However, longer-term out-
comes remained poor, with only 30% surviving 
for 1 year [6]. Outcomes were somewhat better 
in a 2019 single-center analysis of 202 patients 
transplanted at the University of Minnesota for 
the diagnosis of acute leukemia. In this study, 
21% developed IPS with 60% surviving for 1 
year [7]. IPS often progresses rapidly from 
onset to respiratory failure with death occurring 
within a few weeks to months [4–6, 8, 25]. The 
need for IMV in particular is strongly associ-
ated with poor outcomes and death [4, 6]. In the 
study mentioned above from the FHCRC, 59% 
of patients who required mechanical ventilation 
died by day 120; in contrast, the mortality rate 
at this time point was 35% for patients with IPS 
who did not require IMV. At 1 year, the mortal-
ity rate was 79% for patients requiring IMV vs. 
57% for patients with IPS who did not need 
IMV [6]. The development of multi-organ dys-
function, especially renal and hepatic dysfunc-
tion, in patients with IPS may is an ominous 
sign [6].

 Conclusion

IPS remains a formidable problem and continues 
to be associated with poor outcomes. While pre-
clinical studies have offered mechanistic insight, 
our understanding of this condition remains 
incomplete. With improvements in the delivery of 
critical care, short-term outcomes may be improv-
ing, but long-term survival generally remains poor. 
Initial optimism for treatment with immunomodu-
latory agents such as corticosteroids and etaner-
cept has not been supported by outcomes reported 
in subsequent studies. There is a tremendous need 
for additional investigation to better understand 
mechanisms and develop novel approaches to pre-
vent and treat this devastating complication. 
Unfortunately, at the time of this writing, there are 
no active U.S. clinical trials studying IPS.
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17Bronchiolitis Obliterans Syndrome

Louise Bondeelle and Anne Bergeron 

 Introduction

In 1982, Roca et al. were the first to describe a 
patient with no previous pulmonary history who 
developed a progressive obstructive lung disease 
in the setting of skin and mucosal chronic graft- 
versus- host disease (GVHD) within one year 
after an allogeneic hematopoietic stem cell trans-
plant (HSCT) and over the next 5 months follow-
ing an acute respiratory episode, which eventually 
led to death from respiratory failure [1]. Lung 
histology showed obstruction of the small air-
ways. The authors suggested that obliterative 
bronchiolitis/bronchiolitis obliterans (BO) 
should be included among the severe pulmonary 
complications of chronic GVHD (cGVHD) [1]. 
Since then, bronchiolitis obliterans has been rec-
ognized as the most common late-onset pulmo-
nary complication after allogeneic HSCT and the 
only complication formally associated with 
chronic GVHD.  While a histological diagnosis 
based on lung biopsy analysis was initially 

required for the diagnosis of BO, the histological 
criteria have been progressively replaced by 
respiratory functional criteria. The term bronchi-
olitis obliterans syndrome (BOS) now defines 
this pulmonary functional entity, while the term 
bronchiolitis obliterans (BO) defines the histo-
logical entity. Although the prognosis of this 
complication remains poor and there are still 
many unknowns about its pathophysiology and 
treatment [2], research in this area is active. BOS 
is also a dreaded complication after lung trans-
plantation and is the most common form of graft 
rejection (Chronic Lung Allograft Dysfunction, 
CLAD). Posttransplant BOS is likely the final 
pathway of an uncontrolled alloimmune reaction. 
Post-lung transplantation BOS and post-HSCT 
BOS are usually compared both clinically and 
pathophysiologically. Nevertheless, the mode of 
onset and evolution of BOS, risk factors, and 
effects of treatments differ according to the type 
of transplant. If some pathophysiological mecha-
nisms may be common, others are certainly dif-
ferent [2, 3]. A major issue is that lung cGVHD is 
part of a systemic disease, whereas CLAD is a 
purely pulmonary disease. These different points 
must make us vigilant about the translation of 
knowledge from one model to the next. In this 
chapter, we will focus on studies specifically 
obtained in post-HSCT BOS.
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 Epidemiology

Epidemiological data have reported a wide range 
of prevalence or incidence of post-HSCT BOS 
depending on the study. This variability is related 
to several factors, including the consideration of 
BO and/or BOS, the biases of retrospective stud-
ies, which are in the majority, notably associated 
with the frequency of monitoring of pulmonary 
function testing (PFT), and the PFT criteria used 
for the diagnosis of BOS. Thus, the overall inci-
dence of BOS varied from 2 to 26% of allogeneic 
HSCT recipients [4–14], being 10% at 36 months 
post-HSCT in the only prospective cohort [15]. 
The incidence was the highest in a subpopulation 
of patients who developed extrathoracic chronic 
GVHD [11, 12, 16]. BOS is usually diagnosed 
beyond the third month and within the first 2 years 
after HSCT, although it is infrequently diagnosed 
outside of these time frames [11–13, 15, 16]. In 
the only prospective cohort, BOS occurred with 
an observed median (IQR) time of 8.8 (2.9–19.7) 
months after Day 100 post-HSCT [15].

 Pathophysiology

The pathophysiology of BO is not well under-
stood. The pathology of BO suggests that injury 
and inflammation of the airway epithelium and 
subepithelial structures lead to excessive fibrop-
roliferation, which is due to aberrant tissue repair, 
including ineffective epithelial regeneration, in 
response to tissue injury [2]. BO is likely the 
result of multiple alloimmune and nonimmune 
epithelial aggressions, such as chemotherapy/
radiotherapy conditioning, gastroesophageal 
reflux, or respiratory pathogens, notably 
community- acquired viruses. It was suggested 
that single nucleotide polymorphisms (SNPs) of 
genes that affect innate immunity pathways, such 
as bactericidal/permeability-increasing proteins 
or NOD2/CARD15, may result in an uncon-
trolled innate immune response in the recipient 
and lead to BO [17, 18].

Macrophages have been shown to be involved 
in the development of BO. In one mouse model, 
donor bone marrow was the source of CSF-1R+ 

tissue-resident macrophages that were essential 
for the development of BO in dependence on 
both IL-17 and CSF-1/CSF-1R [19]. In human 
lung tissue of patients with post-HSCT BO, 
some data have suggested that donor-derived 
M1 macrophages may be involved in the patho-
genesis of the early-stage region of BOS, 
whereas M2 macrophage polarization infiltrat-
ing late-stage regions of BOS might be involved 
in fibrosis [20].

B-cell signaling may also have a central role 
in the development of BOS. In a mouse model, 
donor B-cell alloantibody deposition and germi-
nal center formation were shown to be required 
for the development of bronchiolitis obliterans 
[21]. In addition, high levels of CD19 + CD21low 
B cells and soluble B-cell-activating factor were 
found to be specific to HSCT recipients with 
BOS [22].

 Risk Factors

The concurrent presence of chronic extrathoracic 
GVHD and BOS found in all retrospective stud-
ies has led to the consideration of BOS as pulmo-
nary cGVHD.  The only prospective cohort 
published to date has clarified that the occurrence 
of chronic extrathoracic GVHD is also predictive 
of BOS [15].

In addition to cGVHD, many other factors 
associated with BOS have been proposed. Among 
these risk factors, smoking history and older age 
of the recipient, sex matching of donor/recipient, 
cytomegalovirus matching of donor/recipient, 
acute GVHD, and transplantation procedure 
(including both the characteristics of condition-
ing regimen and the stem cell source) were asso-
ciated with BOS in some studies [7, 8, 12, 16, 
23–25]. Specifically, with regard to the HSCT 
procedure, a busulfan-based conditioning regi-
men, unrelated transplants, and a peripheral 
blood stem cell source were associated with BOS 
[12, 24, 25]. Post-HSCT community-acquired 
respiratory virus-related infections were also 
identified as triggers for BOS [26, 27]. Different 
parameters of pretransplant lung function were 
also predictive of BOS in some retrospective 
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studies but not in others. For example, while 
some studies found no association with pretrans-
plant maximal expiratory flow at 50% and 25% 
of forced vital capacity <70% predicted [28], oth-
ers found that pretransplant forced expiratory 
flow between 25% and 75% of maximum (FEF25–

75) was associated with an increased risk of BOS 
[29]. More interestingly, the trajectory of lung 
function in the first months after transplantation 
seemed to predict the occurrence of BOS. Thus, 
both an early decline in forced expiratory volume 
in one second (FEV1) and/or in FEF25–75 were 
recently associated with the development of BOS 
[10, 29].

The identification of these risk factors is not 
homogeneous in the different studies. The need 
to include a sufficient number of patients with 
BOS in retrospective studies for analysis requires 
the selection of a cohort of transplant patients 
over a long period of time during which trans-
plant practices have changed, including stem cell 
sources and conditioning regimens, as well as the 
profile of transplant patients who notably become 
older over time [30]. Overall, these factors have 
influenced the incidence of chronic GVHD and, 
thus, probably that of BOS.

In the ALLOPULM prospective cohort, the 
use of peripheral blood stem cells and bronchial 
abnormalities on the computed tomography (CT) 
scan (including centrilobular micronodules, tree- 
in- bud pattern, and bronchial thickening) at Day 
100 post-HSCT, as well as the occurrence of a 
lower respiratory tract infection between HSCT, 
and Day 100 and a 10% FEV1 decline from base-
line to Day 100, were found to be predictive fac-
tors for BOS [15].

Conversely, other transplant characteristics, 
such as T-cell depletion with antithymocyte glob-
ulin administration or cord blood as the stem cell 
source, were identified as protective factors 
against BOS [14, 23, 25, 31].

 Diagnostic Criteria

Clinical signs of BOS are nonspecific and may 
include dyspnea and/or cough, wheezing, or 
repeated lung infections, or they may be diag-

nosed incidentally. Indeed, BOS often occurs in 
patients whose activity is limited by posttrans-
plant fatigue and/or disabling extrathoracic 
GVHD, which limits the evaluation of exertional 
dyspnea. Lung auscultation may be normal or 
reveal wheezing, subcrepitant, or squeaks sug-
gestive of a small airway obstruction.

The definitive diagnosis of BO is based on 
lung biopsy analysis. Transbronchial biopsies are 
not sensitive enough for the diagnosis of BO; 
thus, a surgical lung biopsy is usually necessary 
to identify the pathologic features of BO. These 
features include an obliterative bronchiolitis 
characterized by thickening of the bronchiolar 
wall via inflammatory fibrosis; this thickening is 
located between the epithelium and the smooth 
muscle, narrowing the airway lumen [2, 32] 
(Fig. 17.1).

Given the invasiveness of surgical lung biopsy, 
the diagnosis of BOS based on PFT is now 
endorsed [33–35] (Fig. 17.1). However, in addi-
tion to obliterative bronchiolitis, a spectrum of 
histological bronchiolar lesions has been 
described in patients with BOS, including the 
presence of more or less inflammation with or 
without fibrosis and bronchiolectasis [36, 37]. It 
is currently unknown whether these different his-
tological aspects result from different pathophys-
iological mechanisms or if they are BO lesions at 
different stages.

Patients may have subclinical changes in pul-
monary function before a diagnosis of BOS is 
made. Therefore, close PFT monitoring is neces-
sary for the early diagnosis of BOS. Although the 
optimal frequency of PFT monitoring is not 
clearly defined, the NIH conference in 2015 pro-
posed monitoring PFTs with at least limited spi-
rometry every 3  months during the first 1 to 
2 years, followed by additional PFTs in the set-
ting of unexplained irreversible decline of 
FEV1  >  10% or active extrathoracic cGVHD 
[38]. However, real-world rates of PFT monitor-
ing in HSCT recipients are far lower than recom-
mended [39]. Even if PFTs are performed 
regularly, it is very difficult to capture the onset 
of respiratory function decline, which is often 
abrupt. To be more efficient, the use of handheld 
home spirometry is being evaluated. If the corre-
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Fig. 17.1 Diagnosis of bronchiolitis obliterans in alloge-
neic HSCT recipients. Inspiratory chest CT scan (a) 
showing heterogeneous lung parenchyma and air trapping 
on forced expiration (b). Flow-volume loop showing a 

severe obstructive ventilatory disorder (c). Lung biopsy 
showing constrictive bronchiolitis (d). (Courtesy Dr. 
V. Meignin)

lation with conventional spirometry is good, the 
problem of patient adherence remains, and the 
usefulness of this practice, which requires a spe-
cific health organization to monitor the data with 
close collaboration between HSCT physicians 
and pulmonologists, must be demonstrated in a 
large HSCT recipient population [40].

Thus, a diagnosis of BOS relies mainly on 
post-HSCT PFT demonstrating new onset air-
flow obstruction. The PFT criteria defining BOS 
have evolved since the first NIH consensus con-
ference in 2005 [41], and the currently used 
 criteria were published in 2015 [33]. A diagno-
sis of BOS requires at least one extrathoracic 
manifestation of chronic GVHD and a workup 
to rule out a respiratory infection. The func-
tional diagnosis criteria for BOS are as follows 

[33]: FEV1/vital capacity (VC) < 0.7 or the fifth 
percentile of predicted (either forced VC or 
slow VC, whichever is greater), with an 
FEV1  <  75% of predicted with ≥10% decline 
over less than 2 years. FEV1 should not be cor-
rected to >75% of that predicted with albuterol, 
and the patient must present with one of the two 
supporting features of BOS:

 (a) Evidence of air trapping by PFTs as follows: 
residual volume (RV) > 120% of predicted or 
an RV/total lung capacity (TLC) ratio ele-
vated outside the 90% confidence interval, or.

 (b) Evidence of either air trapping, as deter-
mined by expiratory CT or small airway 
thickening, or bronchiectasis, as determined 
by high-resolution chest CT.
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However, some studies analyzing PFTs of 
patients with biopsy-proven BO showed that these 
patients did not have all of the PFT diagnostic cri-
teria as defined above [36, 42]. Indeed, these defini-
tions mainly rely on the decrease in the FEV1/VC 
ratio, whereas a significant proportion of patients 
with BOS have a normal FEV1/VC ratio due to a 
concomitant decrease in FEV1 and VC [13, 15]; 
this was recently described as PRISm (preserved 
ratio impaired spirometry) in patients with chronic 
obstructive pulmonary disease (COPD) [43]. This 
PFT profile was recently identified in the 2020 
Highly morbid forms report of the National 
Institutes of Health Consensus Development 
Project on Criteria for Clinical Trials in Chronic 
Graft-versus-Host Disease [35]. In the case of 
PRISm, it is essential to complete the measurement 
of all lung volumes to properly phenotype the ven-
tilatory disorder as BOS and to rule out a restrictive 
ventilatory disorder in the case of a decrease in 
TLC, which would require different management.

Making an early diagnosis of BOS is the greatest 
challenge for reversing lung impairment and 
improving the morbidity and mortality of 
BOS. Unfortunately, despite the evolution of PFT 
criteria, it is likely that a decrease in the FEV1/VC 
ratio already reflects an advanced fixed stage of 
BOS, which includes the involvement of numerous 
bronchioles with irreversible fibrosis. Therefore, 
these criteria are likely inaccurate for diagnosing 
early forms of the disease. While most patients 
characterized by PRISm eventually develop a low 
FEV1/VC ratio in their follow-up [15], whether this 
PFT profile reflects an early stage of BOS should be 
investigated. However, rather than relying on a sin-
gle post- HSCT lung function value measured at a 
given time, various data suggest the need to con-
sider the evolution of post-HSCT lung function 
parameters in comparison with pretransplant values 
for diagnosing early BOS [9, 10, 15, 29, 44, 45].

In addition to PFT abnormalities, chest high- 
resolution CT scan features of airway disease as 
determined by centrilobular micronodules, bron-
chial wall thickening, bronchiectasis, or air trap-
ping are part of the NIH diagnostic criteria for 
BOS [35] (Fig.  17.1). However, several points 
should be emphasized regarding the positioning 
of the chest CT scan in the diagnostic strategy of 

BOS. Contrary to PFT monitoring, which is cost- 
effective and safe, CT scans cannot be repeated in 
a systematic, sequential way. Rather, they are 
only performed when clinical or PFT abnormali-
ties are found. A chest CT alone cannot make the 
diagnosis of BOS. The CT scan is indisputably 
indicated to eliminate a differential diagnosis of 
BOS at the time an alteration of PFT is diagnosed 
during the post-HSCT follow-up. Otherwise, the 
presence of bronchial abnormalities only con-
firms the PFT diagnosis of BOS without provid-
ing any further information [46]. It is still further 
recommended to perform expiratory cuts to facil-
itate the identification of air trapping [35]. 
However, the development of minimum-intensity 
projections (MinIP) applied to routine inspiratory 
cuts that allow the identification of mosaic atten-
uation and thus air trapping should make us 
reconsider this recommendation to protect 
patients from unnecessary irradiation [47]. It 
should also be noted that, in the ALLOPULM 
cohort, 23% and 34% of patients had significant 
air trapping before transplantation and at 
100 days post-HSCT, respectively; the presence 
of this air trapping was not predictive of the 
occurrence of BOS. Conversely, the presence of 
bronchial abnormalities, i.e., centrilobular 
micronodules, tree-in-bud pattern, and bronchial 
thickening, 100 days after HSCT was associated 
with the subsequent occurrence of BOS [15]. 
New imaging techniques are being evaluated to 
diagnose BOS early. Nevertheless, they are still 
in the field of research. If these techniques, such 
as parametric response mapping, demonstrate 
their ability to diagnose BOS similarly to PFTs or 
qualitative radiologist assessment of CT scans, 
their positioning to diagnose BOS before PFTs 
and their routine superiority to chest CT scans 
will need to be demonstrated [48, 49].

 Management and Outcome

Regardless of the treatment instituted, the mortal-
ity of BOS is approximately 50% at 5 years in the 
most recent series [11, 13, 16, 50]. Au et al. found 
that BOS conferred a 1.6-fold increase in the risk 
for mortality after diagnosis [11]. The prognosis 
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of BOS is even worse if the onset is early after 
HSCT, particularly within the first year [8, 13, 
16, 51]. BOS-related deaths are frequently caused 
by respiratory failure and/or infection resulting 
from increased immunosuppression. The progno-
ses of BOS diagnosed with the 2015 NIH criteria 
and those of PRISm were found to be similar 
[13]. Lymphocytic bronchiolitis has a better 
prognosis than obliterative bronchiolitis [36].

Beyond the increased mortality in the HSCT 
recipient population, BOS is also associated with 
significant morbidity and increased health care 
requirements [52]. Although it is difficult to be 
definitive about the natural history of BOS due to 
the lack of continuous PFT monitoring, the FEV1 
trajectory in patients with BOS usually follows a 
more or less rapid and severe FEV1 decline in the 
6  months prior to diagnosis, followed by FEV1 
stabilization after diagnosis [15, 51, 53]. Once 
the BOS is installed, no means to restore respira-
tory function is currently available.

 Treatment

Because BOS is considered pulmonary cGVHD, 
systemic corticosteroids have been the standard 
treatment despite the lack of evidence for their 
efficacy and the numerous side effects [54]. 
Otherwise, a number of studies have assessed the 
effect of various drugs on overall cGVHD, but it 
is often difficult to find data focused on PFT 
parameters in these publications [55–65]. The 
definition of BOS response to treatment used by 
the NIH guidelines, which relies on a global 
modification of FEV1, lacks precision to assess 
the impact of treatment on lung function [66]. 
Nevertheless, in studies evaluating the overall 
effect of a treatment on overall cGVHD, lung 
cGVHD is the least accessible to treatment com-
pared to cGVHD in other organs, with a poor 
effect regardless of the drug tested [59–62, 64]. 
This further confirms that the diagnostic criteria 
for BOS likely reflect a fixed process with poor 
accessibility to any immunosuppressive therapy.

Evidence-based for specific BOS treatment is 
limited (Table 17.1). Five prospective studies are 
available; of these, only two were randomized 

placebo-controlled studies. One reported the lack 
of efficacy of azithromycin on both FEV1 and the 
clinical symptoms in patients with late BOS [67], 
and the other reported the significant efficacy of 
inhaled budesonide/formoterol on FEV1  in 
patients with newly diagnosed moderate to severe 
BOS [69]. It was striking that, in the latter study, 
25% of the patients in the placebo group had an 
improvement of 200  mL and 12% in FEV1, 
which provided insights into the natural course of 
the disease and reinforced the need for placebo- 
controlled studies [69]. The three other studies 
were open-label, single-arm studies. One study 
suggested a corticosteroid-sparing effect of the 
combination of fluticasone, azithromycin, and 
montelukast (FAM) in the treatment of new-onset 
BOS with no significant change in FEV1 [86]. 
Another study showed that a 6-month treatment 
with montelukast was associated with stable 
FEV1  in patients diagnosed with moderate to 
severe BOS, a median of 2  years before study 
enrollment [81]. Finally, the third study found 
that a 12-month course of pirfenidone was poten-
tially efficacious in stabilizing the PFT decline in 
moderate to severe BOS diagnosed at a median of 
3 years before inclusion in the trial [83].

In addition to these prospective studies, 
numerous retrospective studies with all the biases 
that are associated with this study design have 
reported the effect of different drugs on BOS 
(Table  17.1). The major issue in assessing the 
effect of a treatment on BOS lies in the choice of 
endpoints. Most of the studies conclude treat-
ment efficacy when the FEV1 stabilizes. The 
recent better understanding of the natural course 
of BOS, which usually includes a plateau phase 
of FEV1 after a rapid decline, should provide a 
more critical perspective when reviewing these 
results to determine the actual effect of the inter-
vention [15, 51]. Considering a significant 
improvement in FEV1 [69] or a change in the tra-
jectory of FEV1 decline before and after the 
intervention (with the limitation of the timing of 
PFT performed before study entry), as suggested 
by the NIH consensus and that has been investi-
gated in the most recent studies, is probably more 
appropriate than considering stabilization of 
FEV1 over the study period [66, 81, 83].
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Table 17.1 Clinical studies focused on post-HSCT BOS treatment strategies

Treatment Study design Results Reference
Alvelestat (MPH966), oral 
neutrophil elastase 
inhibitor

Prospective, open-label
(n = 34)

Ongoing NCT02669251

Azithromycin Randomized, double-blinded, 
placebo-controlled
Case series

No change in FEV1
FEV1 improvement in 8/8 
patients

Lam et al. [67]
Khalid et al. [68]

Bortezomib Phase 2
Prospective, open-label
(n = 17) The study was closed 
before the accrual goal of 20 
evaluable patients was reached 
due to slow accrual

Pending NCT01163786

Budesonide/formoterol Retrospective
Randomized, double-blinded, 
placebo-controlled

FEV1 improvement in 7/7 
patients
FEV1 improvement

Bergeron et al. 
[13]
Bergeron et al. 
[69]

Inhaled cyclosporine A Prospective, open-label
(n = 10)
Prospective, open-labelq
(n = 8)
Phase II prospective, multicenter, 
single-blind, randomized

5/10 FEV1 improvement, 
including 3 decrease in 
steroids
3/8 FEV1 improvement 
and 1/8 FEV1 stabilization
Ongoing

Purev et al. [70]
Gormley et al. 
[71]
Extension Study: 
NCT01273207
NCT04107675
BOSTON-4

Extracorporeal 
photopheresis

Case series
Case series
Case series
Case control

PFT stabilization in 6/9 
patients
FEV1 improvement in 
10/12 patients
FEV1 stabilization at 
3 months in 7/8 patients; 
FEV1 decline in 6/8 at 
1 year
No change in FEV1; 
improvement in survival

Lucid et al. [72]
Del Fante et al. 
[73]
Brownback et al. 
[74]
Hefazi et al. [75]

Fluticasone Retrospective
(n = 17)

FEV1 stabilization Bashoura et al. 
[76]

High-dose steroids Case series FEV1 stabilization in 5/5 
patients

Ratjen et al. [77]

Case series FEV1 improvement in 4/12 
patients

Ehud Even-Or 
et al. [78]

Imatinib Prospective, open-label FEV1 improvement in 1/9 
patients

Stadler et al. [79]

Case series FEV1 stabilization in 2/2 Watanabe et al.
Retrospective pediatric study
(n = 13)

FEV1 improvement in 
10/13

Faraci et al. [80]

Interferon gamma Prospective open-label Ongoing NCT01639261
Itacitinib, Selective JAK 1 
Inhibitor

Phase I trial Ongoing NCT04239989

Montelukast Prospective, open-label
(n = 25)

23/25 stability or 
improvement (<15% FEV1 
decline)

Williams et al. 
[81]

(continued)
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Table 17.1 (continued)

Treatment Study design Results Reference
Nintedanib Case report

Multicenter Phase II Trial
Prospective, open-label
(n = 20)

FEV1 and FVC 
improvement
Ongoing

Tang et al. [82]
NCT03805477

Pirfenidone Phase 1
(n = 22)

Tolerability 59%
Stabilization of PFT and 
increase in PROs

Matthaiou et al. 
[83]

Rituximab Case series No response in 3/3 patients Lorillon et al. [84]
Case series FEV1 improvement in 7/13 

patients
Brownback et al. 
[74]

Ruxolitinib, JAK2 
inhibitor

Retrospective
(n = 30)
Prospective, open-label
(n = 50)
Prospective, open-label
(n = 50)
Prospective, open-label
(n = 40)

FEV1 stabilization
Start in June 2022
Ongoing
Ongoing

Zhao et al. [85]
NCT05413356
NCT03674047
NCT04908735

Combination
Fluticasone plus 
azithromycin plus 
montelukast

Case control
(n = 8 cases)
Prospective open-label
(n = 36)

FEV1 stabilization
FEV1 stabilization despite 
reduction in steroids

Norman et al. [54]
Williams et al. 
[86]

Budesonide/formoterol 
plus N-acetylcysteine plus 
montelukast

Retrospective
(n = 61)

FEV1 improvement Kim et al. [87]

Inhaled tiotropium plus 
Budesonide/formoterol

Retrospective
(n = 86)

FEV1 improvement in 
41% of patients

Lim et al. [88]

Non drug-related treatment
Rehabilitation Case series exercise tolerance and 

dyspnea improvement
Choi et al. [89]

Mesenchymal stem cells Multicenter prospective cohort 
study

FEV1 improvement or 
steroid sparing in 35/49 
patients

Chen et al. [90]

BOS bronchiolitis obliterans syndrome, FEV1 forced expiratory volume in 1 second, HSTC hematopoietic stem cell 
transplantation, LONIPCs late-onset noninfectious pulmonary complications, LTx lung transplantation, PFT pulmonary 
function test, PROs patient-reported outcomes

Currently, the development of a more effective 
treatment strategy for BOS is needed and should 
focus on patients with early-stage BOS, who are 
probably the most responsive to treatment. In 
addition to these limited treatment options, pul-
monary rehabilitation may be an important 
adjunctive therapy for improving patients’ qual-
ity of life [89].

Finally, lung transplantation has become a 
reasonable therapeutic option for selected alloge-
neic HSCT recipients with post-BOS chronic 
respiratory failure [91]. The selection criteria for 

consideration of a lung transplant remain to be 
better defined. Particular attention should be 
given to the risk of severe infections after lung 
transplantation, which seems to be higher in 
HSCT recipients than in other patient popula-
tions [92].

 BOS Prophylaxis

Given the current poor prognosis for BOS and 
the limited treatment options, prophylactic strat-
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egies should be investigated. In a double-blind 
placebo- controlled trial, administration of pro-
phylactic azithromycin given for 2  years from 
the time of conditioning regimen resulted in 
worse airflow decline–free survival than pla-
cebo due to an increase in hematological relapse 
[93]; these findings required an early trial termi-
nation, and it has been the subject of an alert by 
the US and European drug agencies. 
Furthermore,  azithromycin did not prevent the 
occurrence of BOS [93]. These results raised the 
question of a potentially harmful effect of 
azithromycin in the treatment of established 
BOS and, thus, later in the course of HSCT. A 
two-center exposed/unexposed study design 
actually found a higher prevalence of subse-
quent solid cancers but not hematological 
relapse in patients who received azithromycin 
for BOS compared to BOS not treated with 
azithromycin [94]. Another retrospective study 
found an association between azithromycin 
administration late after HSCT and hematologic 
relapse, but only in patients who received anti-
thymocyte globulin [95]. In light of these data, 
if it is no longer acceptable to administer long-
term azithromycin in the early period of HSCT, 
the use of azithromycin later for BOS must be 
carefully weighed against the benefit- risk bal-
ance, keeping in mind the low level of evidence 
of its efficacy for BOS.

 Conclusion

Although BOS has been identified for many 
years as pulmonary cGVHD, its prognosis has 
changed little. BOS remains the least sensitive 
form of GVHD to the various treatments tested. 
Recent data have shown that BOS is in fact a 
grouping of different entities and that the diag-
nostic criteria currently used must evolve to bet-
ter detect the early phase of BOS.  Current 
research is active in this field, which will likely 
be the key to better adapting treatments and 
improving the respiratory function of these 
patients. A better understanding of the patho-
physiology of BOS should also open new thera-
peutic perspectives.
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 Introduction

Currently, bronchiolitis obliterans (BO) is the 
only late-onset noninfectious pulmonary compli-
cation (LONIPC) after allogeneic hematopoietic 
stem cell transplantation (HSCT) to be formally 
recognized as pulmonary graft-versus-host dis-
ease (GVHD). However, other pulmonary mani-
festations have been described following 
HSCT. Late-onset interstitial lung diseases (ILD) 
following HSCT were first identified almost 
30 years ago [1–6]. At that time, it was described 
as nonclassifiable interstitial pneumonia. The 

authors have already described these complica-
tions as a heterogeneous group of pulmonary 
processes with variable treatment efficacy and 
outcome. Later, post-allograft organizing pneu-
monia (OP) was identified [4, 7]. Finally, based 
on the evolution of knowledge in the field of idio-
pathic interstitial lung disease, post allograft ILD 
has been further specified as a wider group of dif-
fuse interstitial pathologies [8–11]. Thus, accord-
ing to the international consensus for idiopathic 
ILD [12], almost all types of ILD except usual 
interstitial pneumonia and desquamative intersti-
tial pneumonia have been found after HSCT [10]. 
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Recently, ILD was further specified in the NIH 
criteria for pulmonary GVHD [13]. Nevertheless, 
the pathophysiology of post-HSCT ILDs is 
poorly understood. However, both the frequent 
histologic association with obliterative bronchi-
olitis and the clinical association with other man-
ifestations of GVHD raise the question of 
whether these ILDs would be part of the spec-
trum of lung chronic GVHD.  In any case, it is 
particularly important to differentiate ILD from 
BO because their management is different.

The diagnosis of bronchiolitis obliterans syn-
drome (BOS) is based on the occurrence of a new 
obstructive ventilatory disorder on pulmonary 
function testing [14]. Recently, another respira-
tory functional profile has been identified in the 
follow-up of some hematopoietic stem cell recip-
ients: a restrictive syndrome, defined by reduced 
forced vital capacity (FVC) with preserved 
forced expiratory volume first second (FEV1)/
FVC ratio and reduced total lung capacity (TLC), 
usually with reduced diffusing capacity for car-
bon monoxide (DLCO) [13]. The differentiation of 
the respiratory entities associated with this 
 functional profile is in progress, but it is likely 
that ILDs are part of it [8, 15]. Such functional 
profiles have previously been described follow-
ing lung transplantation, another alloimmunity 
situation. The comparison of the two conditions 
could make it possible to better phenotype the 
patients and better understand the pathophysio-
logical mechanisms by taking into consideration 
the specificities of each [16, 17]. It is important to 
note that chronic lung GVHD is part of a sys-
temic disease, whereas lung dysfunction after a 
lung transplant is a purely pulmonary disease.

 Epidemiology

In retrospective studies, ILDs accounted for 20 to 
72% of LONIPCs [6, 18–23], with a 2-year 
cumulative incidence of 6% among 438 patients 
surviving more than 3 months after an allogeneic 
HSCT over a 12-year period [21]. A recent pro-
spective observational single-center study of 
more than 200 of these patients found a 3-year 
cumulative incidence of 5% [9].

 Pathophysiology

The pathophysiological characteristics of late- 
onset post-HSCT ILDs are poorly known. No 
animal model exists to improve our knowledge of 
the pathogenesis of these entities. However, both 
the occurrence of post-HSCT ILD in patients 
receiving little or no immunosuppressive treat-
ment and the efficacy of corticosteroids on ILD 
suggest an immunological process [15]. The 
strong association with extrathoracic chronic 
GVHD (cGVHD) further reinforces this hypoth-
esis [7, 8, 15].

Late-onset ILDs include heterogeneous enti-
ties with mainly an inflammatory pattern: orga-
nizing pneumonia (OP), lymphoid interstitial 
pneumonia, eosinophilic pneumonia, diffuse 
alveolar damage (DAD), acute fibrinous organiz-
ing pneumonia (AFOP), and nonspecific intersti-
tial pneumonia (NSIP) [7, 8, 10, 24–32]. More 
recently, pleuroparenchymal fibroelastosis 
(PPFE) was described as a noninflammatory 
ILD [10, 33–37]. Meignin et  al. showed that 
almost all cases of ILD presented with the asso-
ciation of obliterative bronchiolitis [10], in 
accordance with former studies of post-alloge-
neic HSCT PPFE or NSIP, in which lesions of 
obliterative bronchiolitis were present in 
70–100% of cases [33, 34].

 Spectrum of Post-HSCT Interstitial 
Lung Diseases

Diagnosis of specific ILDs is based on the initial 
presentation (acute versus chronic), a CT scan 
pattern, a histological pattern, and a functional 
respiratory profile.

 Organizing Pneumonia

OP is the most frequent ILD reported in studies 
of LONIPC [6, 8, 10, 20, 21, 23, 28, 38, 39] 
(Table  18.2). In a case-control study [7], the 
median time from HSCT to OP onset was 
108 days (range: 5–2819 days). The clinical pre-
sentation was similar to that of cryptogenic OP, 
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Fig. 18.1 Chest CT images in late-onset noninfectious ILDs after allogeneic hematopoietic stem cell transplantation

mimicking unresolved or subacute infectious 
pneumonia with unspecific symptoms. On chest 
CT, alveolar consolidations most frequently have 
a predominant peri-bronchovascular or subpleu-
ral topography [40, 41] (Fig. 18.1), whereas the 
classical migratory character of COP is usually 
missing [7]. Pulmonary function tests most fre-
quently reveal a restrictive lung defect [7]. OP is 
histologically defined by the characteristic pres-
ence of buds of granulation tissue within the dis-
tal airways and the alveoli, consisting of 
fibroblasts and myofibroblasts intermixed with 
loose connective matrix and associated with 
chronic interstitial inflammation. Several histo-
pathological and clinical studies on LONIPCs 
highlighted the frequent overlap between intersti-
tial pneumonia, including OPs, and bronchiolar 
lesions, suggestive of concomitant bronchiolitis 
obliterans in this specific context [10, 38, 39].

 Pleuroparenchymal Fibroelastosis

Among post-HSCT ILDs, PPFE was the most 
recently described [10, 33–37]. It is a rare idio-
pathic interstitial pneumonia that is histologically 
characterized by pleural and subpleural paren-
chymal thickening due to elastic fiber prolifera-
tion with minimal inflammation. It typically 

involves not only the upper lobes but also the 
medial and lower lung areas, either at diagnosis 
or systematically during follow-up [37]. A defi-
nite diagnosis of PPFE requires histological con-
firmation, but the presence of typical CT-scan 
findings has proven sufficient for the clinical 
diagnosis of PPFE after the exclusion of other 
lung diseases [42–45] (Fig. 18.2). The exact inci-
dence of post-HSCT PPFE is difficult to assess 
since it usually occurs several years after trans-
plantation, when many patients do not undergo a 
systematic long-term pulmonary follow-up. Its 
estimated prevalence ranges from 0.5 to 1.5%, 
with a median delay between HSCT and diagno-
sis of PPFE of around 9 years [37, 43, 44], much 
longer than for other ILDs [9]. In the largest 
series, including 15 cases, all met the radiologi-
cal criteria for PPFE, and 7 were confirmed by 
lung histology. PFTs typically showed a severe 
restrictive lung defect. Less than half of the 
patients had cGVHD at the time of the PPFE 
diagnosis, while the study was in accordance 
with the possible role of previous chemotherapy 
with an alkylating agent and/or total body irradia-
tion. Recurrent lower respiratory tract infections 
before diagnosis were frequent, as was its asso-
ciation with other LONIPCs (BO, OP, NSIP). 
PPFE was almost systematically progressive, 
with an overall poor prognosis [37].
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Fig. 18.2 Sequential chest CT images in a patient with 
pleuroparenchymal fibroelastosis, obtained at 2  months, 
3 years and 6 years, respectively, after allogeneic hemato-
poietic stem cell transplantation for angioimmunoblastic 
T-cell lymphoma. In the image on the left, a slight pleural 

thickening was already visible at the apex of the left lung, 
which then spread to the middle and lower parts of the 
lungs, as well as progression of lung fibrosis predomi-
nantly in the upper left lobe and the right apex, and global 
parenchymal retraction of both lungs

Table 18.1 Histological and usual chest CT patterns of interstitial lung disease reported as late-onset noninfectious 
pulmonary complications of allogeneic hematological stem cell transplantation (adapted from [10])

Pathological ILD entity Usual chest CT pattern
Organizing pneumonia (OP) AC (predominant peri- bronchovascular or subpleural topography is frequent, 

patchy or more diffuse) +/− GGO, nodular lesions, +/− traction bronchiectasis 
(fibrotic OP or possible association with DAD or fibrotic NSIP)

Nonspecific interstitial 
pneumonia (NSIP)

GGO (subpleural predominance or diffuse), reticulations, traction bronchiectasis

Diffuse alveolar damage 
(DAD)

GGO (frequently diffuse) +/− AC, traction bronchiectasis (rapidly progressive)

Acute fibrinous organizing 
pneumonia (AFOP)

Nodular lesions, AC, GGO

Acute eosinophilic pneumonia 
(AEP)

GGO, AC

Lymphoid interstitial 
pneumonia (LIP)

GGO +/− AC, reticulations, +/− traction bronchiectasis

Pleuroparenchymal 
fibroelastosis (PPFE)

Pleural thickening (upper lobes systematically involved, lower lobes initially 
preserved), reticulations (subpleural topography) +/− traction bronchiectasis 
(consider an associated ILD), reduced lung volume +/− pleural effusion

AC alveolar consolidations, GGO ground glass opacities, ILD interstitial lung disease

 Other Noninfectious ILDs

As previously mentioned, other post-HSCT ILDs 
have been reported (Table  18.1) and are fre-
quently associated with extra-pulmonary 
cGVHD.  When applying the international con-
sensus classification for idiopathic ILD [12, 46], 
NSIP and DAD look quite frequent on lung his-
tology, LIP more rarely [4, 10]. NSIP is defined 
by diffuse alveolar wall thickening by uniform 
fibrosis, preserved alveolar architecture, and mild 
interstitial inflammation, without honeycombing 

or fibroblastic foci. DAD is the histopathological 
pattern of acute interstitial pneumonia, a clinical 
entity characterized by rapidly progressive respi-
ratory failure and an overall poor prognosis. 
Histology reveals a diffuse involvement with uni-
form thickening of alveolar walls, edema, hyaline 
membranes, and interstitial acute inflammation at 
the exudative early phase, followed by loose 
organizing fibrosis mostly within alveolar septa 
and type II pneumocyte hyperplasia during the 
organizing phase, finally regressing or progress-
ing to end-stage fibrosis. LIP Is defined by a 
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dense interstitial lymphoid infiltrate with associ-
ated type II cell hyperplasia and a mild increase 
in alveolar macrophages [12].

Several cases of acute eosinophilic pneumonia 
(AEP) were reported, typically occurring during 
the first months following AHSCT in the context 
of GVHD flare, with fever, dyspnea, diffuse 
parenchymal opacities, and high blood eosino-
philia [31, 32, 47]. BAL fluid analyses usually 
meet the diagnostic criteria for AEP (eosinophils 
>25% of nucleated BAL cells) in the absence of 
any other cause (infectious, drug, or specific). 
For the majority of reported cases, the diagnosis 
was confirmed by a lung biopsy (surgical or 
transbronchial) with a favorable outcome after 
corticosteroid therapy.

Acute fibrinous organizing pneumonia 
(AFOP), a rare and recently described histologic 
entity of acute lung injury, has also been reported 
in the context of HSCT [25–27]. AFOP cases 
occurred between 25  days and 11  months after 
HSCT.  Clinical presentation usually includes 
fever, cough, and progressive dyspnea that may 
lead to acute respiratory failure. Chest CTs 
showed multifocal pulmonary nodules, ground 
glass opacities, and/or consolidations. Diagnosis 
relied on lung histology in all cases, revealing 
patchy, or more diffuse, prominent organizing 
intra-alveolar fibrin deposition characteristic of 
AFOP and occasionally associated with DAD 
lesions (without hyaline membranes) [25].

Sarcoidosis, systematically involving the 
lungs, has been rarely described in the context 
of both allogeneic and autologous HSCT.  In a 
recent case series and literature review includ-
ing 13 biopsy-proven cases diagnosed in HSCT 
recipients [48], sarcoidosis occurred after a 
median interval of 20  months (range: 3–30), 
more often in women and in patients of 
Caucasian ethnicity, with radiological lung 
lesions (not precisely described) and/or extra-
pulmonary involvement (e.g., skin and liver) in 
around two-thirds (none had lymph node 
involvement). A history of GVHD was found in 
only half of the cases (which do not support a 
potential link between the two diseases), with a 
response to steroids in all cases (around two-
third) justifying it.

 Risk Factors

History of chest irradiation prior to HSCT and 
occurrence of early pneumonia (within 100 days) 
after HSCT were identified as being predictive of 
the development of LONIPCs [9]. In a recent ret-
rospective study including 238 consecutive 
patients diagnosed with ILD (n  =  79, 33%) or 
BOS (n = 159, 67%) after allogeneic HSCT, risk 
factors for both complications were compared 
[15]. Male sex was more frequently associated 
with BOS than with ILD (52% of males with 
BOS vs. 23% of males with ILD; p  < 0.0001). 
HLA-matched 9/10 donors were more frequently 
observed in the BOS group than in the ILD group 
(20% vs. 5%), with significantly more female 
donor/male recipient mismatches among BOS 
patients. No difference in conditioning regimens 
was observed between the BOS and ILD groups, 
including total body irradiation. Prior thoracic 
irradiation and the absence of immunosuppres-
sive treatment at the time of diagnosis were asso-
ciated with an increased occurrence of ILD.

Risk factors based on other retrospective stud-
ies on OPs include female-to-male HSCT, HLA 
incompatibility, peripheral blood stem cell trans-
plantation, conditioning regimens including total 
body irradiation and cyclophosphamide, and 
acute or chronic GVHD [7, 49], whereas 
busulfan- based myeloablative conditioning, 
fludarabine-based reduced-intensity condition-
ing, and in vivo T-cell ablation lowered the risk 
[49].

A history of sarcoidosis in graft donors was 
found occasionally, whereas HLA alleles known 
to be associated with sarcoidosis were very fre-
quent [48].

 Diagnostic Criteria

Clinical signs of ILDs are nonspecific and may 
include dyspnea, cough, fever, extrathoracic 
symptoms related to ILDs, or be, very occasion-
ally, diagnosed incidentally on follow-up PFTs. 
Clinical and/or biological autoimmunity features 
may occasionally be associated with ILD, with 
diagnosis criteria for systemic lupus 
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 erythematosus, primary Sjögren syndrome, poly-
myositis and anti-MDA5 syndrome, mixed con-
nective tissue disease, or ANCA-associated 
vasculitis, in a few cases, which were associated 
with a poor outcome [24, 50, 51]. Lung ausculta-
tion may be either normal or reveal crackles sug-
gestive of lung fibrosis.

Lung computed tomography (CT) reveals 
more or less extensive parenchymal lung lesions 
consisting of alveolar consolidations (AC) and/
or ground glass opacities (GGO), whereas retic-
ulations, septal thickening, bronchial thickening 
or dilatation, honeycombing, or air-leakage syn-
drome remain occasional [8]. Some radiological 
patterns may be suggestive of the underlying 
histopathology (Table  18.1). OP will be sus-
pected in case of AC, typically peribronchial, 
subpleural, nodular, or patchy, with or without 
GGO [8, 40, 41]. Subpleural or more diffuse 
GGO, possibly associated with reticulations and 
signs of fibrosis (parenchymal retraction, fis-
sural distortion, and/or traction bronchiectasis), 
may suggest NSIP but is also compatible with 
DAD or LIP, both of which have also been asso-
ciated with the AC-predominant pattern [8, 12]. 
PPFE is usually suspected in case of pleural 
thickening with progressive parenchymal retrac-
tion, initially predominant in the upper regions 
of the lungs. Although the definite diagnosis of 
PPFE requires histological confirmation, the 
presence of typical radiologic findings on a CT 

scan has proven sufficient for the clinical diag-
nosis of PPFE after the exclusion of other lung 
diseases [42–45].

Like in non-HSCT settings, ILDs may have a 
broad spectrum of etiologies, including respira-
tory infections (opportunistic or not), that must 
be ruled out in the first place. After ruling out a 
pulmonary infection or in the absence of signifi-
cant clinical or radiological improvement after an 
empirical or adapted antibiotic therapy, the inte-
gration of the patient’s medical history and clini-
cal presentation, lung imaging, biological and 
immunological tests, and BAL and noninvasive 
microbiological tests results may strengthen the 
hypothesis of an alternative diagnosis 
(Table 18.2). When performed in the absence of 
infection, BAL typically reveals a lymphocytic 
alveolitis in the large majority of cases [3, 7, 8, 
52, 53], while a relative increase in neutrophil 
count may be noticed in one third of the cases, 
most frequently associated with a prominent 
increase in the lymphocyte count [8]. 
Furthermore, a significant increase of BAL 
eosinophils may be observed in a few cases [8], 
with acute or chronic eosinophilic pneumonia 
having been reported after HSCT [31, 32, 54]. To 
date, no correlation between BAL cytology and 
radiological features has been reported.

Given both the invasiveness of surgical lung 
biopsy and its minimal impact on patient care, 
the diagnosis of ILD should most of the time be 

Table 18.2 Diagnostic criteria for late-onset noninfectious interstitial lung diseasea after allogeneic hematopoietic 
stem cell transplantation (adapted from [8])

1.  Presence of infiltrative parenchymal opacities (e.g., alveolar consolidations and/or ground-glass opacities) on 
chest CT

    AND
2.  No respiratory pathogens identification after consideration of all available microbiological techniques 

searching for bacteria, mycobacteria, viruses, fungi, and parasites, on respiratory (BAL and/or nasal aspirate/
swab and/or sputum), blood and urine samples

    AND/OR
3. No clinical or radiological improvements despite broad-spectrum antibiotic therapy
    AND/OR
4.  Clinical and radiological improvements after the initiation or increase of immunosuppressive therapy
    AND/OR
5.  No pathogen identification on a lung biopsy specimen (if performedb) and/or pathological lesions compatible 

with the suspicion of noninfectious post-allo HSCT ILD
aA history of acute and/or chronic extrathoracic graft- versus- host disease and/or recent tapering or discontinuation of 
immunosuppressive therapy may be additional arguments for the diagnosis of late-onset noninfectious ILD
bAfter specific staining, consider metagenomic analysis
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made without lung biopsy analysis. Progress in 
microbiological diagnostics applied to respira-
tory samples has significantly increased the per-
formance of diagnosing infectious pneumonia. 
Nevertheless, if histological evidence is neces-
sary and similar to what is done for ILDs in the 
non-HSCT context, transbronchial cryobiopsies 
might be an alternative to surgical lung biopsies 
for the diagnosis of post-HSCT ILDs [55].

 Management and Outcome

Overall prognosis of patients suffering from ILD 
after allogeneic HSCT was poor with a 39% esti-
mated mortality in 2 years [8]. In a more recent 
retrospective study, the overall survival (OS) was 
81% at 3 years and 71% at 5 years [15]. In this 
study, the OS of the patients suffering from ILD 
or BOS were compared; although OS did not dif-
fer between groups, the causes of death varied, 
with more cases of respiratory failure in the ILD 
group and more cases of infection in the BOS 
group [15]. Finally, hematological relapse may 
be more frequent in HSCT patients with ILD than 
in those with BOS [15].

Although no treatment guidelines are avail-
able, treatment with steroids showed some effi-
cacy for the resolution or stabilization of ILDs 
[8], in contrast to BOS, where steroids have not 
proven their efficacy but only their numerous 
associated side effects [56]. However, there is a 
risk of relapse of ILD when decreasing the dose 
of steroids [7, 9, 15]. Regarding AFOP, response 
to steroids seems variable, while the TNF-α 
blocking agent Etanercept was reported as effec-
tive in one single case [27].

Lung transplantation is rarely performed in 
this setting due to concomitant extrapulmonary 
morbidity, excessive immunosuppression, and 
concerns about recurring malignancy being con-
sidered contraindications. A recent study assessed 
that no HSCT-specific factors influence outcome 
within a carefully selected patient cohort under-
going lung transplantation for LONIPCs [57].

The patient outcomes associated with PPFE 
were poor with a mortality rate of 47% and 

severe respiratory disability for the survivors 
[37]. Half of the patients were diagnosed with 
pneumothorax after a PPFE diagnosis. 
Pharmacological treatment showed poor 
response to antifibrotic drugs reported in a lim-
ited number of cases [37, 58]. Further studies are 
needed to determine the optimal therapeutic 
management of PPFE, including the specific 
treatment algorithm, the potential utility of posi-
tive pressure ventilation for patients with dys-
pnea and restrictive PFTs, and the place for lung 
transplantation. Lung transplantation could be 
an option in some cases, but contraindications 
are frequent enough that it remains preferentially 
proposed in cases of end- stage pulmonary fibro-
sis [59–61], most frequently related to PPFE in 
recent series [34, 62]. In the case of lung trans-
plantation, optimal bilateral lung transplantation 
may be complicated by the absence of congru-
ence between the size of the thoracic cavity and 
the graft due to the platythorax and related surgi-
cal concerns, whereas single transplantation has 
to be considered in the case of previous 
pleurodesis.

 Conclusion

Late-onset noninfectious ILDs constitute a rare 
complication of HSCT that might be, in some 
cases, related to a pulmonary localization of 
cGVHD. It would seem that ILDs are a hetero-
geneous group of disorders that cannot be sum-
marized under a single entity. In cases of 
unresolved pneumonia or a restrictive lung 
defect during post-HSCT follow-up, an ILD 
should be suspected, and a systematic approach 
similar to the one used in any patient with an 
ILD should be proposed. Even if some specifici-
ties between BOS and ILD have recently been 
shown, the poor prognosis is the same. A better 
understanding of the pathophysiology of ILDs 
should also open new therapeutic perspectives. 
Their prevention, early recognition, and prompt 
management are mandatory to limit their impact 
on both the patient’s functional and vital 
prognosis.
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19Other Noninfectious Pulmonary 
Complications

Aryan Shiari and Ayman O. Soubani

 Introduction

Hematopoietic stem-cell transplantation (HSCT) 
is a treatment modality for a growing number of 
hematologic and non-hematologic disorders. In 
HSCT patients, unhealthy native bone marrow 
cells are replaced by infusion of either autolo-
gous (patient’s own cells) or allogeneic (donor 
stem cells), after administration of a short course 
of high-dose chemotherapy with or without radi-
ation [1]. After HSCT, this subset of patients 
remains at risk for developing a variety of com-
plications involving multiple organ systems. Of 
these complications, those involving the respira-
tory system are broadly categorized into infec-
tious and noninfectious.

Noninfectious pulmonary complications are 
variable and dependent on the patient’s time 
course post-HSCT. Major noninfectious compli-
cations include peri-engraftment respiratory dis-
tress syndrome, idiopathic pneumonia syndrome, 
diffuse alveolar hemorrhage, bronchiolitis oblit-

erans syndrome, and interstitial lung disease, 
which have been covered in prior chapters.

Uncommon or less distinctive noninfectious 
complications covered in this chapter include 
pleural effusions, venous thromboembolism, pul-
monary hypertension, thoracic air leak syndrome, 
post-transplant lymphoproliferative disorder 
(PTLD), pulmonary alveolar proteinosis (PAP), 
and the development of solid organ 
malignancies.

 Pleural Effusions

Pleural effusions are commonly encountered 
among patients who have undergone HSCT, with 
incidence rates reported as high as 9.9% within 
the first year and 11.8% within 5 years of alloge-
neic HSCT.  Clinically significant pleural effu-
sions in allogeneic HSCT patients have been 
noted to have a median onset of 40  days post- 
HSCT (range, 1–869) [2]. Incidence of pleural 
effusions in autologous HSCT remains unknown, 
and exact numbers have not been reliably demon-
strated in current literature.

In allogeneic HSCT patients, a bi-modal dis-
tribution has been described for the formation of 
pleural effusion, consisting of early-onset occur-
ring within 100  days and late-onset occurring 
after 100 days of transplantation.
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Early-onset (less than 100 days) pleural effu-
sions are frequently due to volume overload or 
infection etiologies. This coincides with the 
early onset reported time frames of fluid over-
load in allogeneic HSCT in the absence of other 
known transplant-related complications. Fluid 
overload was described in these studies as weight 
gain and edema requiring fluid removal with or 
without organ toxicity [3]. With regards to infec-
tions during the first 100 days post-HSCT, which 
include the pre-engraftment (0–30  days) and 
early post- engraftment phases (30–100  days), 
the most prevalent pathogens are bacterial and 
fungal  species. These pathogens are also 
observed to cause secondary pleural effusions. 
Engraftment syndrome, malignant pleural effu-
sion, new-onset congestive heart failure, and 
sinusoidal obstruction syndrome have also been 
cited as noninfectious causes of early-onset 
pleural effusions [2].

Late-onset (more than 100 days) pleural effu-
sions can also be due to infections, including 
viral infections or volume overload; however, an 
increasing number of pleural effusions in this 
phase can be due to serositis-type chronic graft 
vs. host disease (GvHD) and cryptogenic orga-
nizing pneumonia, formerly called bronchiolitis 
obliterans organizing pneumonia or BOOP [2]. 
Suspicion for pleural effusion due to GvHD 
should be high in those who already have mani-
fested GvHD in other organ systems, as pleural 
effusion is rarely noted as the first manifestation. 
Treatment typically involves escalating GvHD 
therapy after the exclusion of alternative 
etiologies.

Regardless of onset, Kaplan-Meier analysis 
of pleural effusions in the HSCT population 
has shown a statistically significant increase in 
mortality in patients with pleural effusions as 
compared to those without effusions (hazard 
ratio 1.49; 95%, CI, 1.09–2.04; P  =  0.011). 
Furthermore, a significant association was 
found with a higher comorbidity index 
(P  =  0.03) and the presence of GvHD 
(P = 0.018) in patients who developed pleural 
effusions. No significant association has been 

found between with race, disease risk index, 
HLA match, or donor type and the develop-
ment of pleural effusion. Finally, pleural effu-
sions in this subset of patients were associated 
with significantly inferior overall survival 
(P < 0.001) [2].

 Venous Thromboembolic Disease

Venous thromboembolism (VTE) is an estab-
lished and increasingly recognized complication 
in the HSCT population. Multiple factors predis-
pose HSCT patients to being at an increased risk 
for VTE compared to the general population. 
These factors include:
Hematologic Malignancy

Although VTE has historically been associ-
ated with solid organ malignancies, those with 
hematologic malignancies are also at an 
increased risk. VTE rates have been reported as 
high as 6% in patients with lymphoma, 10% in 
those with multiple myeloma (MM), and 
between 5% and 20% in those with acute leu-
kemia [4–6]. Furthermore, in patients with 
newly diagnosed MM, incidence rates have 
been reported to increase by 14–26% if the 
immunomodulators used include thalidomide 
and dexamethasone. Additionally, use of 
lenalidomide with dexamethasone has also 
been associated with an increased risk of VTE 
as high as 75% [7, 8].
 Graft Vs Host Disease (GvHD)

Both acute and chronic GvHD have been 
independently associated with the development 
of VTE. In patients who developed GvHD after 
their first VTE, 8% were found to have a subse-
quent VTE event. The most common organ 
involvements of GvHD in patients who devel-
oped VTE are the skin (65.9%), gastrointestinal 
(29.4%), ocular and oral (28.6%), and hepatic 
(21.4%) [9]. Increased VTE incidence due to 
GvHD in the HSCT population is postulated to 
be due to the known pro-inflammatory state of 
GvHD, which predisposes patients to thrombo-
embolic events.
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 Indwelling Vascular Catheters
Central venous catheter placement as a means 

of vascular access is quite common for patients 
undergoing HSCT. Their use is variable, ranging 
from administration of chemotherapy, stem cell 
transfusion, nutritional support, plasmapheresis, 
extracorporeal photopheresis, and general admin-
istration of medication and fluids. Catheter- 
related thrombosis (CRT) is known to occur, with 
reported rates of ~12% in patients with hemato-
logic malignancies and up to 8–21% in HSCT 
recipients [10]. CRT may be asymptomatic in up 
to 41% of patients, and common symptoms of 
discomfort, catheter malfunction, pain, and 
swelling may be absent. There is limited evi-
dence that CRT results in increased rates of pul-
monary embolism or mortality [11]. As a result, 
the cornerstone of therapy remains anticoagula-
tion with low molecular weight heparin (LMWH) 
to prevent further extension of VTE, reduce VTE- 
related symptoms, and prevent embolization. For 
patients who have an ongoing need for catheters, 
anticoagulation should be continued without 
catheter removal as long as the access remains 
functional [12, 13]. Duration of therapy remains 
as per American College of Chest Physicians 
(ACCP) guidelines of 3 months or until the cath-
eter is removed, whichever is longer [13]. 
Currently, the use of thromboprophylaxis for 
CRT remains controversial, and no official guide-
lines support prophylactic anticoagulation in this 
subset of patients to date.
 Cytotoxic Chemotherapy and  Immune 
Modulators

The use of cytotoxic chemotherapy agents and 
immune modulators have been linked to an 
increased risk of VTE.  Risk factor for VTE in 
patients starting a new chemotherapy regimen as 
compared to the general population is two-to-six 
fold greater, with a reported mortality rate of 9% 
[14]. Cyclosporine, a commonly used immuno-
suppressive agent has been linked to increased 
incidence of thrombosis and endothelial cell per-
turbations. The hypothesized mechanism is 
through reduction in thrombomodulin activity of 
endothelial cells, and downregulation of the pro-

tein C anticoagulant pathway, increasing risk of 
thrombosis [15].
 Thrombocytopenia

Majority of HSCT patients undergo a period 
of thrombocytopenia within 1–2 weeks of mye-
loablative therapy. Although thrombocytopenia 
itself is not a direct cause of VTE in the HSCT 
population, it is important to note that during the 
thrombocytopenic period this population is still 
susceptible to VTE events and low platelet count 
only confers partial protection. Prior studies 
have noted 60% of thrombotic events occurring 
with platelet counts less than 100 × 109/L, 34% 
of events occurred with a platelet count less than 
50  ×  109/L, and 13% occurred with a platelet 
count less than 20  ×  109/L.  Given low platelet 
count and concomitant risk of bleeding, mechan-
ical thromboprophylaxis has been proposed 
using sequential pneumatic compression devices 
during thrombocytopenic periods, although bal-
ancing the risk of VTE and bleeding is challeng-
ing [16].

 VTE Prophylaxis and Treatment

A variety of well-established conditions observed 
in HSCT recipients, including an underlying 
diagnosis of multiple myeloma, GvHD, indwell-
ing catheters, prolonged hospitalization, prior 
VTE, and the use of cytotoxic chemotherapy and 
immune modulators, have been associated with 
an increased risk of VTE. The presence of these 
conditions should prompt clinicians to perform 
risk stratifications of HSCT recipients, and the 
decision for thromboprophylaxis should be made 
with VTE vs. bleeding risk in mind. Providers 
should discuss with patients the benefits, harms, 
drug cost, and duration of prophylaxis.

Current indications for prophylaxis include 
patients with multiple myeloma following autol-
ogous HSCT and receiving immune modulatory 
drugs (lenalidomide, thalidomide, pomalido-
mide) and hospitalization or post-operative status 
in patients with platelet counts >50,000/μL. 
Patients with indwelling central venous  catheters 
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do not need routine prophylactic anticoagulation 
[17].

Prophylactic VTE regimens include aspirin 
for low-risk MM patients on immunomodulatory 
medications and LMWH (such as enoxaparin 
40 mg SC daily) for higher-risk patients [17, 18].

The American Society of Clinical Oncology 
(ASCO) and National Comprehensive Cancer 
Network (NCCN) do not recommend the use of 
routine thromboprophylaxis in ambulating 
patients with known malignancy, which includes 
HSCT recipients [18, 19]. Furthermore, routine 
pharmacologic thromboprophylaxis should not 
be offered to patients admitted for the sole pur-
pose of minor procedures or chemotherapy infu-
sions, nor to patients undergoing stem cell/bone 
marrow transplantation procedures [18].

Patients with VTE who are not at an increased 
risk of bleeding and who platelet count >50,000/
μL should be started on LMWH or unfraction-
ated heparin. These patients may be continued on 
LMWH or switched to warfarin or one of the 
direct oral anticoagulants. There are no robust 
data or guidelines on which of the above options 
is recommended for HSCT patients. At this time, 
such a decision is made on an individual basis. 
The duration of anticoagulation is not studied in 
the HSCT patient population; however, based on 
patients with cancer diagnoses, it is suggested to 
continue treatment for 3–6 months or as long as 
the malignancy persists. For catheter-related 
thrombosis, the duration of treatment should be 
3  months or as long as the catheter remains in 
place.

The use of inferior vena cava (IVC) filters 
should only be considered in patients whose anti-
coagulation is contraindicated or who developed 
VTE despite receiving chemical VTE prophy-
laxis. IVC filters should be retrieved and removed 
as soon as the contraindication to anticoagulation 
is resolved, as they pose a prothrombotic risk 
factor.

Until recently, limited risk-prediction mod-
els for VTE in HSCT survivors were available. 
The BMTSS-HiGHS2 risk model, utilizing a 
cohort of >2-year survivors of HSCT, analyzed 
1751 recipients and found HSCT survivors 

have a 7.3- fold increased risk of VTE com-
pared to siblings without a history of cancer. 
This finding is consistent with prior studies of 
HSCT recipients, which reported in increased 
risk of VTE (2.6- fold) compared to their sib-
lings without cancer [20]. Risk was found to 
increase for at least 10 years post-HSCT. The 
BMTSS-HiGHS2 model discriminates between 
HSCT survivors with high and low risk of VTE 
by utilizing the following factors: history of 
stroke, chronic GvHD, hypertension, sex 
(male), and stem cell source (peripheral blood 
stem cells) [21].

Utilization of risk-prediction models such as 
the BMTSS-HiGHS2  in identifying high-risk 
HSCT recipients should be considered by clini-
cians to have informed decision-making discus-
sions with this subset of patients, as they are at 
risk of not only VTE but also substantial bleed-
ing complications while undergoing chemo-
therapy and in a thrombocytopenic state. In 
high-risk patients without thrombocytopenia 
and bleeding complications, a discussion 
regarding thromboprophylaxis may be consid-
ered given the absence of guidelines in this 
population subset.

 Pulmonary Hypertension

Pulmonary hypertension (PH) is defined as a 
mean pulmonary arterial pressure  >  20  mmHg. 
PH is further classified into isolated precapillary 
PH (pulmonary artery wedge pres-
sure ≤ 15 mmHg and pulmonary vascular resis-
tance ≥3 WU), isolated post-capillary PH 
(pulmonary artery wedge pressure  >  15  mmHg 
and pulmonary vascular resistance <3 WU) and 
combined pre- and postcapillary PH (pulmonary 
artery wedge pressure ≥ 15 mmHg and pulmo-
nary vascular resistance ≥3 WU) [22].

Majority of the literature regarding PH in 
HSCT is derived from the pediatric population, 
and the median age of PH diagnosis after HSCT 
is 12.6 years (ranging from 1 month to 51 years) 
with 70% of patients having only pulmonary 
arteriole involvement and 23% of patients report-
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ing pulmonary veno-occlusive disease (PVOD) 
[23].

PVOD is a rare type of PH with incidence 
rates of 0.1–0.2 cases per million [24]. PVOD is 
characterized by its preferential targeting of the 
pulmonary venules and subsequent obliteration 
by fibrous intimal thickening and patchy capil-
lary proliferation. Similar to other types of PH, 
PVOD progression leads to increased pulmonary 
vascular resistance and subsequent right heart 
failure [24]. A triad of severe pulmonary arterial 
hypertension, radiographic evidence of pulmo-
nary edema, and a normal pulmonary artery 
occlusion pressure have been classically attrib-
uted to the suspected presence of PVOD [25]. 
The lack of this triad, however, does not exclude 
PVOD. A definitive diagnosis of PVOD can only 
be made via surgical lung biopsy in order to 
determine the mechanism of vascular injury. The 
utility of surgical biopsy has been a topic of dis-
pute given that treatment options are limited. 
Treatment of PVOD with various conventional 
pulmonary arterial hypertension therapies such 
as nitrates, calcium channel blockers, prostacy-
clins, and endothelin receptor antagonists has had 
limited success. Single and double lung trans-
plantation remain the only therapeutic options 
shown to significantly prolong the lives of 
patients with PVOD. As a result, a biopsy should 
be considered in patients with clinical and radio-
graphic features suggestive of the PVOD if the 
risk of surgical intervention is acceptable, as it 
can impact a patient’s length of time awaiting 
transplant [26]. One-year mortality rates of 
PVOD patients have been reported as high as 
70% [27], and the utility of lung transplantation 
is often diminished as wait times often exceed 
that of life expectancy in patients with PVOD. As 
a result, it is recommended that all patients with 
PVOD should be referred for transplantation at 
the time of diagnosis.

Bronchiolitis obliterans syndrome (BOS) and 
other forms of lung GvHD are major causes of 
morbidity and mortality in the post-HSCT popu-
lation and have been linked to an increased risk 
of PH.  In a retrospective analysis of 386 adult 
patients who developed BOS after HSCT, a 

32.5% prevalence of PH was noted. It is uncer-
tain whether PH develops in patients with BOS 
due to parenchymal changes or due to an associ-
ated vasculitis process [28]. Nevertheless, given 
the high prevalence of PH discovered in patients 
with BOS, there is growing expert recommenda-
tion that screening with transthoracic echocar-
diography should be considered in patients with 
BOS after HSCT [29].

There are currently no guidelines delineating 
alternative therapeutic approaches in PH man-
agement post-HSCT compared to the general 
PH population. Treatment approaches have been 
mainly reported in the pediatric population and 
were decided based on the clinical and hemody-
namic status of patients at the time of diagnosis. 
In a study of 22 pediatric patients with diag-
nosed PH, vasoreactivity testing was initially 
used to identify responders for calcium channel 
blockers. Nonresponders were then either 
treated with monotherapy (phosphodiesterase-5 
inhibitor (PDE5i) or endothelin receptor antag-
onist), oral dual therapy (PDE5i and endothelial 
receptor antagonist), or triple therapy with 
PDE5i, endothelial receptor antagonist, and 
prostanoids. In this study, all survivors were 
found to be weaned off pulmonary hypertension 
treatment after a median follow-up of 5 months 
utilizing the abovementioned treatment plan, 
while 7 patients died [30]. In adults, there have 
only been four reported cases of detailed man-
agement of PH after HSCT. In these cases, 
treatment options consist of PDE-5 inhibitors 
with inhaled and oral prostacyclin analogues, 
endothelin receptor antagonists with corticoste-
roid therapy, and more recently monotherapy 
with vasodilator therapy (tadalafil) [31–34]. All 
four patients were alive after treatment for a 
minimum of 29  months in post-treatment 
reported follow-up.

In summary, patients with pulmonary GvHD 
should be periodically monitored for evidence of 
PH by history, physical examination, and echo-
cardiography. Early and accurate diagnosis fol-
lowed by prompt treatment remains central to 
ensuring favorable outcomes. The management 
of PH in HSCT patients should follow guidelines 
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Pulmonary GVHD
(BOS, ILD)

Clinical features suggestive of PH
- Unexplained dyspnea, syncope, hypoxia
- JVD, accentuated P2, S3, peripheral edema, hepatomegaly
- Enlarged pulmonary artery on CT

Periodic echo 
(every 1-2 years)

Echo  findings 

TRV ≥ 3 m/secTRV 2.5-2.9 m/secTRV < 2.5 m/secPH is unlikely

Evaluate symptoms
6 minute walk 
NT-pro BNP

Abnormal Normal 

Right heart
catheterization

- Observe, evaluate other causes
- Optimize treatment of lung disease
- Repeat echo 

mPAP < 25 mmHg 

mPAP ≥ 25 mmHg 
Post-capillary PH 

(PCWP >15 mmHg
PVR < 3 WU)

Pre-capillary PH 
(PCWP ≤ 15 mmHg

PVR ≥ 3WU)

- Work up for other causes of PH (ANA, LFT,
PFT, V/Q scan, chest CT, sleep study)
- Consider referral to PH specialist 

Echo

Evaluate & treat left 
sided cardiac disease

Fig. 19.1 Suggested workup of patients with pulmonary 
hypertension following HSCT. GvHD graft vs. host dis-
ease, BOS bronchiolitis obliterans syndrome, ILD intersti-
tial lung disease, PH pulmonary hypertension, TRV 
tricuspid regurgitant jet velocity, PCWP pulmonary capil-
lary wedge pressure, PVR pulmonary vascular resistance, 

WU woods unit, NT-pro-BNP N-terminal-pro-brain natri-
uretic peptide, mPAP mean pulmonary artery pressure, 
ANA anti-nuclear antibody, HIV human immunodefi-
ciency virus, PFT pulmonary function test, LFTs liver 
function tests, V/Q scan ventilation/perfusion scan

established in other patient populations, prefera-
bly by a PH specialist. Figure  19.1 provides a 
suggested approach to the evaluation of PH in a 
HSCT patient.

 Post-transplant 
Lymphoproliferative Disorder 
(PTLPD)

Post-transplant lymphoproliferative disorder 
(PTLD) is a less common complication of alloge-
neic HSCT and solid organ transplantation. 
PTLD is a heterogeneous group of lymphoprolif-
erative diseases that have been associated with 
immunosuppression and Epstein-Barr virus 
(EBV) following transplantation. PTLD is 
broadly categorized into four main categories: 
early lesions (plasmocytic hyperplasia/infectious 
mononucleosis-like lesions), monomorphic- 
PTLD, polymorphic-PTLD, and classic Hodgkin 
lymphoma-like PTLD [35].

EBV is a common virus that typically causes 
infectious mononucleosis in the general popula-
tion. As many as 90–95% of the general popula-
tion will be infected with the EBV at some point 
during their lives. In the HSCT population, how-
ever, EBV can impart significant morbidity and 
mortality. During the first 6  months post trans-
plantation where T-cell depletion is occurring, or 
during a period of intense immunosuppression for 
prevention or treatment of GvHD, EBV can have 
opportunistic expansion of EBV- transformed 
B-lymphocytes, resulting in PTLD. This prolifer-
ation is thought to be due to the reduced number 
of EBV-specific cytotoxic lymphocytes (CTLs) 
during these immunocompromised periods, 
resulting in uninhibited growth of EBV-infected 
cells. Despite many HSCT patients being positive 
for EBV, EBV-PTLD rates remain low in com-
parison to the total number of carriers, ranging 
from 1–17% [36–40]. This is because the prolif-
eration of EBV-infected cells is enough in and of 
itself to result in PTLD. A second component is 
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thought to be required. EBV- infected cells, unfa-
thered during immunosuppression post-HSCT, 
must undergo errors in the B-cell replication 
cycle, resulting in a cell population that cannot 
exit the cell cycle and is also no longer inhibited 
by CTLs, finally resulting in PTLD [41].

Given the immunosuppressive state required 
for development of PTLD as noted above, it is 
not surprising that reported incidence has been 
largely (70%) within the first 6 months of HSCT, 
with only 4% of cases developing later than 
12 months after HSCT [42]. PTLD can manifest 
in almost any organ system, however, thoracic 
involvement is most commonly encountered. 
Symptoms of pulmonary PTLD include fever, 
lymphadenopathy, cough, and dyspnea. Thoracic 
lymphadenopathy is the primary observed radio-
logic involvement, with enlarged lymph nodes 
commonly hypermetabolic on fluorodeoxyglu-
cose positron emission tomography (FDG-PET) 
[43]. Parenchymal involvement is less frequently 
reported and manifests as nodules or masses. 
Extra-parenchymal disease is also observed, pre-
senting as pleural effusion and less commonly as 
interstitial pneumonia.

EBV-associated pneumonia is a common dif-
ferential diagnosis for PTLD in the HSCT popu-
lation. Differentiation between the two remains 
challenging and often requires bronchoalveolar 
lavage (BAL) cytology along with surgical lung 
biopsy [44, 45]. A biopsy of lymphadenopathy, 
whether thoracic or in other organ systems, is 
ideal for PTLD diagnosis. This, however, is often 
unrealistic due to the critical nature of PTLD 
patients, and diagnosis is often made based on 
noninvasive approaches using quantitative EBV 
DNA titers combined with positron emission 
tomography–CT/CT imaging [46].

Treatment of PTLD typically involves the 
reduction of immunosuppressive regimen. Other 
therapies include the addition of rituximab, a 
CD20 monoclonal antibody, along with a reduc-
tion in immunosuppression [47–50]. Adoptive 
immunotherapy with EBV-specific cytotoxic T 
cells has also been proposed but isgenerally 
reserved for persistent diseases found to be 
refractory to initial therapy. This form of adop-
tive immunotherapy uses virus-specific T cells 

derived from HSCT donors or patient-derived 
normal T cells to combat PTLD. While initially 
proposed in 1994 for the treatment of PTLD [51], 
it has had limited use due to the generally low 
incidence of PTLD and the good therapeutic 
response of lowered immunosuppression.

Tabelecleucel, a cytotoxic lymphocyte acti-
vated against EBV, is currently the only FDA- 
approved treatment using adoptive 
immunotherapy for the treatment of rituximab- 
refractory EBV-PTLD. Currently, there are mul-
tiple clinical trials further evaluating the efficacy 
of Tabelecleucel in HSCT populations suffering 
from EBV-PTLD [52–56].

Clinical suspicion for PTLD post-HSCT 
should be high despite the low prevalence of dis-
ease, as delay in treatment results in rapid dete-
rioration to multiorgan failure and death [57–59]. 
Mortality rate despite appropriate treatment 
remains high and has been reported at 2  years 
post-transplantation to be 42.5% in the allogeneic 
HSCT recipients and 15.4% in the autologous 
HSCT recipients [42, 60].

 Solid Malignancies

As HSCT outcomes have improved over the 
years, an increasing prevalence of chronic condi-
tions and late complications are observed in long- 
term survivors. Of these late complications, the 
development of a secondary solid malignancy 
post-HSCT is rare but well-established in long- 
term survivors. Incidence rates are highest 
3–5 years post-HSCT and have been observed in 
both autologous and allogeneic transplant survi-
vors. Cumulative incidence ranges from 1.2 to 
1.6% at 5 years, 2.2–6.1% at 10 years, and 3.8–
14.9% at 15 years post-transplant [61]. Additional 
reported risk factors for the development of sec-
ondary solid malignancies are total body radia-
tion, GvHD, immunosuppression related to 
GvHD, and association with viral infection [62, 
63]. Second-stage solid malignancies in HSCT 
include skin cancers, melanoma, cancers of the 
oral cavity and salivary glands, the brain, liver, 
uterine cervix, thyroid, breast, bone, and connec-
tive tissue.
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Fig. 19.2 CT chest 
images of a patient with 
BOS following HSCT 
that show a small right 
upper lobe nodule (left 
panel) that increased in 
size a few months later 
(right panel). The patient 
was diagnosed with lung 
cancer and underwent a 
lobectomy

Standardized incidence ratios for the develop-
ment of secondary lung cancer post-HSCT as 
compared to the general population have been 
reported to range from 0.7 to 2.6% [64–67]. 
Secondary lung cancer was found to be the most 
common site in allogeneic HSCT survivors who 
underwent treatment with high-dose busulfan 
and cyclophosphamide (n = 11, including 9 with 
non-small cell lung cancer among 66 patients 
with all solid cancers) [64] and occurred at a 
median of 4.5  years post transplantation 
(Fig.  19.2). Moreover, secondary lung malig-
nancy was increased in older patients and in those 
with a prior history of tobacco use prior to HSCT 
(RR = 11.6, P = 0.02) [64]. As a result, patients 
who have undergone HSCT are recommended to 
undergo assessment for tobacco use and undergo 
subsequent smoking cessation counseling and 
treatment if indicated. Screening recommenda-
tions currently do not differ from the general 
population and adhere to the United States 
Preventative Task Force guidelines; offer low- 
dose computed tomography to adults aged 
50–80 years who have at least a 20-pack-per-year 
smoking history and who currently smoke or 
have quit within the past 15 years. Screening is to 
be discontinued once a person has not smoked for 
15  years, develops a health condition that sub-
stantially limits life expectancy, or lacks the abil-
ity or willingness to have curative lung surgery.

 Pulmonary Alveolar Proteinosis (PAP)

PAP is a rare, diffuse, and progressive pulmonary 
disease caused by the accumulation of lipopro-
teinaceous material, commonly surfactant phos-

pholipids and surfactant apoproteins in the 
alveoli. The presence of surfactant in the alveoli 
is normal and essential to lung function for low-
ering surface tension, preventing atelectasis, and 
maintaining the air-water interface. Abnormal 
accumulation of surfactant, however, can impart 
significant morbidity and mortality by impairing 
normal gas exchange occurring at the level of the 
alveoli.

PAP has been broadly categorized into three 
categories: congenital, primary (autoimmune and 
hereditary), and secondary [68, 69]. Secondary 
PAP manifests similarly to primary PAP; how-
ever, it is caused by an underlying disease or 
toxic exposure. Reported secondary causes 
include chronic infections (human immunodefi-
ciency virus, Nocardia, Pneumocystis jirovecii), 
hematologic disorders (myelodysplasia, leuke-
mia, lymphoma), drug-induced conditions, 
including chemotherapy, dust inhalation (tita-
nium, silica, aluminum, and others), lung trans-
plantations, and HSCT. The pathophysiology of 
secondary PAP is currently not well understood. 
In secondary PAP, GM-CSF antibodies are not 
present, and it is not thought to be working 
through the same molecular pathways as primary 
PAP. Despite this, alveolar macrophages remain 
unable to maintain adequate surfactant homeo-
stasis, through a currently poorly understood 
mechanism, although GM-CSF and macrophage 
function are thought to maintain a central role.

Reported incidence of PAP is limited. In a 
national survey of 43 HSCT centers, only 5 cases 
of adult-onset PAP after HSCT were identified 
between 2016 and 2019 [70]. This study remains 
the largest cohort of secondary PAP post-HSCT 
and only a scant few case reports are present to 
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date [70–75]. The reported sample size is small 
(n = 5); however, two distinct time frames were 
observed for post-HSCT PAP.  Early acute PAP 
occurring during the aplasia period (n = 1) and 
late onset progressive PAP, related to a highly 
suggested drug-induced macrophage dysfunction 
(n = 4) [70].

Diagnosis of PAP post-HSCT is challenging 
due to the absence of autoantibodies to GM-CSF, 
which are commonly found in primary diseases. 
A lung biopsy is deemed the gold standard for 
diagnosis; however, in the majority of cases, a 
biopsy is rarely required. Commonly positive 
PAS staining of intra- and extracellular material 
obtained by BAL is adequate for the diagnosis of 
PAP and negates the need for lung biopsy. 
Thoracic CT scan findings can also be highly sug-
gestive of PAP in the correct clinical setting and 
should prompt clinicians to proceed with 
BAL. The most suggestive finding is that of the 
“crazy paving” pattern, which consists of ground- 
glass opacities with superimposed interlobular 
septal thickening and intralobular septal thicken-
ing. Opacities are commonly in a geographical 
pattern, with the juxtaposition of healthy lung 
fields and opacities resulting in the characteristi-
cally reported presentation. Although nonspecific, 
a majority of patients with PAP demonstrate a 
“crazy paving” pattern on thoracic imaging, and 
the findings are highly suggestive of the disease 
[76–78]. The presence of pulmonary nodules or 
adenopathy is not commonly reported [79].

There is currently no specific therapy for sec-
ondary PAP, and thus far, treatment approaches 
have focused on treating the underlying condi-
tion. In the HSCT population, this has translated 
to either a second graft or the withdrawal of a 
suspected drug. Whole-lung lavage has also been 
the gold standard of therapy for PAP, and indica-
tions have varied based on institutional practices. 
Declining lung function, decreased oxygenation 
(PaO2), worsening radiographic findings, and 
dyspnea with daily activities have been reported 
as indications for whole lung lavage [80]. 
Utilization of whole lung lavage has not been 
specifically ascribed to any category of PAP but 
is used for all types as it focuses on the physical 
removal of the accumulated proteinaceous mate-

rial from the effective lung. Novel therapeutic 
options for PAP, including rituximab, inhaled 
GM-CSF, and plasmapheresis, are being consid-
ered; however, their use has thus far been limited 
to auto-immune variants of the disease [81–83].

 Thoracic Air-Leak Syndrome

Thoracic air-leak syndrome (TALS) refers to the 
presence of extra-alveolar air, which encom-
passes the conditions of spontaneous pneumome-
diastinum, pneumopericardium, subcutaneous 
emphysema, interstitial emphysema, and sponta-
neous pneumothorax (Fig.  19.3) [84]. Onset of 
TALS post-HSCT is approximately 
425.9  ±  417.8  days (60–1825  days), with the 
most common manifestation being spontaneous 
pneumothorax [85]. TALS is thought to arise 
from the Macklin effect, which refers to three 
sequential pathophysiologic steps. First, trauma 
causes alveolar rupture, leading to dissection of 
air along the broncho-vascular sheath and finally 
spreading to the mediastinum [86]. Incidence of 
TALS is 0.83–2.3% [85, 87]. TALS occurs pri-
marily in patients suffering from post-HSCT 
complications of cryptogenic organizing pneu-
monia (COP), bronchiolitis obliterans syndrome 
(BOS), and interstitial pneumonia. Risk factors 
for TALS are chronic GvHD, subsequent HSCT, 
age less than 38 years at transplant, male sex, and 
Tacrolimus-based GvHD prophylaxis [87].

Fig. 19.3 CT image of a patient with pulmonary fibrosis 
following HSCT showing pneumomediastium, small 
bilateral pneumothoraces, and subcutaneous emphysema 
consistent with thoracic air-leak syndrome
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The presence of TALS in HSCT has a progres-
sive course and can often be fatal, with mortality 
rates reported between 66% and 100% [85, 88–
90]. Treatment for TALS largely depends on 
which type occurs and adheres to the standard 
treatment of the developed pathology. Persistent 
air leaks may require pleurodesis or 
pleurectomy.

Regardless of type, treatment response 
remains poor and largely focuses on supportive 
treatment of patients while awaiting spontaneous 
resolution after interventions with chest tube 
placement and oxygen therapy have been 
exhausted. A retrospective review of 18 patients 
with TALS found TALS persisted in 6 patients 
until death (33%), and of the 12 which resolved, 
the mean duration of air leak was not short, with 
20.8 days (2–90 days) prior to recovery [85]. Of 
the 12 that recovered from TALS, only two sur-
vived, with 10 dying due to aggravation of pul-
monary GvHD, concurrent pneumonia, and 
ultimately respiratory failure.
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20Pulmonary Rehabilitation 
in Hematopoietic Stem Cell 
Transplantation Patients

Shinichiro Morishita, Ryohei Jinbo, 
and Ryuichi Kasahara

 Introduction

Hematopoietic stem cell transplantation (HSCT) 
is a therapy that restores the immunopoietic 
function of hematopoietic stem cells (HSCs) 
damaged by aggressive chemotherapy with/
without radiation therapy to eliminate an under-
lying disease by replacing them with HSCs pre-
viously harvested from the patient’s own or 
another person’s peripheral blood, bone marrow, 
or umbilical cord blood [1]. The main risks asso-
ciated with this treatment modality are the devel-
opment of infection and graft-versus-host 
disease (GVHD) [2]. Pulmonary complications 
after HSCT affect 45–60% of recipients [3, 4]. It 
is estimated that about 30% of patients who 
undergo HSCT die from pulmonary complica-
tions [5], and in patients on ventilators after 
autologous HSCT (auto-HSCT), the mortality 

rate exceeds 60% [6]. Pulmonary complications 
after HSCT can be infectious or noninfectious 
and include peri- engraftment respiratory distress 
syndrome (PERDS), idiopathic pneumonia syn-
drome (IPS), bronchiolitis obliterans syndrome 
(BOS), bacterial, fungal, and viral pneumonia, 
among others [7]. The timing of the onset of 
these symptoms varies from the pre/peri-HSCT 
phases (the first 30 days), the early post-HSCT 
phase (30–100  days), and the late post-HSCT 
phase (after 100  days) [7], and requires long-
term management. Based on the wheel gear 
model, Wasserman et  al. reported that exercise 
tolerance is associated with the lungs, heart, 
muscles, and mitochondria based on their role in 
tissue oxygen transport [8]. Most of the cardio-
pulmonary problems associated with HSCT are 
related to reduced aerobic capacity and perfor-
mance status due to a lack of physical activity 
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[9]. Fatigue is also a result of anemia and the 
reduced oxygen levels in tissues that accompany 
anemia [10]. In our report, allogeneic hemato-
poietic stem cell transplantation (allo-HSCT) 
patients have decreased physical function and 
quality of life (QOL) 6–7  weeks after HSCT 
compared to before HSCT [11, 12]. In addition 
to GVHD and infections, decreased physical 
functioning, especially high levels of fatigue, 
adversely affected patients’ QOL [11–13]. Thus, 
rehabilitation is important because pulmonary 
complications and the deterioration of cardio-
pulmonary and physical functions after HSCT 
can cause an increase in patients’ activities of 
daily living (ADL), QOL, and mortality. In this 
chapter, we will discuss respiratory rehabilita-
tion for patients with HSCT.

 Respiratory and Physical Functions 
of HSCT Patients

As mentioned earlier, there is a relationship 
between respiratory function and physical func-
tion in HSCT patients [9], and in order to describe 
the respiratory rehabilitation of HSCT patients, it 
is necessary to know about respiratory function 
and physical function. In this article, we will 
divide them into the pre-HSCT phase, peri-HSCT 
phase, early post-HSCT phase, and late post- 
HSCT phase.

 The Pre-HSCT Phase

In our previous study, 110 allo-HSCT patients 
reported a significant decrease in muscle strength, 
exercise capacity, and QOL compared to sex- and 
age-matched healthy subjects before HSCT [14]. 
In addition, 83 of 164 (50.6%) allo-HSCT 
patients experienced sarcopenia before allo- 
HSCT, and these patients experienced decreased 
muscle strength and increased fatigue after sur-
gery compared to patients without sarcopenia. 
Patients with sarcopenia showed significantly 
lower scores on health-related QOL for physical 
function, body pain, and vitality than patients 
without sarcopenia [15].

According to another report, factors signifi-
cantly associated with decreased leg extensor 
strength after allo-HSCT include leg extensor 
strength before HSCT, grade of acute GVHD, 
age, and the time interval between pre- and post- 
assessment in 88 patients who underwent allo- 
HSCT.  After allo-HSCT, patients’ leg extensor 
strength and peak VO2 were significantly 
decreased [16].

In another study of 56 patients who underwent 
HSCT with either a sibling or an unrelated donor, 
maximal inspiratory muscle strength (PImax) fell 
below 80% and 60% of the predicted values in 
42% and 18% of patients, respectively. Moreover, 
maximal expiratory muscle strength (PEmax) fell 
below 80% and 60% of the predicted values in 
89% and 80% of patients, respectively. Grip 
strength of the dominant hand fell below 80% 
and 60% of the predicted values in 39% and 15% 
of patients, respectively, and the 6-min walk test 
(6MWT) fell below 80% and 60% of the pre-
dicted values in 58% and 9.6% of patients, 
respectively. The diffusing capacity of the lungs 
for carbon monoxide (DLCO) in lung function 
was significantly correlated with 6MWT [17].

As mentioned earlier, in exercise physiology, 
exercise tolerance is determined by cardiopulmo-
nary function, muscle oxidative function, and 
hemoglobin levels. In our study, we found that 
changes in hemoglobin parameters of the tibialis 
anterior muscle in 16 patients before allo-HSCT 
were different from those in 21 age-matched 
healthy subjects. In healthy subjects, there was a 
correlation between muscle strength and hemo-
globin dynamics, but this correlation was not 
observed in patients before allo-HSCT.  It has 
been suggested that hemoglobin dynamics during 
and after exercise differ between patients with 
malignant hematopoietic diseases and healthy 
subjects [18].

Acute respiratory distress syndrome (ARDS) 
affects 5% of patients after HSCT, with a mortal-
ity rate of over 60% [19]. In a previous study, 164 
patients who developed ARDS after HSCT had 
decreased pre-transplant forced ventilation 
(FVC), forced expiratory volume (FEV1), and 
diffusion capacity compared to 492 patients who 
did not develop ARDS after HSCT [20].
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In another study of 629 patients undergoing 
auto-HSCT, among those treated with BEAM 
(carmustine, etoposide, cytarabine, melphalan), 
hemoglobin-corrected CO diffusing capacity 
(DLCOcSB) ≤60% of the predicted value and 
Karnofsky Performance Status (KPS) of ≤80% 
were associated with lower overall survival (OS). 
In patients who received high-dose melphalan, 
DLCOcSB ≤60% of the predicted value was 
associated with decreased OS, and KPS of 80% 
or less was associated with a DLCOcSB of 60% 
or less of the predicted value. Patients with 
DLCOcSB ≤60% of their predicted value were 
more likely to experience nonrecurrent death, 
including pulmonary death [21].

Thus, a significant proportion of patients had 
impaired respiratory and physical functions 
before undergoing HSCT.  In addition, various 
factors, such as sarcopenia and decreased 
 respiratory function before HSCT, affect the 
changes in physical function after HSCT and the 
morbidity and mortality of pulmonary complica-
tions. There may be a need to improve respiratory 
and physical functions before HSCT.

 The Peri-and Early Post-HSCT Phases

Allo-HSCT patients receive high-dose chemo-
therapy, total-body irradiation, and the donation 
of hematopoietic cells from human leukocyte 
antigen (HLA)-matched or mismatched donors. 
These patients are hospitalized in a single-bed 
isolation room for a period of 4–6 weeks, as the 
severely decreased bone marrow function 
increases the patient’s risk of bleeding, infection, 
and anemia and results in weakness, fatigue, 
shortness of breath, and insomnia [22, 23]. In 
addition, patients with allo-HSCT often receive a 
large number of corticosteroids to prevent acute 
GVHD.  In our study, the number of corticoste-
roid doses was significantly correlated with a 
decline in grip strength and knee extensor 
strength in 113 allo-HSCT patients [24].

In a previous study, 30 allo-HSCT patients 
showed a significant decrease in balance function 
when tested using the Timed Up and Go test after 
transplantation and a decrease in the total trajec-

tory length of the center of pressure using the 
body sway test. In addition, balance function was 
significantly correlated with grip strength and 
knee extensor strength [25]. Another study of 23 
patients with allo-HSCT and 21 patients with 
auto-HSCT showed that the patients’ two-minute 
walk test (2MWT) and grip strength results were 
significantly worse after transplantation. 
According to the study, these significant differ-
ences correspond to decreased aerobic condition-
ing before and after physical stress, decreased 
functional and gait performance, decreased mus-
cle strength and spinal flexibility, and decreased 
function in activities of daily living (ADLs) after 
HSCT [26].

Another report showed a significant decrease 
in 6MWT and grip strength at 6 weeks after allo- 
HSCT compared to 2  weeks before in 86 allo- 
HSCT patients and a significant decrease in upper 
limb muscle mass and trunk muscle mass after 
allo-HSCT [27]. Similarly, another study reported 
that 64 allo-HSCT patients had a significant 
decrease in grip strength and 6MWT score at dis-
charge [28].

Another study examined exercise tolerance, 
pulmonary function, and muscle strength before 
and after HSCT in 34 patients with HSCT and 
found that exercise tolerance, respiratory func-
tion, and grip strength were significantly 
decreased after HSCT. There was no significant 
difference in exercise tolerance and pulmonary 
function according to the type of HSCT.  Allo- 
HSCT had a significantly greater decrease in 
lower extremity muscle strength [29].

There is also a sex difference in QOL after 
allo-HSCT.  In 64 allo-HSCT patients, a signifi-
cant gender and time interaction was observed 
for hand strength and muscle mass, with males 
having a much greater decline in both categories 
than females [28]. Our study showed that in 100 
patients (66 men and 34 women) who underwent 
allo-HSCT, women had significantly lower phys-
ical function and general health scores on health- 
related QOL tests than men after allo-HSCT [11]. 
Thus, male allo-HSCT patients tend to have 
greater amounts of reduced muscle strength, and 
female allo-HSCT patients tend to have lower 
QOL.
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Fatigue is also one of the common side effects 
of HSCT.  In one study (n = 17), seven patients 
with allo-HSCT and 10 patients with auto-HSCT 
showed both a significant increase in fatigue and 
a decrease in physical activity after high-dose 
chemotherapy and HSCT. In addition, during the 
acute phase after HSCT, there was an increase in 
symptoms experienced by patients, including 
fatigue, pain, nausea and vomiting, sleep distur-
bances, anorexia, and diarrhea [30].

The percentage of daily activity performed at 
an intensity greater than 3.0 metabolic equiva-
lents (METs) has been shown to increase signifi-
cantly after allo-HSCT in 30 patients. Daily 
activity time performed at intensities of 1.6–2.9 
METs was significantly correlated with knee 
extensor strength only. The total number of steps 
per day and the percentage of activities per-
formed with 1.6–2.9 METs and  ≥  3.0 METs 
were positively correlated with 6MWT. In addi-
tion, the physical function and general health 
subscales of health-related QOL were found to 
be positively correlated with activity on days 
exceeding 3.0 METs [31]. For patients with allo- 
HSCT, it may be important to assess physical 
activity prior to HSCT and to increase the level 
and intensity of physical activity to prevent a sub-
sequent decline in physical function.

One study showed that both allo-HSCT 
patients (n = 11) and auto-HSCT patients (n = 11) 
with low peak VO2 had higher symptom burden 
and poorer QOL in the early post-HSCT phase 
[32].

In another study, we investigated the differ-
ences in muscle oxygen consumption and blood 
flow to skeletal muscle, as well as the differences 
in fatigue levels, before and after allo-HSCT in 
25 male patients. Muscle oxygen consumption, 
as indicated by changes in deoxyhemoglobin, 
and blood flow to skeletal muscle, as indicated by 
changes in total hemoglobin, were significantly 
lower after allo-HSCT than before allo- 
HSCT. Furthermore, there may be a relationship 
between malaise and decreased muscle oxygen 
consumption after allo-HSCT [33]. We also 
investigated the possible involvement of impaired 
skeletal muscle oxygenation in the decline of 
exercise capacity during early recovery in patients 

with allo-HSCT. The rate of decrease in muscle 
oxygen-hemoglobin saturation (SmO2), shown as 
an index of skeletal muscle oxygenation, was sig-
nificantly lower in 18 patients after allo- 
HSCT. Moreover, SmO2 during and after exercise 
was also associated with 6MWT [34].

We also investigated the relationship between 
exercise tolerance, muscle oxidative metabolism, 
and cardiopulmonary function in post-allo-HSCT 
patients in a sterile isolation room. The results 
showed that muscle consumption and oxygen 
extraction were decreased after allo-HSCT com-
pared to before allo-HSCT, and exercise toler-
ance was decreased after allo-HSCT.  Exercise 
tolerance was associated with lung function, 
muscle oxygen consumption, and muscle oxygen 
extraction [35].

Physical function and QOL were also com-
pared among 126 allo-HSCT patients (HLA- 
haploidentical donor [HID] group, n = 100; other 
donor group, n = 26) who received HSCT from 
HLA-matched siblings, matched unrelated 
donors, and unrelated cord blood donors. After 
HSCT, the haploid donor group showed signifi-
cantly greater improvement in the General Health 
Subscale and Mental Component Summary of 
Quality of Life compared to the other donor 
groups. However, the haplotype donor group 
showed a significantly greater decrease in hand 
grip strength and knee extensor strength after 
HSCT compared to the other donor groups [12]. 
Based on these results, the type of donor may 
affect the QOL and physical function of HSCT 
recipients.

One study investigated the relationship 
between GVHD and physical function in 40 
patients with allo-HSCT.  Allo-HSCT patients 
showed 6% muscle weakness at 1  month after 
HSCT, whereas acute GVHD patients showed 
12% muscle weakness in the same period [36].

In a study of physical function and QOL 
before allo-HSCT in 30 patients, grip strength 
and 6MWT score were significantly lower than 
before allo-HSCT, both at discharge and 1 year 
after allo-HSCT. However, both returned to their 
pre-HSCT levels within a year after 
HSCT.  Similarly, QOL scores returned to pre- 
HSCT levels within 1 year after HSCT [37].
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Thus, in the early phase after HSCT, respira-
tory and physical functions were decreased and 
were also associated with factors that inhibit 
exercise, such as increased fatigue and decreased 
muscle oxygen metabolism function. In addition, 
the type of donor and acute GVHD also affect 
physical function and other factors. We believe 
that it is highly beneficial to reduce functional 
decline through rehabilitation while taking into 
account the above-mentioned factors.

 The Late Post-HSCT Phase

A previous report compared dyspnea, exercise 
tolerance, physical activity level, and QOL in 
daily life in 80 patients who had undergone 
allo- HSCT (more than 100  days after allo-
HSCT) and 60 age- and sex-matched healthy 
subjects. Energy expenditure, 6MWT, time 
spent doing physical activity, steps, mean meta-
bolic equivalents, global health status, and the 
functional and social functioning subitems of 
the European Organization for Research and 
Treatment of Cancer Quality of Life 
Questionnaire (EORTC QLQ) were signifi-
cantly lower in allogeneic transplant recipients 
compared to healthy controls. Dyspnea score, 
time spent lying down, sleep duration, EORTC 
QLQ symptoms, and fatigue subscales were 
significantly higher in allogeneic transplant 
patients compared to healthy controls. Patients 
with allo-HSCT had significantly lower dys-
pnea, exercise tolerance, physical activity level, 
and QOL in their daily lives after allo-HSCT 
[38]. In another study, the prevalence of respi-
ratory and skeletal muscle weakness after 
HSCT was investigated in 44 patients who 
underwent HSCT with either a sibling or an 
unrelated donor. PImax fell below 80% of the 
predicted value in 52% of patients and below 
60% of the predicted value in 20% of patients. 
PEmax fell below 80% of the predicted value in 
88% of patients and below 60% of the predicted 
value in 74% of patients. Grip strength 
decreased to <80% of the predicted value in 
75% of patients and to <60% of the predicted 
value in 47% of patients after HSCT. Analysis 

of the paired measurements obtained before 
and after HSCT also showed a significant 
decrease in both PImax and PEmax [39]. In one 
report, exercise tolerance, pulmonary function, 
and QOL of 103 survivors after HSCT were 
below their predicted values. When the subjects 
were classified into two groups according to 
their physical activity level (moderate/low 
activity and high activity) and compared, the 
more active subjects showed better results in 
exercise tolerance, pulmonary function, and 
QOL [40]. In another report, the effects of 
severe fatigue on pulmonary function, blood 
levels, dyspnea, respiratory muscle strength, 
peripheral muscle strength, exercise tolerance, 
depression, and QOL in 24 patients undergoing 
allo-HSCT were investigated. Compared to the 
25 non-severely fatigued individuals, the 
severely fatigued individuals had significantly 
higher symptom QOL subscale and depression 
scores, as well as significantly lower peripheral 
muscle strength, global health status, and func-
tional QOL subscale scores. Blood levels, lung 
function, dyspnea, and respiratory muscle 
strength were comparable between the two 
groups. In addition, 42.4% of the variance in 
severe fatigue was explained by symptom 
QOL—subscale scores and corticosteroid use 
after allo- HSCT.  Although pulmonary and 
respiratory functions do not differ by degree of 
fatigue, patients with severe fatigue have more 
impairments in peripheral muscle strength, 
QOL, exercise tolerance, and depression. 
Furthermore, decreased QOL and the use of 
corticosteroids after allo-HSCT were suggested 
to be the most important predictors of severe 
fatigue [41].

Chronic graft-versus-host disease (cGVHD) is 
the most common long-term complication after 
allo-HSCT, affecting approximately 50% of 
patients [42]. A previous report investigated the 
relationship between 2MWT, grip strength, 
degree of involvement of specific organs 
(National Institutes of Health GVHD scale), 
KPS, and subjective well-being in 121 patients 
with cGVHD after allo-HSCT and found that fas-
cial and pulmonary (FEV1) involvement, 2MWT, 
and subjective well-being were most strongly 
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associated with KPS [43]. In another report, the 
knee extensor strength and 6MWT score of 162 
patients with cGVHD recovered to near pre-allo- 
HSCT levels 12  months after undergoing allo- 
HSCT.  High doses of glucocorticoids and 
cGVHD were associated with delayed recovery 
in body mass index (BMI), grip strength, knee 
extensor strength, and time spent standing on one 
leg. Pulmonary GVHD and high-dose glucocorti-
coids had a negative impact on the 6MWT score. 
Multivariate analysis revealed that cGVHD and 
glucocorticoids were independent risk factors for 
lower BMI and delayed muscle recovery, respec-
tively [44]. In addition, a report investigating fac-
tors associated with fatigue in 263 patients with 
moderate to severe cGVHD showed that low 
activity and the presence of pulmonary, muscle, 
and joint symptoms were associated with fatigue, 
although there was no association with cGVHD 
severity [45].

GVHD of the lung is complicated by 
Bronchiolitis Obliterans Syndrome (BOS) [46]. 
BOS is irreversible, with varying degrees of 
progression and a mortality rate of up to 60% 
[47]. If medical therapy is unsuccessful, lung 
transplantation may be an option for eligible 
candidates [48]. One study examined the long-
term outcomes and associated changes in phys-
ical function of 15 patients who underwent lung 
transplantation for late-onset noninfectious 
pulmonary complications (LONIPC) after allo- 
HSCT, including BOS.  Two years after lung 
transplantation, dyspnea scores and perfor-
mance status improved, but did not fully 
recover. Knee extensor strength and 6MWT 
scores showed poor results up to 3 months after 
implantation but improved over 2  years. The 
distance of 6MWT improved to almost the level 
of a healthy person. Recovery of exercise toler-
ance was associated with recovery of percent 
vital capacity (%VC) and knee extensor 
strength from 3  months to 2  years after lung 
transplantation. Furthermore, flattening of the 
thorax, a characteristic of LONIPC patients, 
was closely associated with %VC at 2  years 
after transplantation [49].

Thus, even in the late phase after HSCT, respi-
ratory and physical functions are declining and 

may be associated with pulmonary complica-
tions, suggesting the need for long-term follow-
 up of respiratory and physical functions in order 
to maintain QOL.

 Rehabilitation of HSCT Patients

There are various reports that have examined the 
effects of rehabilitation on HSCT patients. As 
mentioned above, cardiopulmonary function in 
HSCT patients is not only affected by pulmonary 
complications but also associated with reduced 
aerobic capacity and performance status due to a 
lack of physical activity [9]. Therefore, in addi-
tion to rehabilitation of cardiopulmonary func-
tion, rehabilitation of physical function is also 
important.

 Exercise Therapy for Patients 
with HSCT

Combined with aerobic and strength training, 
physical exercise has been shown to have a sig-
nificant positive effect on exercise tolerance 
(oxygen consumption and expiratory minute ven-
tilation), muscle strength, and QOL (physical 
functioning level) in acute myeloid leukemia 
patients receiving high-dose chemotherapy with 
myeloablative chemotherapy and auto-HSCT for 
malignant hematologic diseases or solid tumors. 
Significant positive effects have been shown in 
exercise tolerance, muscle strength, and QOL in 
patients with acute myeloid leukemia receiving 
high-dose chemotherapy with HSCT. Patients in 
the training group required less antiemetic medi-
cation and experienced significantly less fatigue 
[50]. Physical exercise was also suggested to 
have beneficial effects in patients undergoing 
chemotherapy before HSCT.

A systematic review and meta-analysis of 11 
randomized controlled trials (RCTs), which 
included patients undergoing either allo-HSCT 
or auto-HSCT (n = 734), showed that physical 
exercise, which includes aerobic exercise, resis-
tance training, and relaxing stretching exercises, 
may have positive effects on the physiological, 
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psychological, and psychosocial health of allo- 
HSCT patients. Physical exercise during hospi-
talization has been shown to improve QOL and 
reduce fatigue in HSCT patients at discharge. 
The study suggested significant positive effects 
on QOL, fatigue, psychological well-being and 
distress, and physical functioning [51]. Another 
systematic review that includes eight studies in 
HSCT (n = 472) showed that physical exercise 
had a statistically significant and moderately 
favorable effect on cardiopulmonary function, 
lower extremity muscle strength, and fatigue. 
Patients who underwent allo-HSCT and auto- 
HSCT had small but significant positive effects 
on upper extremity muscle strength and overall 
QOL, as well as physical, emotional, and cogni-
tive functioning [52]. In one RCT investigating 
the effects of aerobic exercise in 64 allo-HSCT 
and auto-HSCT patients, a physical exercise 
regimen that combined aerobic endurance train-
ing with ADL training using a bicycle ergometer 
had a significant positive effect on the training 
group in terms of muscular strength, endurance, 
pulmonary function, and QOL compared to the 
control group [53]. Similarly, a moderate exer-
cise program was shown to increase endurance 
performance, muscle strength, fatigue levels, 
and emotional state without posing any addi-
tional risk in 47 allo-HSCT patients [54]. 
Another RCT in patients with allo-HSCT 
(n  =  100) showed that regular light-intensity 
exercise, including walking or cycling, led to 
significant improvements in physical perfor-
mance and in perceived physical and emotional 
status during recovery [55].

In 42 patients who underwent allo-HSCT, a 
combined physical exercise regimen had signifi-
cant effects on aerobic capacity (VO2max) and 
muscle strength (chest press, leg extension, right 
elbow flexion, right knee extension, and func-
tional performance by the stair test). In addition, 
the physical exercise group had significantly less 
severe diarrhea and days of total parenteral nutri-
tion after treatment [56]. Similarly, a structured 
physical exercise program of 4–6  weeks was 
shown to significantly improve treatment-related 
symptoms in a study of 42 HSCT patients [57]. In 
another study, the effects of endurance and resis-

tance training sessions conducted at home before 
admission, during inpatient care, and for 
6–8  weeks after discharge on physical function 
were examined in 105 HSCT patients. The physi-
cal exercise group showed significant improve-
ments in fatigue scores, physical fitness, physical 
function, and overall quality of life [58].

The effectiveness of an outpatient physical 
exercise program for HSCT patients has also 
been evaluated. All patients were randomly 
assigned to a supervised physical education pro-
gram (n  =  64) or a usual care control group 
(n  =  67). A 12-week outpatient program that 
included both aerobic and strength exercises was 
shown to improve the physical performance of 
allo-HSCT patients after the intervention. 
However, body composition, level of physical 
activity in daily life, fatigue, and QOL did not 
show improvement [59]. In another non-RCT 
study, the effectiveness of physical exercise was 
investigated without a control group, and 12 
patients who followed a 12-week individualized 
mild aerobic exercise program showed signifi-
cant improvement in fatigue after allo-HSCT 
[60]. A 6-week physical exercise program that 
included active exercise, muscle stretching, and 
walking on a treadmill resulted in significantly 
higher muscle strength in the nine allo-HSCT 
patients compared to the nine allo-HSCT patients 
in the control group [61].

In summary, physical exercise appears to have 
several beneficial effects on patients who have 
undergone HSCT, including a positive impact on 
physical and mental recovery before and after 
HSCT and the potential to accelerate the recov-
ery of health and function in patients after HSCT 
[55]. Even light aerobic exercise has been shown 
to have beneficial effects on physical and mental 
recovery. Therefore, patients undergoing HSCT 
should engage in physical exercise to maintain 
physical function before, during, and after hospi-
talization and discharge. Physical exercise 
includes resistance training, aerobic exercise, and 
relaxation stretching and should be tailored to the 
patient’s condition (Fig.  20.1). Further 
 high- quality research is needed to determine the 
optimal exercise intervention method for HSCT 
patients.
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Fig. 20.2 Inspiratory muscle trainingFig. 20.1 Resistance training (squats)

 Respiratory Muscle Training for HSCT 
Patients

A limited number of studies on patients with 
HSCT have shown impaired inspiratory and 
expiratory muscle function and impaired func-
tional motor skills before and after HSCT [17, 
39]. Various studies have shown that weakness in 
the respiratory muscles is associated with 
decreased exercise capacity [62, 63]. There have 
been several reports on the effects of respiratory 
physiotherapy and respiratory muscle training on 
patients with HSCT.

A previous study examined the effects of 
respiratory physiotherapy in the early phase 
of 39 patients with HSCT.  The treatment 
group underwent diaphragm autoreceptor 
stimulation, respiratory training, incentive 
spirometry, inspiratory muscle training (IMT), 
bronchial hygiene, and cough stimulation. 
The control group underwent an incentive 
spirometry-only protocol. There were signifi-
cant differences between the two groups in 
tidal volume (TV) on day two after HSCT and 

in maximal inspiratory pressure (MIP), maxi-
mal expiratory pressure (MEP), and TV on 
day seven after HSCT.  The results suggest 
that respiratory physiotherapy may contribute 
to the improvement of ventilation and respira-
tory muscle strength [64]. In another study, 
the impact of IMT on early transplant-related 
outcomes was investigated in 38 patients with 
allo- HSCT. Patients were assigned to a treat-
ment group (40% of MIPs) or a control group 
(5% of MIPs) and received IMT (Fig.  20.2) 
for 6  weeks. The results showed significant 
improvements in exercise tolerance, respira-
tory muscle strength, depression, and the 
modified Borg scale in the treatment group 
compared to the control group [65]. One study 
examined the safety, feasibility, and prelimi-
nary efficacy of IMT in 31 hospitalized 
patients undergoing HSCT. Patients were ran-
domly assigned to either the conventional 
physical rehabilitation group (control group) 
or the conventional physical rehabilitation 
plus IMT (IMT group). IMT was performed at 
40% of maximal inspiratory pressure (MIP), 
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five times a week, with each session lasting 
10–20  min. The recruitment rate was 100%, 
the adherence rate was 91%, and the with-
drawal rate on IMT was 13%. Two events 
were observed in a total of 126 IMT sessions 
(1.5%). MIP was significantly higher in the 
IMT group. When comparing the control and 
IMT groups, a trend toward negative out-
comes was observed in the control group, 
including the need for oxygen therapy (18% 
vs. 6%), bleeding (12% vs. 6%), dyspnea 
(25% vs. 13%), and acute pulmonary edema 
(6% vs. 0%). The results suggest that IMT is 
safe, feasible, and improves inspiratory mus-
cle strength in hospitalized patients undergo-
ing HSCT [66].

Thus, respiratory physiotherapy and inspira-
tory muscle training can be safely implemented 
for HSCT patients and may have a positive 
impact on physical and respiratory functions.

 Respiratory Rehabilitation of HSCT 
Patients with Pulmonary 
Complications

Respiratory rehabilitation has become a stan-
dard treatment for chronic obstructive pulmo-
nary disease, a common lung disease [67]. 
Rehabilitation includes evaluation of respira-
tory function using a spirometer (Fig.  20.3), 
physical functions such as grip strength 
(Fig. 20.4) and exercise tolerance (Fig. 20.5), 
as well as ADL.  Thereafter, stretching 
(Fig. 20.6), breathing training (Fig. 20.7), mus-
cle strength training (Fig.  20.8a, b), aerobic 
exercise (Fig.  20.9), and ADL training 
(Fig.  20.10) are performed according to the 
general condition of the patient.

As mentioned above, one of the most challeng-
ing manifestations of chronic pulmonary GVHD 
is BOS, which is characterized clinically by 
obstructive airflow obstruction and pathologically 
by circumferential fibrous scar tissue targeting 
small airways. BOS is rare, difficult to diagnose, 
and associated with a high mortality rate [46, 47, 
68]. As for treatment, the U.S. National Institutes 
of Health (NIH) Consensus Statement on cGVHD 

Fig. 20.3 Evaluation of respiratory function using a 
spirometer

Fig. 20.4 Evaluation of grip strength
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Fig. 20.6 Stretch the respiratory muscles of the lateral 
abdomen

Fig. 20.7 Abdominal breathing trainingFig. 20.5 Assessment of exercise tolerance (6MWT)

recommends pulmonary rehabilitation for patients 
with BOS, but few studies have examined this 
treatment [69].

In a previous report, 11 patients with BOS 
underwent a rehabilitation program of 24 ses-
sions over 8  weeks. Specifically, the subjects 
were instructed on nutrition, medication, and 
oxygen safety, as well as pursed lip breathing, 
other breathing techniques, and the use and pre-
cautions of metered dose inhalers. In addition, 
strength training for upper and lower limbs using 
free weights and weight machines and cardiovas-
cular exercises such as those using recumbent 
bikes and treadmills were performed. After the 
rehabilitation program, the 6MWT score and 
physical function score were significantly 
improved compared with those before the reha-
bilitation program [70].

Similarly, in another report, the detailed prog-
ress of a respiratory rehabilitation program for 
four patients with BOS was presented. 
Respiratory rehabilitation for patients with BOS 
was suggested to be beneficial for exercise toler-
ance and dyspnea [71].
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Fig. 20.8 (a) Upper 
extremity muscle 
strength training. (b) 
Lower extremity muscle 
strength training

Fig. 20.9 Aerobic exercise (Bicycle Ergometer) Fig. 20.10 ADL training (stair climbing)

 Conclusions

Respiratory rehabilitation programs that com-
bine respiratory muscle training and physical 
exercise are necessary to prevent or improve the 

decline of respiratory function and physical 
function in patients who have undergone 
HSCT. In the case of pulmonary complications, 
multidisciplinary respiratory rehabilitation is 
required. Future studies are needed that include 
patients who have undergone HSCT. For exam-
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ple, the impact of respiratory rehabilitation pro-
grams on the mortality and morbidity of 
pulmonary complications has not yet been deter-
mined. Previous reports have shown that the 
extent of the effect of IMT on outcomes depends 
on the intensity and duration of the program. 
Given that IMT is a safe physical therapy with 
few side effects, modifying the intensity and 
duration of IMT may help prevent pulmonary 
complications and reduce mortality from pulmo-
nary complications. Patients with HSCT also 
experience fatigue due to a variety of factors, 
causing a decline in physical function. 
Cardiopulmonary exercise stress testing is the 
gold standard method for examining factors con-
tributing to fatigue, but there are few reports in 
HSCT patients. Additionally, the impact of exer-
cise training and psychosocial support on fatigue 
may need to be investigated. Finally, there are 
very few reports of rehabilitation for patients 
with HSCT and pulmonary complications. 
Reports need to be accumulated to show the 
effectiveness of respiratory rehabilitation. The 
present review suggests that many patients have 
decreased respiratory and physical functions 
before, during, and after HSCT and that early 
and late after HSCT, these patients would benefit 
from a respiratory rehabilitation program that 
combines respiratory muscle training and physi-
cal exercise. Therefore, clinicians should encour-
age patients to engage in physical exercise at all 
phases before and after HSCT, and physical 
exercise should be incorporated into the condi-
tioning and recovery plans of all HSCT patients. 
Furthermore, since respiratory rehabilitation 
may be a means to improve survival rates, 
including prevention of pulmonary complica-
tions, it should be actively introduced, studied, 
and reported.
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21Pulmonary Complications 
of Common Hematopoietic Stem 
Cell Transplantation Therapies

Kyle R. Brownback

 Introduction

Drug toxicities of the respiratory system have 
long complicated the treatment of hematologic 
malignancies with chemotherapeutic agents, with 
the first report occurring in 1961 [1]. Due to the 
high risks of mortality and morbidity associated 
with these malignancies, an increased risk for 
toxicities involving the lungs has long been toler-
ated, making these complications not uncommon 
[2].

Many aspects have contributed to making 
these toxicities difficult to define and recognize 
in the hematopoietic stem cell transplantation 
(HSCT) patient population. To begin with, 
patients undergoing HSCT typically have many 
comorbidities and are profoundly immunosup-
pressed, leading to a higher risk for respiratory 
infections and difficulty in differentiating 

between pulmonary infection and pulmonary 
toxicity (Table 21.1). In many situations, patients 
are treated with both antimicrobials and cortico-
steroids, thereby making establishing a definitive 
diagnosis challenging.

Most toxicities associated with therapies 
used in HSCT are not reproducible in animal 
models. Additionally, the toxicities that have 
been associated with medications do not occur 
in all or even most patients who receive the drug 
at therapeutic doses, and the association between 
pharmacogenetics, drug metabolism, and patient 
factors leads to variable phenotypic expression 
of toxicity. Furthermore, the actual incidence of 
toxicity associated with these drugs is likely 
underreported, as it is estimated that under 5% 
of drug- induced pulmonary diseases are for-
mally reported to the Food and Drug 
Administration [3].
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Table 21.1 Conditioning regimens used in practice

Dosing of agents
Myeloablative regimens Cy/TBI Cyclophosphamide 120 mg/kg administered over 2 days

TBI 12–14 Gy administered over 4 days
Bu4/Cy Busulfan 10–12 mg/kg administered over 4 days

Cyclophosphamide 120 mg/kg administered over 2 days
Flu/Bu4 Fludarabine 120–180 mg/m2 administered over 4 days

Busulfan 16 mg/kg orally administered over 4 days
BEAM BCNU 300 mg/m2 administered over 1 day

Etoposide 400–800 mg/m2 administered over 4 days
Cytarabine 800–1600 mg/m2 administered over 4 days
Melphalan 140 mg/m2 administered over 1 day

Melphalan Melphalan 200 mg/m2 administered over 1 day
Nonmyeloablative regimens Flu/TBI Fludarabine 90 mg/m2 administered over 3 days

Low-dose TBI (2 Gy) administered on the day of graft infusion
Flu/Mel Fludarabine 125–150 mg/m2 administered over 5 days

Melphalan 140 mg/m2 administered over 2 days
Flu/Bu2 Fludarabine 150–160 mg/m2 administered over 4–5 days

Busulfan 8–10 mg/kg administered orally over 2–3 days
Flu/Cy Fludarabine 150–180 mg/m2 administered over 5–6 days

Cyclophosphamide 120/140 mg/kg administered over 2 days
Flu/Bu/TT Fludarabine 150 mg/m2 administered over 3 days

Busulfan 8 mg/kg administered over 3 days
Thiotepa 5–10 mg/m2 administered over 1–2 days

Source: Gratwohl A, Carreras E. Principles of Conditioning. In: ESH-EBMT Handbook on Haematopoietic Stem Cell 
Transplantation 2012, sixth edition, Apperley J, Carreras E, Gluckman E, Masszi T (Eds), European School of 
Haematology, Paris 2012

 Mechanisms of Toxicity

The pathogenesis of lung injury associated with 
the use of chemotherapies or agents used in man-
agement of complications of HSCT is poorly 
understood. This is in part due to inability to have 
an accurate animal model of disease toxicity for 
the agents utilized during the HSCT process. 
Mechanisms of pulmonary injury that have been 
recognized previously related to antineoplastic 
agents include oxidative injury and direct cyto-
toxic effect of the agents on pneumocytes [4].

With regard to oxidative lung injury, this has 
been most heavily studied in bleomycin-induced 
lung injury. In this model, free oxygen radicals 
are produced by bleomycin-Fe complex oxida-
tion and are subsequently activated by leukocytes 
[5]. The importance of free radicals in the patho-
genesis of bleomycin lung toxicity is shown by 
the prevention of lung injury with the use of ami-
fostine, a cytoprotective adjuvant that scavenges 
free radicals, in rats [6]. Additionally, high 
inspired oxygen levels may have an association 

with increased risk of pulmonary toxicity associ-
ated with bleomycin use [7].

Direct toxicity to the pneumocytes and the 
alveolar capillary endothelium is likely responsi-
ble for most pulmonary toxicities seen in the 
HSCT population. This toxicity can lead to sub-
sequent release of inflammatory cytokines that 
can potentiate the inflammation and lead to capil-
lary leak in some scenarios. Unchecked inflam-
mation can progress to fibrosis if not recognized 
promptly.

 Conditioning Agents

 Busulfan

Busulfan is an alkylating agent that is used as a 
component of various conditioning regimens 
before HSCT.  These regimens can include the 
myeloablative regimens of intravenous busulfan 
with cyclophosphamide (Bu4/Cy) and busulfan 
with fludarabine administered over 4 days (Bu4/
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Flu). Busulfan is also part of the reduced inten-
sity conditioning (RIC) regimens involving 
fludarabine and oral busulfan (Flu/Bu2) [8].

Busulfan can cause toxicity as soon as 4 weeks 
following the administration of the drug until 
over 1 year later [9], with an incidence of approx-
imately 3–6% [10–13]. Risk factors for develop-
ing toxicity related to busulfan are still unclear, 
though the addition of total body irradiation or 
other alkylating agents may promote pulmonary 
toxicity [14]. The precise mechanism by which 
pulmonary toxicity occurs due to busulfan is not 
known. Pathologic specimens have displayed 
evidence of alveolitis with progression to intersti-
tial edema and fibrosis [15]. Symptoms may be 
mild, including dyspnea and cough, but can prog-
ress to acute respiratory failure in some cases.

Specific manifestations of pulmonary toxicity 
caused by busulfan may include acute lung injury, 
organizing pneumonia, chronic fibrosis, and 
alveolar hemorrhage. Alveolar proteinosis has 
also been described as a manifestation of busul-
fan pulmonary toxicity when used in prolonged 
treatment of chronic leukemias [16, 17]. 
Determining that busulfan is the causative agent 
of lung injury can be particularly challenging, as 
during this time frame, there are several possible 
causes of respiratory failure, including cytomeg-
alovirus pneumonitis, idiopathic pneumonia syn-
drome, bronchiolitis obliterans syndrome, and 
alveolar hemorrhage. Imaging findings associ-
ated with busulfan-induced lung injury can 
include fibrosis, ground-glass opacities, and con-
solidation (Fig.  21.1) [18]. Bronchoscopy with 
alveolar lavage is typically performed to exclude 
infectious etiologies, including cytomegalovirus, 
as the cause of respiratory decline. Findings on 
alveolar lavage that have been attributed to busul-
fan toxicity include neutrophilia, lymphocytosis, 
and alveolar hemorrhage [15, 19].

Typical treatments for busulfan pulmonary 
toxicity involve supportive care, utilization of 
supplemental oxygen when necessary, and avoid-
ance of future pulmonary toxicity from other 
medications. No controlled studies have evalu-
ated the use of corticosteroids or other steroid- 
sparing agents, though anecdotal reports do 
suggest some improvement in conditions that are 

typically steroid responsive, such as organizing 
pneumonia [20]. The use of corticosteroids 
should be considered in cases of acute respiratory 
failure due to drug toxicity or organizing pneu-
monia, with doses ranging from 1 mg/kg of pred-
nisone equivalent daily upwards to 1  gm of 
methylprednisolone in cases of profound hypox-
emic respiratory failure.

Outcomes following busulfan pulmonary tox-
icity are variable. In a case series following the 
use of busulfan and cyclophosphamide prior to 
allogeneic HSCT, a decrease in lung volumes and 
diffusion capacity was found in the months fol-
lowing HSCT, though this did resolve after a 
5-year period of follow-up [9, 21]. Acute toxicity 
related to busulfan can be associated with a high 
incidence of death, especially when manifested 
as alveolar hemorrhage [14]. Larger-scale reports 
of outcomes following acute toxicity related to 
busulfan use in HSCT are not available.

 Carmustine

Carmustine, along with lomustine and fotemus-
tine, forms a class of nitrosourea agents, which 
are used in the treatment of certain lymphomas, 
melanomas, and brain tumors. Carmustine is also 
used as a conditioning agent and is combined 
with etoposide, cytarabine, and melphalan to 

Fig. 21.1 CT imaging of a patient diagnosed with orga-
nizing pneumonia associated with busulfan use, revealing 
alveolar infiltrates and a negative infectious evaluation
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form BEAM myeloablative conditioning prior to 
HSCT in patients with history of lymphoma [8]. 
Nitrosoureas have been associated with the 
development of both acute interstitial pneumoni-
tis and late-onset pulmonary fibrosis [22].

Nitrosoureas can cause acute interstitial pneu-
monitis in approximately 10% of patients [23]. 
Risk factors for developing pulmonary toxicity 
include receiving total doses greater than 1500 mg/
m2, prior history of lung disease, concurrent radia-
tion, and use of cyclophosphamide [24–26]. 
Patients with acute pulmonary toxicity related to 
carmustine typically present with dyspnea that 
may progress to fulminant respiratory failure, with 
bilateral infiltrates on imaging (Fig. 21.2). The his-
topathology commonly reveals interstitial inflam-
mation and hyaline membrane formation [27]. 
Diagnosis is made on clinical history and exclu-
sion of infectious causes of acute lung injury. 
Treatment involves stopping carmustine at the ear-
liest sign of pulmonary toxicity; pulmonary func-
tion testing is used for monitoring patients 
receiving carmustine to aid in early detection of 
pulmonary toxicity [28]. Corticosteroids may be 
employed in severe, early-onset disease [29].

Fibrotic changes associated with carmustine 
may develop many years after its use, with a pre-

dilection for involving the upper lobes [30]. 
There is an association between receiving car-
mustine at a young age and risk of subsequent 
lung fibrosis [31]. Carmustine toxicity is also 
associated with pleuroparenchymal fibroelastosis 
[32] and pneumothorax [25]. Diagnosis is based 
off of clinical history and imaging findings; lung 
biopsy is typically not required. No effective 
treatments have been identified for late-onset pul-
monary fibrosis due to nitrosoureas, and lung 
function progressively declines in this condition 
[33].

The use of carmustine in conditioning regi-
mens prior to HSCT has been associated with 
increased risk of developing idiopathic pneumo-
nia syndrome (IPS) [34, 35], a heterogeneous 
condition of noninfectious lung injury and respi-
ratory failure that occurs in the first 120 days fol-
lowing HSCT [36]. IPS is diagnosed by 
multi-lobar pulmonary opacities on chest imag-
ing with hypoxemia and without infectious etiol-
ogies identified as a potential cause [37]. 
Treatment used in this situation involves cortico-
steroids that may be combined with anti-tumor 
necrosis factor (TNF) agents such as etanercept 
[38, 39].

 Cyclophosphamide

Cyclophosphamide is an alkylating agent that is 
used in the treatment of many autoimmune con-
ditions and used in combination with chemother-
apies in the treatment of a wide spectrum of 
malignancies. Cyclophosphamide is a compo-
nent of myeloablative conditioning regimens 
prior to HSCT, including being administered 
intravenously over 2 days with total body irradia-
tion (Cy/TBI) and in combination with intrave-
nous busulfan (Bu4/Cy). Cyclophosphamide is 
also a component of Flu/Cy, an RIC regimen that 
also includes fludarabine [8].

Pulmonary toxicity caused by cyclophos-
phamide is quite rare, with an incidence of less 
than 1% reported [40]. Pathologically, cyclo-
phosphamide is known to cause hyperplasia of 
type II pneumocytes, edema, and fibrosis [41]. 
Risk factors for the development of pulmonary 

Fig. 21.2 Chest X-ray imaging of a patient with carmus-
tine pneumonitis, showing bilateral interstitial 
pneumonitis
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toxicity after cyclophosphamide administration 
include concomitant radiation therapy, use of 
other agents known to cause pulmonary toxic-
ity (amiodarone, busulfan), and exposure to 
high FiO2 [42–45]. There may be a dose 
response with increase in incidence of pulmo-
nary toxicity with higher doses of cyclophos-
phamide [43].

Cyclophosphamide pulmonary toxicity typi-
cally occurs in two different patterns: an early- 
onset pneumonitis that begins several months 
after receiving therapy and a late-onset toxicity 
with fibrosis that occurs many months to years 
later [46]. Early-onset cyclophosphamide toxic-
ity typically presents 1–6 months after receiving 
the drug, with symptoms including dyspnea, 
cough, and fever, though in some cases, the 
patient may not have symptoms and only radio-
graphic abnormalities [41]. Radiographic pat-
terns that have been described include 
ground-glass, reticular, or nodular opacities. 
These abnormalities may favor the periphery of 
the lung [46].

In contrast, late-onset pulmonary toxicity due 
to cyclophosphamide typically occurs 6 months 
to several years after receiving the medication 
and is associated with fibrosis and diffuse reticu-
lar and nodular opacities (Fig. 21.3) [47, 48]. It 
can also be associated with pleural thickening 
and associated pleural-parenchymal fibroelasto-
sis [32]. This condition can lead to the develop-
ment of pneumothoraxes [49]. Mortality may 
exceed 60% in this toxicity [46].

Early-onset pulmonary toxicity due to cyclo-
phosphamide is generally reversible and often 
improves with drug discontinuation alone [46]. 

Glucocorticoids have been used in the treatment 
of patients with severe presentations including 
acute respiratory failure, though the optimal dose 
and duration are not known [50]. Most patients 
recover from this condition, though death has 
been reported [41].

In late-onset pneumonitis, no treatments 
have been identified today that slow the pro-
gression of disease. Steroids are generally 
thought to be ineffective in this state. Though it 
has not been reported in this condition, consid-
eration should be made toward the use of anti-
fibrotics such as nintedanib in the treatment of 
progressive fibrosing lung disease, based on 
data showing benefit of nintedanib in similar 
clinical situations [51].

 Fludarabine

Fludarabine is a purine nucleoside analogue that 
is used in the treatment of a variety of conditions, 
including chronic lymphocytic leukemia and 
non-Hodgkin’s lymphoma [52]. It is also com-
bined with busulfan and given over 4 days in the 
myeloablative conditioning regimen Flu/Bu4 and 
is a component of multiple RIC regimens when 
combined with melphalan (Flu/Mel), oral busul-
fan (Flu/Bu2), cyclophosphamide (Flu/Cy), and 
total body irradiation (Flu/TBI) [8].

Pulmonary toxicity has been reported to 
occur in 8.6% of patients receiving fludarabine 
and is most common in patients with a prior his-
tory of chronic lymphocytic leukemia [53]. 
Onset of symptoms ranged from 3 days to after 
the seventh treatment cycle with the agent in the 

Fig. 21.3 CT imaging 
of a patient with 
pulmonary fibrosis 
following 
cyclophosphamide 
treatment
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largest case series. Symptoms may include 
cough and dyspnea, with chest imaging reveal-
ing mixed alveolar and interstitial infiltrates 
(Fig. 21.4.)

Because these patients treated with fludara-
bine are at risk for opportunistic infections 
[54], bronchoscopy with alveolar lavage is typ-
ically performed to exclude infectious etiolo-
gies. Alveolar lavage has been shown to have 
increased cellularity without a specific cell dif-
ferential being seen, and lung biopsy speci-
mens have shown interstitial inflammation and 
fibrosis [53].

In patients who are symptomatic related to 
fludarabine-pulmonary toxicity after drug with-
drawal or completion, corticosteroids are used as 
a standard treatment. Excellent responses have 
been reported with resolution of symptoms being 
a common outcome [55–57]. Rechallenge with 
fludarabine after toxicity has been associated 
with recurrence of respiratory symptoms [53]. 
The reports of toxicity associated with fludara-
bine use have not occurred when fludarabine is 
used as part of the conditioning regimen before 
HSCT, and caution should be made when extrap-
olating the currently available clinical data into 
those clinical scenarios.

 Cytarabine

Cytarabine is a cytotoxic agent used to induce 
remission in acute leukemias and is combined 
with carmustine, etoposide, and melphalan to 
form the BEAM conditioning regimen prior to 
HSCT [8]. Cytarabine has been associated with 
causing noncardiogenic pulmonary edema that 
occurs in the first 3 weeks after induction therapy 
[58, 59], though incidence is thought to be much 
lower based on recent data [60]. Drug discontinu-
ation along with supportive care with oxygen and 
diuresis is utilized in treatment. The role of glu-
cocorticoids for treatment is unknown and likely 
unnecessary. Outcomes are typically good with 
resolution of symptoms with treatment, though 
mortality has been reported [59].

 Etoposide

Etoposide is a podophyllotoxin, which is most 
used in the treatment of bronchogenic carcinoma. 
It is also a part of the BEAM conditioning regi-
men and may be combined with carmustine and 
cyclophosphamide for CBV regimen, which is 
used as a conditioning regimen for patients with 
various lymphomas [8]. Cases of pulmonary tox-
icity are very rare, and when reported, it has 
occurred after prolonged use of oral etoposide 
[61, 62]. Diagnosis is typically made by exclu-
sion of infectious etiologies or radiation toxicity, 
and treatment with corticosteroids has been 
reported as being effective [63].

 Melphalan

Melphalan is an alkylating agent that is used in 
the treatment of multiple myeloma as a prepara-
tive regimen prior to autologous HSCT. Melphalan 
is combined with carmustine, etoposide, and 
cytarabine for BEAM regimen and is paired with 
fludarabine for the RIC regimen Flu/Mel [8]. 
Melphalan has a rare association with causing 
pulmonary toxicity, typically interstitial pneumo-
nitis and fibrosis [64–66]. Pathologic evaluation 
of patients with pulmonary toxicity due to mel-

Fig. 21.4 CT imaging of a patient showing alveolar 
infiltrates consistent with organizing pneumonia. The 
patient had received a fludarabine conditioning regimen 
and had no systemic manifestations of GVHD.  The 
patient had no infectious etiologies identified on bron-
choalveolar lavage (BAL) fluid testing and had subse-
quent improvement in symptoms and infiltrates after 
treatment with corticosteroids
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phalan may reveal alveolar epithelial cell prolif-
eration and interstitial fibrosis [67]. Reports have 
described favorable responses to drug discontinu-
ation and treatment with corticosteroids [64].

 Total Body Irradiation

Total body irradiation (TBI) has been a standard 
component of many regimens prior to HSCT 
since its inception [68]. It is currently used in 
combination with cyclophosphamide in a mye-
loablative conditioning regimen and is combined 
with fludarabine in a lower dose in a non- 
myeloablative preparatory regimen [8]. 
Comparisons of TBI-containing preparative regi-
mens to non-radiation-containing preparative 
regimens, such as Bu/Cy or BEAM, prior to 
HSCT have revealed no differences in treatment- 
related survival, graft-versus-host disease 
(GVHD), or overall survival [69, 70].

TBI regimens typically fractionate the dose of 
radiation administered over several days to 
decrease toxicity and improve tolerability [71]. 
Randomized trials have shown that doses above 
15 Gy TBI may reduce risk of relapse, but at the 
expense of higher toxicity [72]. Toxicities 
 associated with TBI include mucositis, infertility, 
and lung toxicity. Risk factors for the develop-
ment of pulmonary complications associated 
with TBI include older age, increased dose rate, 
cytomegalovirus infection, single-fraction TBI, 
and abnormal pre-transplant pulmonary function 
testing (PFT) [73].

The manifestations of pulmonary toxicity 
related to TBI are highly variable. On one end of 
the spectrum, many patients who receive TBI 
may experience an asymptomatic decline in lung 
function following HSCT [74]. On the other end 
of the spectrum, it can include widespread alveo-
lar injury progressing to fibrosis and irreversible 
lung injury and death, as is seen with radiation 
injury associated with solid tumors [75]. 
Additionally, the use of TBI with increased lung 
dose is associated with higher risk for develop-
ment of IPS following HSCT [73].

IPS is a clinical syndrome that typically occurs 
within 4 months of HSCT and is a syndrome of 

diffuse lung injury without any identifiable infec-
tious etiologies as a causative pathogen [37]. One 
of the most commonly associated risk factors for 
the development of IPS is receipt of higher inten-
sity TBI [43].

Pulmonary toxicity following TBI is quite com-
mon, occurring in approximately 10–45% of recipi-
ents [76]. Fortunately, the majority of cases are 
relatively mild, with grades 1 and 2 toxicity reported 
in 64.9% of cases [77]. Manifestations of pulmo-
nary toxicity of TBI include pneumonia, bronchial 
obstruction, dyspnea, pleural effusion, and acute 
respiratory distress syndrome (ARDS) [76].

Radiographic manifestations of pulmonary 
toxicity of TBI are highly variable, as is seen in 
other forms of radiation-induced lung injury [78]. 
Diagnosis is made based on time frame of devel-
opment of respiratory symptoms, appropriate 
radiographic findings, and the exclusion of infec-
tious etiologies, which sometimes requires bron-
choscopy and alveolar lavage. Alveolar lavage 
fluid can display lymphocytosis in radiation tox-
icity [79]. Treatment of radiation pneumonitis is 
largely supportive, with a role for glucocorticoids 
in severe and symptomatic disease [80].

 Granulocyte Colony-Stimulating 
Factor

Granulocyte colony-stimulating factor (GCSF) is 
a bone marrow stimulant that produces an 
increase in serum granulocyte counts. Both 
GCSF and granulocyte-macrophage colony- 
stimulating factor (GM-CSF) are commonly used 
following both autologous and allogeneic HSCT, 
as they reduce time for neutrophil engraftment 
[81]. The use of GCSF or GM-CSF has not been 
associated with increased risk of development of 
GVHD [82].

When used following HSCT, neither GCSF 
nor GM-CSF has been associated with any nota-
ble toxicity [83, 84]. Multiple case reports have 
described pulmonary toxicity associated with 
GCSF use, with a proposed mechanism of action 
involving increased inflammatory mediators 
associated with neutrophil infiltration [85, 86]. 
These cases manifest as diffuse pneumonitis and 
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ARDS associated with GCSF use [87, 88]. 
Corticosteroids have been reported as being use-
ful in the treatment of these toxicities.

 Medications Used in the Treatment 
of Graft-Versus-Host Disease

 Calcineurin Inhibitors

Cyclosporine and tacrolimus are distinct calcineu-
rin inhibitors that are used in a variety of condi-
tions, including in combination with methotrexate 
for prophylaxis against acute GVHD, with wide 
variations in regimens from various institutions 
[89]. These medications are typically given for 
3–6  months following HSCT and gradually 
tapered. These drugs have also been employed in 
the treatment of chronic GVHD [90].

The use of calcineurin inhibitors is associated 
with increased risk of infection and reduction in 
neutrophil activity against fungal infections [91]. 
In patients undergoing solid-organ transplanta-
tion, the use of calcineurin inhibitors has been 
associated with an increased risk of various viral 
infections [92]. There is very limited evidence of 
associations between calcineurin inhibitor use 
and risk of interstitial pneumonitis or noninfec-
tious lung toxicity.

 Rituximab

Rituximab is an anti-CD20 monoclonal antibody, 
first used in the treatment of non-Hodgkin’s lym-
phoma. Its use has expanded to include many 
other hematologic malignancies, rheumatologic 
conditions, and GVHD. When used in the treat-
ment of GVHD, rituximab is dosed 375 mg/m2 
weekly for 4 weeks and has been associated with 
clinical responses in up to 86% of patients [93]. 
Rituximab has also been shown to allow for 
reductions in doses of glucocorticoids and aid in 
stabilizing lung function in bronchiolitis obliter-
ans associated with GVHD [94, 95].

Rituximab is known to cause infusion-related 
toxicity, including fevers, rigors, and broncho-
spasm in up to half of patients treated [96]. 

Rituximab has also been reported to cause intersti-
tial lung disease in several case reports and series 
[97, 98]. Lung toxicity related to rituximab is sus-
pected to be related to the release of cytokines 
including TNF-α. Histologic patterns reported as 
manifestations of rituximab-induced lung disease 
include organizing pneumonia, interstitial pneu-
monitis, and diffuse alveolar damage [99]. The 
majority of cases of pulmonary toxicity associated 
with rituximab use were seen in patients with lym-
phoma, with a mean onset of symptoms of 30 days 
from the most recent rituximab infusion. 
Treatments include rituximab discontinuation and 
use of corticosteroids, with mixed results.

 Ruxolitinib

Ruxolitinib is a Janus kinase (JAK) 1/2 inhibitor 
that was initially approved for the treatment of 
myelofibrosis. Its use has expanded to other con-
ditions, including polycythemia vera, both acute 
and chronic GVHD, and many other areas under 
investigation. Ruxolitinib has been found to be 
highly effective in the management of patients 
with both acute and chronic GVHD [100, 101], 
with superior clinical response rates and ability 
to reduce steroid dose, including in patients with 
bronchiolitis obliterans syndrome [102].

Most toxicities associated with ruxolitinib 
include cytopenias, hepatic dysfunction, and 
increased risk of infections. Ruxolitinib has been 
implicated as exacerbating pulmonary arterial 
hypertension in a single case report [103], though 
a different case series reports improvement in pul-
monary hemodynamics with the use of this medi-
cation [104]. Single case reports have implicated 
ruxolitinib as a potential cause of ARDS and pleu-
ral effusions [105, 106]. There have also been 
reports of ARDS and respiratory symptoms devel-
oping after withdrawal of ruxolitinib [107, 108].

 Sirolimus

Sirolimus is an immunosuppressant that is a 
mechanistic target of rapamycin kinase (mTOR) 
inhibitor. It inhibits activation of T and B cells 
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and has been used in the treatment of lymphangi-
oleiomyomatosis to prevent organ transplant 
rejection and as a coating-agent in drug-eluting 
stents. Sirolimus has been used in the treatment 
of chronic GVHD, with an overall reported 
response rate of 63% [109].

Pulmonary toxicities have been reported 
extensively associated with sirolimus use, with 
typical manifestations including interstitial pneu-
monitis, organizing pneumonia, and alveolar 
hemorrhage [110, 111]. The mechanism of action 
is unclear, and the typical presentation is highly 
variable. Drug discontinuation is largely effective 
in resolving toxicity, though steroids may be used 
in more severe cases [112].

 Ibrutinib

Ibrutinib is a drug that binds to Bruton’s tyrosine 
kinase and inhibits B-cell proliferation. It has been 
used to treat chronic lymphocytic leukemia, mantle 
cell lymphoma, and Waldenstrom’s macroglobu-
linemia. In a study involving patients with chronic 
GVHD with an inadequate response to corticoste-
roids, ibrutinib was found to have a response rate of 
67% [113]. There was a decrease in median daily 
corticosteroid dose in responders and improve-
ments seen in all organ systems involved.

Adverse respiratory events noted in trials of 
ibrutinib in the treatment of GVHD include pneu-
monia, upper respiratory tract infection, and 
respiratory failure [113, 114]. Pneumonitis has 
been reported and associated with ibrutinib use in 
patients with chronic lymphocytic leukemia, with 
resolution of infiltrates and symptoms with drug 
discontinuation and steroid use [115]. Given the 
overall common use of ibrutinib in patients with 
hematologic malignancies, the low incidence of 
reported toxicity is likely related to a low overall 
prevalence of pulmonary inflammation associ-
ated with the use of ibrutinib.

 Belumosudil

Belumosudil is a selective inhibitor of Rho- 
associated coiled-coil-containing protein kinase 

2 (ROCK2), which has been shown to have an 
overall response rate of 74–77% in patients with 
chronic GVHD who had received two to five 
prior lines of therapy [116]. Adverse respiratory 
events noted in clinical trials included pneumonia 
and upper respiratory tract infections; there were 
no reported noninfectious pulmonary toxicities 
noted.

 Conclusion

Drug toxicities are common following HSCT, and 
many of the agents utilized regularly as part of 
conditioning regimens and in the treatment of 
chronic GVHD can cause various forms of pulmo-
nary toxicity. Clinicians should have a high index 
of suspicion for these various drug toxicities, as 
early recognition, drug withdrawal, and treatment 
with corticosteroids may lead to reversibility of 
the toxicities. There is generally no specific testing 
that can confirm a diagnosis of drug-induced pul-
monary toxicity, so diagnosis must be made based 
on clinical factors and exclusion of infectious eti-
ologies, which often requires imaging studies and 
bronchoscopy with alveolar lavage.
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 Introduction

Individuals undergoing hematopoietic stem cell 
transplantation (HSCT) may experience signifi-
cant sleep disruption before, during, and after 
their HSCT [1–3]. As in other types of cancer, 
studies suggest rates of sleep disturbance are sub-
stantially higher than the general population, and 
sleep problems can persist years after HSCT [4].

Sleep disruption can contribute to symptom 
burden, increased fatigue, and reduced quality of 
life (QOL). Sleep is a restorative biological pro-
cess essential for maintaining health, healing, 
and emotional well-being, and loss of sleep is 
detrimental on many levels. Clinical studies indi-
cate that sleep disruption has been associated 
with worse all-cause mortality [5]. Sleep deficit 
can affect multiple organ systems including 
immune function, physical function and coordi-
nation, cognitive performance, and metabolism 
[6].

A growing body of evidence links sleep 
pathology to physiologically significant sequelae 
as it relates to cancer, both in terms of diagnosis, 
treatment, and outcomes [7]. Sleep disturbance is 
associated with greater fatigue and reduced QOL 
in HSCT, but it is seldom addressed by healthcare 
providers [3, 8, 9]. Furthermore, there is a pau-
city of data on sleep and hematologic malignan-
cies, especially in those undergoing HSCT. The 
focus of this chapter is to highlight sleep distur-
bances in cancer patients, to summarize the med-
ical literature about sleep in HSCT patients, and 
to describe screening, diagnostic, and therapeutic 
interventions to improve sleep.

 Sleep Disorders and Cancer

Sleep-related issues may emerge at any time dur-
ing the continuum of cancer care, and sleep dis-
turbance is a prominent concern in cancer 
patients. Problems with sleep are reported in 30 
to 87% of cancer patients, and these encompass a 
variety of sleep-related issues including difficulty 
falling asleep, staying asleep, multiple awaken-
ings during the night or earlier than intended, 
and/or nonrestorative sleep [10]. Some patients 
may have preexisting or a predisposition to devel-
oping sleep issues prior to cancer diagnosis. For 
example, somatic symptoms such as pain, breath-
ing disorders, hormonal dysregulation, underly-
ing medical conditions, or alcohol use can all 
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disrupt sleep. Psychiatric conditions, especially 
anxiety or depression, poor sleep hygiene, and 
psychosocial factors can also negatively impact 
sleep [11]. After diagnosis of cancer, side effects 
from therapies, anxiety or mood disorders, pain 
and financial stressors can all develop and con-
tribute to sleep disruption, and these may persist 
into cancer survivorship.

 Insomnia

The most prevalent sleep-related issues identified 
in outpatient cancer patients in a large cross- 
sectional survey included insomnia, fatigue, leg 
restlessness, and excessive sleepiness [12]. A 
prospective study in cancer patients undergoing 
chemotherapy, of which 14% had a hematologic 
malignancy, found a high prevalence of insom-
nia, and rates for the cohort were nearly three 
times higher than rates in the general population 
[13]. Risk factors for insomnia are categorized 
into predisposing (anxiety, predisposition to 
rumination, age, female sex), precipitating (acute 
triggers, i.e., traumatic life event, medical or psy-
chiatric diagnosis), and perpetuating factors 
(behavior develops to compensate for sleep loss) 
[10, 14].

Evaluation with clinical history, surveys, and 
sleep diaries can confirm the diagnosis. Several 
self-reported measures of sleep have been vali-
dated in cancer patients including the Insomnia 
Severity Index, Pittsburgh Sleep Quality Index 
(PSQI), and General Sleep Disturbances 
Questionnaire [15–17]. Sleep diaries also pro-
vide valuable information on sleep patterns, and 
they are inexpensive and readily available [18]. 
The diary is a simple 24-h log of sleep pattern 
kept over 7–14 days recording sleep/wake times, 
daytime napping, intake of medications, subjec-
tive sleep quality, and response to interventions. 
Diagnostic criteria for insomnia as a sleep disor-
der include difficulty initiating or maintaining 
sleep or earlier awakening than desired despite 
adequate opportunity and circumstances to 
sleep; significant functional impairment of daily 
activities; sleep disturbance occurs at least three 
nights a week for at least 3  months (chronic); 

symptoms are not better explained by another 
primary sleep disorder [1].

Treatment of insomnia centers around psycho-
logical intervention, specifically cognitive behav-
ioral therapy (CBT), which targets maladaptive 
sleep behaviors and dysfunctional beliefs about 
sleep [10, 19]. Although many patients may use 
sleep aids, they can build up a tolerance to these 
medications, and their use can lead to potentially 
harmful pharmacological interactions [20]. The 
use of pharmacotherapy per the American 
Academy of Sleep Medicine (AASM) should be 
short- or intermediate-acting benzodiazepine 
receptor agonists or ramelteon, a melatonin 
receptor agonist [19]. No studies have specifi-
cally evaluated CBT or pharmacotherapy for 
insomnia in HSCT patients.

 Sleep-Related Breathing Disorders

Sleep-related breathing disorders include sleep 
apnea which may be obstructive (OSA) or central 
(CSA) and sleep-related hypoventilation. 
Definitions and polysomnographic criteria are 
established by the AASM [21]. The incidence of 
OSA in the adult population of the United States 
is estimated to be 4% in men and 2% in women. 
Risk factors for OSA include age, male gender, 
postmenopausal women, obesity, and craniofa-
cial and upper airway abnormalities, and diabe-
tes, congestive heart failure, kidney disease, and 
treatment-refractory hypertension are also con-
comitant [22, 23].

In cancer patients, those with head and neck 
cancer have an increased risk of OSA related to 
architectural distortion from the tumor and sub-
sequent therapies [24]. Both animal models and 
population-based studies have demonstrated 
intermittent hypoxia and sleep fragmentation, 
both hallmarks of OSA, may enhance the prolif-
erative and invasive properties of solid tumors 
[25]. Opioid therapy, often used for pain in can-
cer patients, can also result in OSA, CSA, and 
sleep-related hypoventilation [26]. Cardiac 
arrhythmia, depressed systolic function, pulmo-
nary vascular disease, and pulmonary conditions 
may also lead to sleep-disordered breathing. 
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Weight gain related to corticosteroid therapy, 
hormonal changes resulting in early menopause, 
or underlying cardiac or pulmonary dysfunction 
places HSCT patients at risk for sleep-disordered 
breathing as well. Evaluation with nocturnal 
oximetry, home sleep testing, or polysomnogra-
phy can diagnose the underlying sleep disorder. 
Treatment may include supplemental oxygen, 
positive airway pressure therapy, optimization of 
underlying cardiac or pulmonary condition, oral 
appliances, weight loss, alteration of sleep posi-
tion, and adjustment of sedating medications.

 Movement Disorders

Movement disorders such as restless legs syn-
drome (RLS) or periodic limb movement disor-
der (PLMD) can also disrupt sleep, and they are 
typically diagnosed by clinical history but can be 
confirmed with polysomnography or actigraphy 
[27]. RLS is a common sensorimotor disorder 
characterized by uncomfortable and unpleasant 
sensation in the legs that are relieved by 
movement.

Evaluation for underlying metabolic abnor-
malities and review of medications are indicated 
prior to consideration of pharmacotherapy. 
Patients should be counseled to avoid certain 
antidepressants including citalopram, paroxetine, 
amitriptyline, mirtazapine, and tramadol, and 
substances such as caffeine that can aggravate the 
RLS symptoms [27]. In patients with mild and/or 
intermittent symptoms, non-pharmacological 
measures such as mental alerting activities, exer-
cise, pneumatic compression devices, and applied 
heat may be sufficient for symptom relief [28]. In 
the context of patients with RLS symptoms 
requiring treatment, choosing the most appropri-
ate intervention requires an individualized 
approach including patient-related symptoms, 
comorbidities relating to RLS, side effect profile, 
augmentation risks, and patient preferences.

In cancer patients, symptoms related to RLS 
or PLMD may overlap with neuropathy, and 
chemotherapy- related neuropathy from ther-
apy regimens including platinum compounds, 
taxanes, vinca alkaloids, proteasome inhibi-

tors, or thalidomide-based agents has been 
described [29].

 Circadian Rhythm Disorder

Circadian rhythms are endogenous, genetically 
based, physiological patterns that modulate bio-
logical functions on an approximately 24-h cycle 
including body temperature, cortisol, melatonin, 
and growth hormone secretions and rapid eye 
movement (REM) sleep [30]. Dysregulation of 
circadian rhythms can increase susceptibility to 
multiple diseases, particularly malignancy. There 
are multiple factors that can affect the sleep-wake 
cycle in cancer patients. Zeitgebers are cues that 
help to maintain alignment within the day, and the 
most potent zeitgeber includes the environmental 
light-dark cycle [31]. Feeding, activity, and social 
interactions are other nonphotic zeitgebers and 
clearly can be affected in HSCT patients who may 
take time off from work, isolate to avoid infection, 
and alter their daily routines [32].

Actigraphy may help confirm the diagnosis of 
a circadian rhythm disorder. It is an alternative 
objective method of estimating sleep by measur-
ing gross motor movement continuously over 
periods of time, and it consists of a small, nonin-
vasive piezoelectric monitor that is worn on the 
wrist to detect and record motion. Specialized 
software transforms the detected movements into 
electrical activity and identifies sleep versus wak-
ing using algorithms validated against polysom-
nography [33]. Actigraphy has been found to be a 
reliable and valid tool in patients with suspected 
circadian sleep-wake rhythm disorders. In 
patients who cannot reliably complete sleep logs, 
it can be used as a substitute in addition to self- 
reported sleep parameters. Actigraphs are rela-
tively inexpensive and can be worn at home or in 
the hospital for several days or weeks. Actigraphy- 
derived metrics include time in bed, total sleep 
time, sleep onset latency, sleep efficiency, wake 
after sleep onset, wake episodes (also referred to 
as number of awakenings), number of sleep peri-
ods, light intensity, and activity counts. Treatment 
of circadian rhythm disorders includes light ther-
apy to improve daytime alertness and entrain cir-
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cadian rhythms. Other multimodality therapies 
including exercise, movement, yoga, and phar-
macotherapy are undergoing investigation [30].

 Cancer-Related Fatigue (CRF)

CRF is one of the most prevalent and distressing 
symptoms in cancer patients. It is characterized 
by the following: (1) persistent physical, emo-
tional, and/or cognitive tiredness or exhaustion 
related to cancer or cancer treatment; (2) not 
attributable to recent activity; and (3) it interferes 
with daytime functioning [30]. It may occur 
before, during, or after cancer diagnosis [34, 35]. 
The pathophysiology of CRF is complex and is 
postulated to result from a cascade of events 
resulting in pro-inflammatory cytokine produc-
tion with resultant metabolic and/or endocrine 
dysregulation with disruption to circadian rhythm 
along with other sequelae [36]. Other underlying 
metabolic etiologies (anemia, hormonal dysfunc-

tion) must be excluded, and evaluation for both 
sleep disruption and sleep disorders is recom-
mended. Often symptoms from CRF may be dis-
missed and attributed to disease, but if 
undiagnosed, then it can negatively impact clini-
cal course and quality of life. Treatment for CRF 
can be multi-modality and includes exercise, 
sleep hygiene, correction of any metabolic abnor-
malities, and wake-promoting agents [34].

 Symptom Clusters

Symptom clusters denote an array of multiple co- 
occurring symptoms in patients with cancer with 
a temporal association as well as shared underly-
ing mechanism or outcome [37]. Pain, fatigue, 
depression, anxiety, and sleep disturbance are 
common symptom clusters, and these clusters 
along with additional symptoms (dyspnea, nau-
sea/vomiting) may vary based on the underlying 
cancer (Fig.  22.1). Depression and anxiety are 
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Cough
Mood

Pain

Insomnia
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at Night*
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Fig. 22.1 Symptom clusters. Symptom clusters may vary 
based on the cancer, and in those with hematopoietic stem 
cell transplantation (HSCT), symptoms will reflect their 
disease course, infectious and noninfectious complica-
tions, and organs affected by graft-versus-host disease 
(GVHD). For example, those with pulmonary GVHD 
may develop a respiratory (a) symptom cluster. This could 
potentially coexist with a psychoneurological (b) symp-

tom cluster. Depending on the clinical scenario and tim-
ing, symptom clusters can change. Gastrointestinal (c) 
symptom clusters may also exist or overlap at various 
points in time during HSCT. Note that sleep disturbances 
(*) can vary from insomnia to excessive daytime sleepi-
ness to nocturnal awakenings to signs and symptoms of 
sleep-disordered breathing (gasping for air, snoring arous-
als, witnessed apneas)
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associated with sleep dysfunction, and depres-
sion, anxiety, sleep disruption, and fatigue can 
worsen cognitive dysfunction [38]. A review of 
33 papers on QOL before and after HSCT identi-
fied fatigue, dyspnea, and insomnia as prominent 
and persistent symptoms [39]. Two other studies 
noted that in patients prior to undergoing HSCT, 
fatigue was the most prominent symptom fol-
lowed by anxiety [40, 41]. Evaluation of symp-
toms in a longitudinal study of allogeneic HSCT 
over 5 years concluded fatigue should have prior-
ity in symptom management followed by inter-
ventions to address dyspnea and loss of appetite 
[42]. In HSCT, symptom clusters may vary based 
on disease course, infectious and noninfectious 
complications, and organs affected by graft- 
versus- host disease (GVHD). Further evaluation 
of symptom clusters in the HSCT cohort is 
needed.

 Sleep Disturbances Before, During, 
and After HSCT

HSCT has revolutionized treatment for numerous 
hematologic cancers and certain nonmalignant 
conditions, and the number of global HSCT over 

the years continues to grow especially with the 
allogeneic haploidentical cohort [43]. In addition 
to treatment of their underlying condition prior to 
HSCT, the transplant timeline consists of therapy 
with a conditioning regimen followed by engraft-
ment and subsequently immune reconstitution 
[38]. Autologous HSCT collects stem cells from 
the patient, whereas allogeneic HSCT obtains 
them from a donor. There are many aspects to 
HSCT that can contribute to symptom burden as 
well as sleep disruption (Fig. 22.2). Although the 
conditioning regimen depends on the underlying 
disease, comorbid condition, performance status, 
and risk of graft rejection, both myeloablative 
and nonmyeloablative eradicate marrow cells, 
and each may have acute and chronic toxicities. 
The transplant procedure also includes hospital-
ization for close monitoring and engraftment 
prior to discharge. In the post-transplant period, 
patients are susceptible to post-transplant 
sequelae including infectious complications, 
autoimmune phenomena, chemotherapy toxici-
ties, and end-organ dysfunction, and these may 
engender the need for additional therapies and 
interventions [44]. Estimates of sleep disruption 
for all phases of HSCT are concerning, and they 
include 32% in the pre-transplant period, 75% 

Cancer

Individual

Sleep
Disorder

Health
Nutrition

Disease Chemotherapy

Attitudes about
Sleep

Sleep-Related
Breathing

Movement

Medical
Conditions

Mood
Disorders

Circadian

Hospitalizations
Medications

Other Therapies

Insomnia

Sleep Disturbance in
Hematopoietic Stem

Cell Transplant

Fig. 22.2 Factors affecting sleep disturbance in hematopoietic stem cell transplant. Many factors can contribute to 
sleep disturbance including cancer-related issues, individual predispositions, and underlying sleep disorder
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during hospitalization for transplant, and up to 
43% in the post-transplant period [2, 3]. Despite 
a high prevalence of sleep disruption and 
 significant concern among HSCT recipients, rel-
atively little research is available to characterize 
sleep disruption in this population [8]. The cumu-
lative effect of prior therapies, transplant and its 
preparation, and potential complications can all 
significantly impact sleep.

 Acute Transplant Period

The acute transplant period would include the 
time after HSCT when the patient is hospitalized 
and before 100 days post-HSCT. The condition-
ing regimens are of variable intensity and toxic-
ity, and these may be altered based on the 
underlying malignancy, patient comorbidities, 
performance status, and risk of graft rejection. 
Regardless, the time for conditioning and engraft-
ment is an intense time, and it renders the patient 
vulnerable to a host of medical complications.

Sleep disruption during hospitalization is well 
established, and it can affect sleep-wake patterns 
both during the hospital stay and after discharge 
[45]. In a single center retrospective study of 69 
patients, Boonstra and associates used the 
Insomnia Severity Index on the 14th day of hos-
pitalization in a cohort of both autologous and 
allogeneic HSCT to evaluate for insomnia as a 
sleep disorder and as a symptom [2]. They found 
a prevalence rate of clinically significant insom-
nia (26%) and insomnia as a symptom in 74%. 
The most frequently reported factors contributing 
to sleep disruption were bathroom use and staff 
interruptions [2].

Encouraging comprehensive strategies to mit-
igate sleep disruption in hospitalized patients is 
paramount, and these interventions to raise 
awareness include education of healthcare pro-
viders and clustered care [46, 47]. Sharda and 
investigators evaluated the need for vital sign 
monitoring in a cohort of 20 patients post-HSCT, 
and they concluded vital sign monitoring during 
the night may not be needed for HSCT with low- 
risk profiles and could lead to improved sleep and 
health. Thus, in addition to environmental inter-

vention to improve sleep, patient-based interven-
tion may also be helpful.

Poor sleep quality and fatigue also contribute 
substantially to the symptom experience of 
patients during their HSCT trajectory, particu-
larly during early recovery. In a longitudinal 
single center study of 50 patients with either 
autologous or allogeneic HSCT, Risher and col-
leagues used PSQI, sleep diaries, and QOL 
measures as follows: shortly before admission, 
daily during their hospital stay, shortly before 
discharge, and after transplant (day 80 to 120) 
[3]. They reported a prevalence of sleep distur-
bances of 32% before admission, 77% during 
the hospital stay, and 28% after discharge. 
Difficulty in maintaining sleep during the inpa-
tient phase was reported in 82% and attributed 
to disturbing noises and the need to use the 
bathroom frequently. Sleep problems were sig-
nificantly worse during the hospital stay com-
pared to other measurement points (p < 0.001), 
and sleep difficulties in receiving allogeneic 
HSCT were less pronounced during admission 
and worse during the inpatient setting compared 
to autologous HSCT.  Interestingly, they noted 
disrupted sleep was most pronounced during the 
phase of transplantation and engraftment or 
aplasia. The phase of aplasia is known as a time 
of strong physical and emotional distress, and 
their findings correspond to results from 
Anderson and associates where 39% described 
sleep disturbances as moderate or severe [48]. 
In contrast, others have demonstrated the pin-
nacle of sleep distress was at the time of the 
conditioning regimen. Specifically, in another 
prospective longitudinal single center study of 
76 patients, investigators used the Symptom 
Distress Scale (SDS) and Medical Outcomes 
Short Form 36 Health Survey (SF-36, version 
1), and data were gathered at four time points: 
baseline before conditioning regimen, day 0, 
day 30, and day 100 after HSCT [8]. At the time 
of the conditioning regimen, the report of 
insomnia was the highest (32%) as well as the 
SDS score. Interestingly, the authors described 
symptom clusters of fatigue, appearance change, 
and worry at baseline, and fatigue, insomnia, 
and bowel changes at days 0 and 30.
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The post-hospital syndrome involves recovery 
from hospitalization including recuperation from 
the acute illness as well as rebound from the 
physiologic disruption created by the hospital 
environment [49]. During the hospital stay, 
patients are frequently deprived of sleep and less 
active, and along with medications, interven-
tions, and lack of natural light, these contribute to 
dysregulation of their normal circadian rhythms. 
Hospitalized patients have polysomnographic 
evidence of sleep architectural changes with 
reductions in total sleep time, rapid eye move-
ment (REM) sleep, and slow wave (delta, N3) 
sleep [49]. The first 100 days post-transplant are 
challenging. Side effects from conditioning regi-
men (mucositis, enteritis, nausea, and vomiting), 
potentially delirium and acute GVHD, can all 
disrupt sleep and contribute to symptom burden. 
Poor sleep quality may also result from frequent 
awakenings, pain, and administration of medica-
tions including corticosteroids and/or diuretics, 
and these all disrupt usual sleep patterns [50–52]. 
It appears that increases in sleep disruption are 
generally transient, and they return to pre-HSCT 
levels by day 100 [3, 48]. Patients receiving both 
allogeneic and autologous HSCT demonstrate 
similar levels of sleep disruption, but the timeline 
is variable.

 Post-transplant

Post-transplant patients can develop late-onset 
sleep problems due to perpetuation of previous 
maladaptive sleep behaviors, persistence, or 
exacerbation of chronic GVHD, residual impact 
from prior therapies, development of other medi-
cal or psychiatric issues, and/or disease-related 
sequelae. The overall prevalence of any sleep 
problems following the acute transplant period 
(after 100 days) ranges from 14 to 51% [53–55]. 
When compared to healthy individuals, sleep has 
been shown to be significantly worse among 
HSCT survivors, but the evidence is mixed [4, 
56–58]. A study of 172 patients from five centers 
43.5 months (mean) post-HSCT used both ques-
tionnaire and telephone interview to assess sleep 
and energy level problems and integrated the 

PSQI at the time of follow-up [59]. While the 
majority reported mild energy or sleep issues, 15 
to 20% showed moderate to severe problems in 
these areas, and the presence of current sleep 
problems was associated with older age at the 
time of HSCT, receipt of total body irradiation 
during pre-HSCT conditioning, and female gen-
der. Furthermore, most of the evidence regarding 
sleep disruption among HSCT recipients comes 
from single-item questions incorporated into 
QOL questionnaires, and these often fail to cap-
ture the complexity of sleep issues and/or con-
firm a sleep disorder. Similar to other data on 
sleep and HSCT, these are limited by small sam-
ple sizes and heterogeneous cohorts.

There has been only one study that has exam-
ined the prevalence of sleep disorders after trans-
plant. Specifically, they evaluated 61 patients in a 
retrospective cohort study of individuals follow-
ing allogeneic HSCT 1 to 10 years prior [60]. A 
structured survey with questions about sleep 
quality, sleep disturbances, and parasomnias was 
used, and they identified a prevalence of 26.2% 
with sleep disorders with 23% insomnia (95% CI 
12.44–33.56), followed by 3.2% hypersomnia 
(95% CI 0–7.28). Factors associated with 
increased risk of developing sleep disorder 
included female sex with an adjusted relative risk 
(RR) of 2.37 (95% CI 1.0–5.7) and conditioning 
regimen with busulfan and cyclophosphamide 
RR 3.74 (95% CI 1.1–12.6) [60]. Overall, the 
data to date suggest that the prevalence and sever-
ity of sleep disruption remain relatively constant 
over time after a transient peak during the acute 
transplant period.

 Special Considerations

GVHD can manifest in multiple sites including 
the skin, mouth, eyes, gastrointestinal tract, 
lungs, joints, and genital tract. Both acute and 
chronic GVHD can contribute to symptom bur-
den and adversely impact QOL [61]. Infection is 
also a major cause of morbidity and mortality 
among transplant recipients. Sequelae from high- 
dose immunosuppressive therapies (including 
corticosteroids), repeat hospitalizations, and 
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multiple antimicrobial agents can all further 
exacerbate sleep disturbances. In addition, up to 
one-third of patients undergoing HSCT can have 
pulmonary complications, and these are associ-
ated with significant morbidity and mortality 
[62]. Both infectious and noninfectious 
 pulmonary sequelae can impact sleep. Since 
respiratory symptoms are often present during 
the day, sleep- related breathing disorders may 
emerge with sleep. In those with idiopathic pneu-
monia syndrome, bronchiolitis obliterans, and 
pulmonary vascular disease, sleep-related 
hypoventilation may arise due to pulmonary 
pathology. Corticosteroid and/or bronchodilator 
therapies can also precipitate or exacerbate 
insomnia.

 Conclusion

Sleep is an extremely important component in the 
care of HSCT patients. Even in those with no 
sleep issues, the process of HSCT may lead to the 
development of sleep dysfunction. During HSCT, 
sleep disruption was increased during the first 
100 days, with greatest disruption seen during the 
conditioning regimen and at the time of white 
blood cell count nadir. Similar to other cancer 
cohorts, insomnia is the most common sleep dis-
order in HSCT based on the limited literature 
available. Efforts to minimize sleep disturbances 
in the hospital during conditioning and engraft-
ment are warranted. Education of patients, care-
givers, and healthcare providers on sleep hygiene, 
sleep health, and signs and symptoms of sleep 
disorders is needed. As data accrue regarding the 
impact of sleep disruption and underlying sleep 
disorders in cancer, attention to sleep health from 
both the patient and healthcare providers is para-
mount. Further studies in HSCT patients using 
standardized surveys and assessments for sleep, 
longitudinal evaluation, and multicenter prospec-
tive trials are needed.
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 Lung Transplantation After 
Hematopoietic Stem Cell 
Transplantation

Hematopoietic stem cell transplantation (HSCT) 
is widely applied in the treatment of malignant, 
hematologic, autoimmune, and genetic diseases. 
Over the last 30 years, early mortality after allo-
geneic stem cell transplantation has declined, 
with a consequent increase in long-term morbid-
ity [1]. Pulmonary complications, both infectious 
and noninfectious, occur in up to 60% of 
HSCT.  Specific complications tend to occur 
within well-defined time periods. The timing and 
intensity of cytoreductive therapies, the pattern of 
immune reconstitution that follows, and the use 
of prophylactic strategies for infectious agents 
influence the duration of these intervals. 
Noninfectious pulmonary complications include 
entities such as acute lung injury syndromes 
(e.g., idiopathic pneumonia syndrome or diffuse 
alveolar hemorrhage), interstitial pneumonitis, 
pulmonary fibrosis, organizing pneumonia, and 
chronic airway disease in the form of bronchiol-
itis obliterans (Table 23.1). Lung transplantation 
is a viable option for selected individuals who 
develop end-stage lung disease following hema-

topoietic stem cell transplantation and has the 
potential to provide both quality of life and sur-
vival benefits [2–5]. Presently, only 1% of lung 
transplants are performed for bronchiolitis oblit-
erans unrelated to previous lung transplant. Of 
those, cases related to HSCT represent only a 
subset [6, 7]. Over the last three decades, there 
has been a growing number of published data 
describing lung transplantation in patients who 
have undergone HSCT for various hematologic 
diseases; however, this literature is limited to 
case reports and case series.

In 1992, Calhoun and colleagues published 
the first case report of a single lung transplant in 
a 25-old-year woman who developed severe pul-
monary fibrosis following bone marrow trans-
plantation [8]. Lung transplantation has also been 
described as a potential therapeutic option for 
patients with idiopathic pneumonia syndrome 
(IPS) who have failed medical therapy. Said and 
colleagues described a case of successful lung 
transplantation in a 44-year-old woman who 
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Table 23.1 Indications for lung transplantation in hema-
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Noninfectious pulmonary complications after HSCT as 
indications for lung transplantation
Bronchiolitis obliterans syndrome
Idiopathic pneumonia syndrome
Diffuse alveolar hemorrhage
Interstitial pneumonitis
Pulmonary fibrosis
Organizing pneumonia
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developed IPS 5 months after HSCT for myelo-
dysplastic syndrome. Despite aggressive medical 
management, the patient required intubation and 
extracorporeal membrane oxygenation while 
awaiting recovery. Her condition continued to 
deteriorate, and she ultimately underwent a dou-
ble lung transplant with uneventful recovery [9].

Another rare indication for LTx after HSCT is 
Wiskott-Aldrich syndrome, a rare X-linked dis-
order characterized by immunodeficiency, 
eczema, and thrombocytopenia. Ueda and col-
leagues reported a case of a patient with Wiskott- 
Aldrich syndrome who underwent an HSCT at 
1 year of age but subsequently developed severe 
pulmonary complications. The patient then 
underwent a single living donor lobar lung 
 transplantation at 13 years of age without com-
plications [10].

 Lung Transplant Referral, 
Evaluation, and Timing 
of Transplant

The optimal timing for referral and evaluation for 
LTx in this patient population is not well defined in 
the literature and will vary across transplant institu-
tions. Decisions regarding referral and evaluation 
need to be extrapolated from the current knowl-
edge of common indications for lung transplant 
employing the International Society for Heart and 
Lung Transplantation (ISHLT) consensus guide-
lines [11, 12]. As HSCT recipients remain at risk of 
recurrence of their original malignancies, the 
ISHLT guidelines recommend hematologic malig-
nancy within the past 2 years and conservatively 
within the past 5 years as a contraindication to lung 
transplantation [11, 13]. Therefore, patients are 
considered acceptable candidates for a lung trans-
plantation if the time interval between HSCT and 
lung transplantation is more than 5 years if HSCT 
was performed for malignant disease. However, 
based on published data, post-lung transplant 
recurrence of malignancy only affects 2% to 7% of 
HSCT recipients [14, 15]. In a case series of 64 
patients, Soubani and colleagues reported the 
median time between HSCT and LTx was 
52.3 months (range: 6–240 months). There was no 

significant difference in outcomes between patients 
undergoing transplant before or after 60 months of 
HSCT, as long as they did not have a malignancy at 
the time of transplantation [14]. Al-Adra and col-
leagues recommended a 2-year wait time for indi-
viduals with prior history of hematological 
malignancies prior to proceeding with solid organ 
transplantation [16]. All-cause 1-year mortality 
was reported to be increased in patients who under-
went lung transplantation <2 years post-HSCT in a 
large case series of 105 patients from Europe (HR 
7.5, 95% CI 2.3–23.8; p = 0.001) [17]. Therefore, 
patients may be candidates even if the time interval 
between HSCT and LTx is less than 5 years, more 
specifically when the interval is more than 2 years, 
and the risk of relapse is determined to be less than 
20–30% [5]. Unfortunately, the most recent 
updated consensus document for the selection of 
lung transplant candidates from the ISHLT does 
not specifically address this cohort of patients [12].

Given this rare indication for LTx, as well as 
the complicated nature of the transplant process, 
referral should begin before the demand for 
transplant becomes critical. Early referral allows 
ample time for introduction and education regard-
ing the concept of LTx as well as its require-
ments, potential complications, and anticipated 
outcomes. It also allows for further time to mod-
ify any hurdles to LTx such as nutritional status, 
physical deconditioning, other medical comor-
bidities, or lack of social support [11, 12].

A comprehensive evaluation for LTx includes a 
full assessment of the lung disease and its severity, 
anatomy, additional medical or surgical comorbidi-
ties and ensuing complications, nutritional status, 
degree of frailty and physical conditioning, as well 
as psychosocial circumstances. Every effort should 
be made to complete a full evaluation prior to pro-
ceeding with LTx listing. However, occasionally, 
an abrupt decline in function prompts a referral at a 
time that is less than ideal, and these individuals 
should complete as much of a full evaluation as 
possible, similar to other candidates. Referral of 
candidates requiring life-sustaining support, such 
as mechanical ventilation (MV) and/or extracorpo-
real life support (ECLS), as a bridge to transplant 
may be considered in highly selected patients and 
at centers with expertise in this area [3].
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Individuals who develop end-stage lung dis-
ease after HSCT are considered to be at high risk 
owing to the need for additional 
 immunosuppression after LTx and the presumed 
abnormal baseline immunology [2]. Given this, 
attention is recommended to encompass addi-
tional investigation into the extrapulmonary sys-
temic manifestations of graft-versus-host disease, 
cellular and humoral immune dysfunction, hepatic 
and renal dysfunction, as well as esophageal dis-
ease [2, 13, 16]. Infectious complications and 
colonization with resistant organisms remain to 
be an issue for HSCT recipients and need to be 
thoroughly vetted prior to proceeding with LTx 
[2, 13]. Some patients may experience ABO blood 
type changes following HSCT [5]. The need for 
multiple transfusions can increase the likelihood 
of human leukocyte antigens (HLA) sensitization. 
High frequency of immunoglobulin replacement 
with recent infusions complicates serological test-
ing for viral infections such as cytomegalovirus. 
Immunological response to pretransplant vaccina-
tion can also be impaired. Complications of previ-
ous intensive chemotherapy and radiotherapy 
along with graft-versus- host disease (GVHD) in 
non-pulmonary organs may lead to difficulties in 
surgical approaches and deficiencies in bone mar-
row reserve, which require consideration.

Most individuals requiring consideration for 
LTx after HSCT are younger in age; some of the 
larger case series report a mean age of 
22–24  years old [2, 14, 18]. Most individuals 
receive bilateral lung transplant (76%) versus 
single/lobar transplantation (24%) [14]. The 
decision to transplant one or both lungs is pri-
marily dependent on the underlying disease, but 
additional factors including patient age, func-
tional status, presence of pulmonary hyperten-
sion, and center-specific preferences play a role. 
Single lung transplantation allows for more effi-
cient utilization of a limited donor pool and is 
better tolerated by frail patients but theoretically 
provides less functional reserve than bilateral 
lung transplantation in the setting of allograft 
dysfunction. Bilateral lung transplantation is 
performed for patients with suppurative lung 
diseases to eliminate the risk of infection of the 
allograft from the infected native lung.

Given organ scarcity, consideration is given 
regarding the utilization of cadaveric vs. living- 
donor lobar lung transplantation (LDLLT), par-
ticularly in Japan. In a case series of 62 patients 
who underwent LTx after HSCT in six centers in 
Japan, 17 patients underwent cadaveric LTx, 
whereas 45 underwent LDLLT with acceptable 
outcomes [2].

Lung transplantation has evolved to represent 
the therapy of choice for a growing number of 
patients with end-stage lung disease after 
HSCT. Decisions about patient selection, timing 
of listing, and choice of procedure are critically 
important steps in optimizing the outcome of 
LTx. The criteria for consideration and listing for 
LTx after HSCT vary across transplant centers. 
Specific recommendations are not available and 
need to be extrapolated from the current knowl-
edge of common indications for lung transplant 
with special regard to challenges in an HSCT 
recipient. Ideal candidates should have a pro-
longed malignancy-free survival (at least 2 years) 
after HSCT, minimal chronic GVHD with lim-
ited extra thoracic disease, normal engraftment, 
normal immune function, and normal nutritional 
status.

 Post-transplant Considerations

 Perioperative Issues

Lung transplantation in patients with a previous 
history of HSCT should be undertaken with 
careful planning and preparedness for the tumul-
tuous perioperative course that may follow. 
Recipients undergoing LTx after HSCT typically 
need mechanical circulatory support via either 
cardiopulmonary bypass (CPB) or extracorpo-
real membrane oxygenation (ECMO). There is a 
tendency to have the lung parenchyma densely 
adherent to the chest wall as radiation pneumo-
nitis can stimulate densely adherent lung tissue 
with underlying fibrosis. The degree of lung 
injury leads to the need for bypass, which, in 
conjunction with the dense adhesions, contrib-
utes to bleeding, and patients may need a tempo-
rary open chest.
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Primary graft dysfunction (PGD) is a form of 
acute lung injury that occurs after lung transplan-
tation [19]. PGD is characterized by hypoxemia 
and alveolar infiltrates in the allograft consistent 
with edema that develops within 72  h of lung 
transplantation and is graded from 0 to 3 based 
on PaO2 to FiO2 ratio. The incidence of severe 
PGD Grade 3 at a single time point has been 
reported to be between 7.9% and 25% in lung 
transplant recipients (LTRs) [20, 21]. Severe 
PGD has been associated with longer hospital 
length of stay, longer duration of mechanical 
ventilation, and higher 90-day mortality than 
those with lower-grade PGD [20, 21]. The inci-
dence and outcomes of PGD are similar in LTx 
after HSCT. In a study of 62 LTRs after HSCT 
from Japan, severe primary graft dysfunction 
occurred in nine (4.5%) patients. In two patients, 
this resulted in early death 1  month after lung 
transplantation [2].

Not surprisingly, the overall post-transplant 
hospital length of stay for HSCT patients is lon-
ger compared to LTx for other indications. Hence, 
patients selected for LTx after HSCT should 
include clinically stable patients without active 
infection. Additionally, there needs to be a focus 
on preoperative optimization of nutrition in antic-
ipation of a prolonged recovery and extensive 
patient counseling to ensure commitment to 
undertake the inherent risk of LTx in the back-
ground of HSCT.

 Immunosuppression

All lung transplant recipients receive immunosup-
pression with a calcineurin inhibitor (either tacro-
limus or cyclosporine), corticosteroids, and a cell 
cycle inhibitor (either azathioprine or mycopheno-
late mofetil). In LTx after HSCT, induction immu-
nosuppression with antithymocyte globulin is not 
routinely administered due to the increased infec-
tious risk. Basiliximab (day 0 and day 4) may be 
administered if the initiation of calcineurin inhibi-
tor is delayed. Patients receive methylprednisone 
1gm intravenously at the time of surgery followed 
by a tapering dose of prednisone, based on institu-
tional protocols. Calcineurin inhibitors are admin-

istered based on monitored levels. Tacrolimus 
target levels are typically 12 to 14 mg/dL in the 
first year and 10 to 12 mg/dL thereafter; and cyclo-
sporine target levels are 250–300 mg/dL for first 
year post-transplant and 200–250 mg/dL thereaf-
ter. Immunosuppressive regimens in LTx after 
HSCT are comparable; however, institutional pro-
tocols may vary. Moreover, there is a focus on low-
ering immunosuppression post-LTx due to the 
elevated infection risk and pretransplant exposure 
to immunosuppression in LTRs with previous 
HSCT.

Kliman and colleagues studied LTRs after 
HSCT at two large Australian LTx centers. 
Eighteen patients (ages 10–64  years; median, 
29.6  years) underwent bilateral LTx between 
2002 and 2017 after having previously under-
gone an HSCT. Most patients undergoing evalua-
tion for lung transplantation were on 
immunosuppressive agents (0–3 agents) at the 
time of referral. Prednisolone and cyclosporine 
were the most common agents with mycopheno-
late, tacrolimus, and extracorporeal photophere-
sis also used. The most common post-LTx 
immunosuppression regimens were prednisone, 
tacrolimus, and mycophenolate (33% of patients) 
and prednisone and tacrolimus (22% of patients). 
Five patients (28%) received basiliximab postop-
eratively [22].

Chen and colleagues showed that in patients 
who received lobar transplantation from the same 
donor, postoperative immunosuppression was able 
to be reduced significantly. In a retrospective review 
of 19 patients who underwent living donor lobar 
LTx after HSCT in Japan, eight patients had the 
same living donor for both LTx and HSCT. Trough 
levels of calcineurin inhibitors were maintained at a 
lower level throughout the postoperative period. 
Moreover, three patients were carefully tapered off 
immunosuppression. There was no significant dif-
ference in the infectious complications or the fre-
quency of acute rejection between the two groups. 
Fifteen patients (79%) suffered from graft-versus-
host disease at sites other than the lung, such as the 
skin and liver [23].

With the aim of reducing complications of 
LTx after HSCT, a retrospective Japanese study 
of 22 patients suggested improved survival when 
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a lower dose of prednisone (<0.42  mg/kg/d) is 
used compared with higher doses [24]. Similar 
experience has been reported by the Australian 
group where less intense immunosuppressive 
regimens have been effective and well tolerated 
in LTx patients following HSCT [22]. Recurrence 
of GVHD in both the transplanted lung and other 
organs appears to be low. Further research is 
needed in this area to optimize the post-LTx 
immunosuppression for patients with a prior his-
tory of HSCT.

 Prophylaxis

Patients undergoing LTx after HSCT require pro-
phylaxis against opportunistic infections. This 
typically consists of lifelong prophylaxis against 
Pneumocystis jirovecii with trimethoprim/sulfa-
methoxazole, inhaled pentamidine, atovaquone, 
or dapsone. Patients also receive antifungal pro-
phylaxis with an azole antifungal for at least 
3 months post-transplantation. Cytomegalovirus 
(CMV) prophylaxis, with ganciclovir 5 mg/kg IV 
OD, is commenced at the time of transplant and 
changed to valganciclovir 900 mg OD, based on 
renal function once enteral medications can be 
tolerated. CMV prophylaxis continued for 9 
months in CMV IgG donor positive/recipient 
negative cases (CMV D+/R−), 6–9  months in 
CMV IgG D+/R+ cases, and 6–9 months in CMV 
IgG D−/R+ cases. CMV IgG D−/R− cases do 
not receive CMV prophylaxis but receive acyclo-
vir for herpes simplex virus (HSV) prophylaxis 
instead. Following discontinuation of prophy-
laxis, serum CMV PCR is monitored weekly for 
1 month. Additional perioperative antibiotic pro-
phylaxis can be considered based on history of 
previous colonization. LTRs after HSCT remain 
at risk for late-onset CMV disease, and therefore, 
longer duration of CMV prophylaxis should be 
considered.

 Infections

LTx recipients after HSCT are at increased risk of 
infectious complications secondary to interrup-

tion of mucosal barriers associated with graft- 
versus- host disease (GVHD), 
hypogammaglobulinemia, prolonged immuno-
suppressive therapy, and colonization by resistant 
bacteria [14]. Opportunistic infections are com-
mon after lung transplantation, most commonly 
aspergillus and cytomegalovirus infections. 
Therapeutic antifungals and antivirals are often 
needed, and immunoglobulin replacement for 
hypogammaglobulinemia should be considered. 
Infectious complications can be severe and may 
lead to mortality.

Data from a retrospective multicenter pediatric 
survey on behalf of the European Society for 
Blood and Marrow Transplantation (EBMT) 
reported on 12 LTRs following HSCT in child-
hood [21]. Infectious complications occurred in 
five (42%) of LTRs. Two patients died 5 years and 
10 years after LTx due to infection and underlying 
primary immunodeficiency [25]. In the largest 
study of lung transplantation after HSCT, sepsis 
accounted for 41% of deaths during follow-up. 
The authors identified the timing of allo-HSCT 
(within 2  years of LTx) and bridging to LTx 
(mechanical ventilation or extracorporeal life sup-
port) as risk factors for early sepsis-related mortal-
ity [17]. Similarly, Brockmann and colleagues 
reported that infectious complications were a 
major cause of mortality among 101 LTRs after 
HSCT; causes included aspergillosis, CMV 
encephalitis, and pneumocystis jiroveci pneumo-
nia (PJP) pneumonitis [26].

Pneumatosis intestinalis is a rare complication 
following LTx after HSCT. The possible causes of 
pneumatosis intestinalis include CMV infection, 
Clostridium difficile colitis, long-term immuno-
suppression administered for pulmonary GVHD, 
and intense immunosuppression after LTx. It has 
been postulated that inflammation caused by 
infection destroys bowel mucosa, allowing inva-
sion of gas producing bacteria or air itself. 
Corticosteroids independently appear to signifi-
cantly increase the risk of development of pneu-
matosis intestinalis after HSCT.  Corticosteroids 
may induce atrophy of the Peyer’s patches, result-
ing in defects in the bowel mucosa and subsequent 
migration of gas or air into the submucosal and 
subserosal regions. Conservative therapy should 
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be considered for the treatment of pneumatosis 
intestinalis developing after LTx [27].

The optimal approach for translating knowl-
edge regarding potential immunodeficiency and 
resultant infection risk into post-transplant man-
agement is not clear-cut. It might be argued that a 
less intensive immunosuppressive regimen 
should be provided to LTRs after the previous 
HSCT. However, the complexity of the pathobi-
ology and the impact of individualized factors in 
the pathogenesis of these deficits make a “one- 
size- fits-all” strategy inappropriate for this 
cohort. These patients commonly experience 
humoral immune deficiencies, as evidenced by 
the high proportion of patients requiring immu-
noglobulin replacement and low rates of donor- 
specific antibody development post-LTx. 
However, T-cell-mediated acute cellular rejection 
remains an ongoing concern. Strategies to opti-
mize post-LTx outcomes in allo-HSCT recipients 
include prolonged CMV prophylaxis, preemptive 
antimicrobial therapy, monitoring for immuno-
globulin deficiency, and, in appropriate cases, 
careful reduction of maintenance immunosup-
pression compared to standard regimens.

 Acute Rejection

Despite significant progress in the field of trans-
plant immunology, acute rejection remains a fre-
quent complication after lung transplantation 
[28]. Almost 30% of LTRs experience at least 
one episode of acute cellular rejection (ACR) 
during the first year after transplant. Acute cellu-
lar rejection and lymphocytic bronchiolitis have 
well-defined histopathologic diagnostic criteria 
and grading. Acute allograft rejection has been 
classically described based on the immunobiol-
ogy and histopathologic features of T-cell- 
dependent (cellular) allo-immunity against the 
donor antigens expressed in the lung allograft. 
The diagnosis of acute rejection is made based on 
the presence of perivascular and interstitial 
mononuclear infiltrate in lung tissue [29]. 
Antibody-mediated rejection occurs due to 
humoral immunity-mediated production of 
donor-specific antibodies, targeted toward donor 

lung antigens, that create a propagating cycle of 
tissue injury and destruction [30].

It has been suggested that allogeneic HSCT 
increases risk of rejection after LTx because of 
the number of immunocompetent leukocytes 
present in the donor lung [26]. In a study of 62 
LTRs after HSCT from Japan, there was a high 
incidence of acute rejection. Forty episodes of 
acute rejection occurred in 33 patients [2]. In 
the systematic review of 101 LTx after HSCT, 
Brockmann and colleagues reported rejection 
episodes in 19% of patients, and rejection was 
the cause of mortality in 6% of patients [26]. 
Koenecke and colleagues described outcomes of 
LTRs after HSCT within 107 European Group 
for Blood and Marrow transplantation member 
centers. Four out of the 12 patients had episodes 
of graft rejection after LTx. This led to respira-
tory failure and death in one patient and retrans-
plantation in another patient. The rejection 
episodes were successfully treated with immu-
nosuppressive therapy in the remaining two 
patients [25].

On the other hand, data regarding the inci-
dence of antibody-mediated rejection in LTx 
after HSCT is sparse. The incidence of donor- 
specific antibodies in LTRs with a previous 
HSCT has been described to be low in associa-
tion with immunodeficiency and hypogamma-
globulinemia. Additional research is needed to 
better understand the risk of acute cellular and 
antibody-mediated rejection in LTRs with a his-
tory of HSCT.

 Chronic Lung Allograft Dysfunction

Chronic lung allograft dysfunction (CLAD) is the 
overarching term encompassing all forms of 
chronic lung dysfunction post-transplant. CLAD 
is defined as a substantial and persistent decline 
(>20%) in measured forced expiratory volume in 
1 s (FEV1) from baseline. The baseline value is 
computed as the mean of the best two postopera-
tive FEV1 measurements (taken >3 weeks apart). 
CLAD can present either as a restrictive pattern or 
an obstructive pattern, bronchiolitis obliterans 
syndrome (BOS), defined by the persistent decline 
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in forced expiratory volume in 1 s (FEV1) and/or 
forced vital capacity (FVC) <80% of baseline 
post-transplant testing for >3 weeks [31].

In a multicenter case series describing the 
Australian experience of LTx after HSCT, CLAD 
developed in three out of 18 patients (17%) at 20, 
25, and 75 months, respectively. One of the patients 
developed pulmonary graft failure and required a 
second LTx 40 months after the initial LTx. He sur-
vived up to 46 months following his second LTx 
before dying from recurrent CLAD and graft fail-
ure [22]. In a systematic review of LTx after HSCT, 
the reported recurrence of BOS after LTx in the 
HSCT population was higher at 32% and is compa-
rable to the other indications for LTx [14].

 Malignancy

Relapse of underlying malignancy after LTx in 
HSCT is another major concern. Based on the 
available data, 2.5% of patients had a relapse of 
the primary hematologic malignancy, and 4.5% 
developed new malignancy (primarily skin and 
lymphoma) after lung transplantation [14]. Chen- 
Yoshikawa and colleagues reported recurrence of 
malignancy in four out of 62 (6.5%) LTRs after 
HSCT, and three patients eventually died. The 
development of recurrence of hematologic malig-
nancy was significantly associated with a shorter 
interval between HSCT and lung transplantation. 
In the same cohort, one patient died of post- 
transplant lymphoproliferative disorder 7 months 
after transplantation [2].

 Mortality

For patients with end-stage lung disease, LTx can 
prolong life substantially; however, the survival 
statistics for lung transplant recipients still sig-
nificantly lag behind other solid organ transplant 
recipients. There are limited data regarding the 
long-term outcomes in patients undergoing a LTx 
after HSCT.  In a report of 13 LTRs following 
HSCT, the 1-year (90%) and 5-year (75%) sur-
vival did not differ from matched lung transplant 
controls (85% and 68%, respectively) [32]. In 

another series of nine patients, survival at 1 year 
and 5  years was 89% and 37%, respectively, 
which was lower than expected for other lung 
transplant recipients (49% at 5 years) [18]. In a 
retrospective single center cohort study at the 
Toronto General Hospital between 2003 and 
2019, Riddell and colleagues assessed post- 
transplant outcomes of 19 adults who underwent 
double LTx after HSCT. The post-transplant sur-
vival was 50% at 5 years. Survival to 1 year was 
similar to matched control, but survival condi-
tional of 1-year survival was lower in the allo- 
HSCT cohort. An increased risk of death due to 
infection was identified in the allo-HSCT cohort 
compared to matched controls [33].

 Health-Related Quality of Life

Lung transplantation after HSCT can improve 
survival in patients with pulmonary complica-
tions after HSCT.  Similarly, improvement in 
health-related quality of life (HRQOL) after LTx 
is another important post-transplant outcome. 
Hamada and colleagues reported that the physi-
cal function and HRQOL were lowest before 
lung transplantation in patients with pulmonary 
complications after HSCT. Two years after lung 
transplantation, the dyspnea scores and perfor-
mance status improved. However, recipients who 
were unemployed before lung transplant were 
likely to remain unemployed and continued to 
show poor HRQOL.  The study showed poor 
recovery of HRQOL and the likelihood of failure 
to reintegrate into society within 2  years after 
lung transplantation. Hence, it is necessary to 
consider long-term follow-up, multidisciplinary 
treatment, rehabilitation, and physical training to 
improve social reintegration and HRQOL in 
patients undergoing LTx after HSCT [3].

 Patients with Primary 
Immunodeficiency

Patients with primary immunodeficiency, such as 
common variable deficiency, present a unique 
challenge for transplantation. Bone marrow 
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transplantation can be curative with healthy bone 
marrow-derived immunity. However, patients 
with primary immunodeficiency often develop 
pulmonary complications secondary to recurrent 
infections, making them ineligible for even 
reduced intensity conditioning because of risk of 
mortality. On the other hand, these patients may 
develop end-stage bronchiectasis but are ineligi-
ble for LTx because of concerns of recurrent 
infections in the allograft.

In 2015, Szabolcs and colleagues reported the 
first successful combined sequential lung and 
bone marrow transplantation from an unrelated 
cadaveric donor in a 16-year-old girl with T-cell 
lymphopenia with long-term graft survival. After 
identification of an appropriate donor, bone mar-
row harvesting and cryopreservation were per-
formed. The recipient underwent standard 
bilateral sequential LTx followed by standard 
immunosuppression. Three months after LTx, 
reduced intensity conditioning followed by cryo-
preserved, T-cell-depleted cadaveric bone mar-
row transplant was performed. Subsequently, the 
patient was noted to have 100% donor chimerism 
in whole blood and was completely weaned off 
all immunosuppression 3  years after transplant 
[34]. This report provided proof of concept to the 
hypothesis that persistent engraftment of the 
hematopoietic stem cells from an immunocom-
petent donor would result in donor-derived cel-
lular immunity and may enable lifelong immune 
tolerance to the lung allograft. A clinical trial to 
evaluate the safety and efficacy of performing 
bilateral orthotopic lung transplantation followed 
by cadaveric HSCT from the same donor for 
patients with primary immunodeficiency disease 
and end-stage lung disease is currently underway 
[35].

 Conclusion

Lung transplantation for end-stage lung disease 
complicating HSCT remains a rare indication. 
Individuals being evaluated for LTx after HSCT 
are considered to be high-risk candidates due to 
the need for additional immunosuppression, pre-
sumed abnormal baseline immunology, risk for 

infection, nutritional deficiencies, extra pulmo-
nary GVHD, and risk of recurrence of malig-
nancy. The reported post-transplant outcomes in 
LTRs after HSCT are comparable to other LTx 
recipients, albeit the risk for infectious complica-
tions remains higher. Further research is required 
to determine the appropriate timing of referral 
and listing, post-transplant outcomes, and immu-
nosuppressive and antimicrobial strategies, as 
well as supportive care in this patient population 
to assist HSCT and LTx programs to optimize 
resource utilization and outcomes.
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24Outcomes in Critically Ill 
Allogeneic Hematopoietic Stem 
Cell Transplantation Recipients

Antoine Lafarge and Elie Azoulay

 Introduction

Allogeneic hematopoietic stem cell transplanta-
tion (Allo-HSCT) is a well-established therapeu-
tic option for many malignancies such as acute 
myeloid and lymphoblastic leukemia, myelodys-
plastic syndromes, myeloproliferative neo-
plasms, and some nonmalignant life-threatening 
diseases. It is estimated that about 18,000 
patients receive Allo-HSCT every year in 
Europe, the corresponding figure being 10,000 in 
the USA [1, 2].

 Intensive Care Unit Admission

Despite notable changes in the practice of Allo- 
HSCT in the past 30 years, including older age at 
Allo-HSCT and use of alternative stem cell 
sources, the proportion of Allo-HSCT recipients 
requiring intensive care unit (ICU) admission 
remains stable over time, a finding probably rel-
evant to the greater use of reduced-intensity con-
ditioning [3]. Similarly, Allo-HSCT recipients 
still display increased short and long-term mor-
tality rates, mainly due to the relapse of primary 
disease and the high burden of nonrecurrence- 
related morbidity.

The likelihood of ICU admission varies from 
center to center, with published series reporting a 
wide range of admission rates from 5 to 57% [4, 
5] (Table 24.1).
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Table 24.1 Key findings from five studies focusing on critically ill Allo-HSCT recipients

Authors
Study 
period

ICU admission 
rate

Time from Allo-HSCT to ICU 
admission

ICU 
mortality

1-year 
survival

Pichereau et al. 
(2020) [13]

2005–
2014

191/1212 
(16%)

145 days (29–446) 35/191 
(18%)

75/191 
(39%)

Lueck et al. (2018) 
[6]

2000–
2013

330/942 (35%) 77 days (16–300) 178/330 
(54%)

114/300 
(38%)

Pène et al. (2006) [8] 1997–
2003

>30 days in 139/209 (66%) 101/209 
(48%)

44/209 
(21%)

Lengliné et al. (2015) 
[3]

1997–
2011

497/2286 
(22%)

73 days (14–239) 194/497 
(39%)

–

Benz et al. (2014) [4] 1998–
2007

33/250 (13%) 72 days (7–870) 21 (64%) 9/33 (28%)

 Risk Factors for ICU Admission

The risk for ICU admission is independently asso-
ciated with acute graft-versus-host disease 
(aGVHD) grade II–IV and HLA mismatches, a 
finding probably due to the use of immunosup-
pressive therapies. In contrast, the stem cell source, 
donor relation, age of the patient, gender, ABO 
mismatch, as well as conditioning and TBI are not 
reported as risk factors for ICU admission [5].

 Timing of Intensive Care Unit 
Admission

Time between Allo-HSCT and ICU admission 
greatly differs according to series, but the major-
ity of ICU admissions occur within 3  months 
after Allo-HSCT, during or immediately after the 
engraftment period [5]. However, Allo-HSCT 
recipients carry a substantial burden of late-onset 
morbidity, such as onco-hematological malig-
nancies and cardiovascular diseases that may 
require ICU admission many years after Allo- 
HSCT.  Accordingly, the delay between HSCT 
and ICU transfer is related to the reason for ICU 
admission [6].

 Indications of Intensive Care Unit 
Admission

Acute respiratory failure (ARF) represents the 
main reason for ICU admission. Causes of ARF 
are not always clearly reported but are dominated 

by pulmonary infections, acute cardiac failure, 
and intra-alveolar hemorrhage [6–9].

Other common reasons for ICU transfer are 
septic shock, neurological failure (including pos-
terior reversible encephalopathy syndrome, drug 
toxicity, metabolic disorders, infectious causes, 
and cerebral hemorrhages), and acute kidney 
injury (sepsis, shock, and specific causes such as 
engraftment syndrome, veno-occlusive disease or 
thrombotic microangiopathy).

Documented infection rates vary from 50 to 
70% [7, 8], involving mostly bacteria, way ahead 
of invasive fungal infections (mostly aspergillo-
sis) and virus (mostly cytomegalovirus reactiva-
tion) [8].

 Autologous and Allogeneic HSCT 
Induce Different Patterns of Organ 
Dysfunction

Unlike Allo-HSCT, autologous HSCT (Auto- 
HSCT) has no therapeutic effect per se but can 
overcome the prolonged cytopenia induced by 
the therapeutic use of high-dose chemothera-
pies. Hence, the pattern of organ dysfunction is 
clearly different between critically ill Allo-
HSCT and Auto-HSCT recipients. Less than 
10% of Auto- HSCT recipients require ICU 
admission, mostly for chemotherapy-related 
toxicity and febrile neutropenia or sepsis [10, 
11]. Studies including a mixture of both HSCT 
types should be interpreted carefully. Most of 
the literature specific to critically ill autologous 
HSCT patients show a favorable outcome that is 
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not much different from other patients with 
hematological malignancies.

In this chapter, we sought to put forward five 
important tips for the management of critically ill 
Allo-HSCT recipients, encompassing prognosis 
evaluation and therapeutic strategy, as well as 
short- and long-term outcomes.

 The Number of Organ Dysfunction 
Is the Major Determinant 
of Mortality

The number of organ dysfunctions remains the main 
prognostic factor in critically ill Allo-HSCT recipi-
ents [3, 12, 13]. The number of organ dysfunctions is 
associated with both early (ICU and hospital mortal-
ity) [6, 12] and long-term mortality rates [3, 6, 13].

When Allo-HSCT patients are admitted to the 
ICU with only one or no organ failure, diagnostic 
and therapeutic procedures are associated with a 
better diagnostic yield or therapeutic response 
[11, 14]. However, ICU reality is more complex 
as it is mainly the combination of organ dysfunc-
tions that require ICU admission [6], knowing 
that attempt to resuscitate multiple organ failure 
in the HSCT population is mostly associated with 
increased mortality [3, 11].

Acute respiratory failure (ARF) represents the 
main reason for critically ill Allo-HSCT recipients. 
Interestingly, ARF etiologies depend on the time 
since Allo-HSCT, the conditioning regimen, and the 
presence of GVHD.  In addition, whether patients 
receive an antifungal or anti- pneumocystis prophy-
laxis is important. Overall, pulmonary infections, 
acute cardiac failure, and intra-alveolar hemorrhage 
are among the main ARF etiologies [5, 6, 8, 9].

Septic shock, neurological failure (including 
posterior reversible encephalopathy syndrome, 
drug toxicity, metabolic disorders, infectious 
causes, and cerebral hemorrhages), and acute 
kidney injury (sepsis, shock, and specific causes 
such as engraftment syndrome and veno-occlu-
sive disease thrombotic microangiopathy) may 
also lead to ICU transfer.

 The Assessment of Acute GVHD 
(aGVHD) Trajectory Might Help 
to Identify Allo-HSCT Patients Who 
Could Benefit from Critical Care

Despite significant advances in the manage-
ment of aGVHD, it still remains the leading 
Allo- HSCT complication and requires intense 
and aggressive immunosuppressive strategies 
[13]. Several studies published over the last 
decade emphasize on the grim survival associ-
ated with aGVHD. Mortality rates reach 70% in 
critically ill Allo-HSCT recipients with aGVHD 
requiring life-sustaining therapies, especially 
mechanical ventilation [3, 13]. The negative 
impact of aGVHD may be due to aGVHD-
related organ involvement, incremental immu-
nosuppression, opportunistic infections, and 
nutritional status degradation [13]. Thus, until 
recently, ICU admission of Allo-HSCT recipi-
ents with active and uncontrolled aGVHD was 
discouraged.

However, these reports always analyzed 
aGVHD as a binary variable, neglecting its 
dynamic assessment. Considering the aGVHD 
trajectory for the first time, Pichereau et  al. 
considered different categories of patients, 
depending on whether they had a controlled, 
improving, or newly diagnosed (and untreated) 
aGVHD, as opposed to a refractory 
aGVHD.  Their findings were that Allo-HSCT 
recipients without refractory aGVHD had non-
significantly different day- 90 survival. There 
was, however, a significantly increased mortal-
ity when aGVHD was refractory to immuno-
suppressive drugs.

While aGVHD remains a major determinant 
of mortality in critically ill Allo-HSCT recipi-
ents, these findings suggest that Allo-HSCT 
recipients in whom GVHD is not uncontrolled 
could benefit from ICU admission. The goals of 
care for these patients need, however, to be reas-
sessed individually based on the patient’s prefer-
ences and values, associated comorbid conditions, 
and frailty indexes.

24 Outcomes in Critically Ill Allogeneic Hematopoietic Stem Cell Transplantation Recipients
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 Early ICU Admission of Allo-HSCT 
Recipients Is Associated with Better 
Outcomes

Interestingly, Orvain et  al. showed that Allo- 
HSCT recipients admitted earlier on to the ICU 
as soon as they show signs of organ injury fared 
better. Allo-HSCT recipients who were admitted 
later on following the first organ injury (>1 day) 
or with more organ injuries (>2 organ injuries) 
had a worse outcome. The development of a 
score combining these covariates (the number of 
organ injuries/day) further improved the predic-
tion of in-hospital survival after ICU admission. 
Allo-HSCT recipients with higher organ injuries/
day had significantly higher in-hospital mortality 
rate even after adjustment for refractory acute 
GVHD and the sequential organ failure assess-
ment (SOFA) [12].

The benefit of an early ICU admission policy 
of onco-hematological patients has already been 
demonstrated but not specifically in Allo-HSCT 
recipients [6, 15, 16]. In a subgroup analysis, 
Bokhari et  al. reported improved 6-month sur-
vival in HSCT recipients who were admitted ear-
lier to the intensive care unit [17].

Multicenter studies are warranted to validate 
the injuries/day score and confirm the implemen-
tation of an early ICU admission policy in 
 Allo- HSCT recipients. The benefit of such a strat-
egy could rely on the early introduction of close 
monitoring, intensive diagnosis strategy, and opti-
mized organ support on less injured patients.

 Need for Precision and Personalized 
Critical Care Management of Allo- 
HSCT Recipients

The dynamic assessment of aGVHD illustrates 
the evolution of critical care toward precision and 
personalized medicine. ICU admission should no 
longer be considered as a binary decision, and 
individuals’ goals of critical care management 
must be defined as early as possible for each indi-
vidual case.

When aGVHD is in remission, Allo-HSCT 
recipients should receive the same full code of 
ICU management as patients without aGVHD. In 

patients with active but controlled aGVHD, a 
time-limited trial of ICU management is in order. 
Unless aGVHD becomes uncontrolled or the 
underlying malignancy relapses, we recommend 
at least 14 days of full code management before 
reassessing the goals of care. However, in criti-
cally ill Allo-HSCT recipients with uncontrolled 
aGVHD despite high-dose steroids and additional 
immunosuppressors, ICU management is likely 
to be non-beneficial, and the goals of care should 
be shifted from curative to palliative [11, 13].

Beyond life-sustaining therapies in most 
severe Allo-HSCT recipients, ICU admission 
might be considered for less invasive strategies 
such as cardiac or pulmonary evaluation, diag-
nostic procedures, or close monitoring [6, 11].

Within a close relationship between hematolo-
gists and intensivists, the early assessment of the 
goals of critical care for every Allo-HSCT recipi-
ent should help align therapeutic objectives with 
patient expectations [11, 18].

 Long-Term Survival of Allo-HSCT 
Recipients Is Encouraging and No 
Longer Affected by a Former ICU Stay

As for other patients with hematological malig-
nancies [14], both short- and long-term survival 
of critically ill HSCT patients have improved sig-
nificantly in recent years [3, 6, 9]. ICU, hospital, 
and 1-year survival rates increased over time and 
now reach 60%, 43%, and 32%, respectively [6]. 
ICU admission policies and HSCT procedures 
may vary over time, but improved outcomes also 
involve most severe patients requiring life- 
sustaining therapies such as mechanical ventila-
tion or vasoactive drugs, arguing for specific 
advances in critical care management [3, 6].

While the ICU admission remains clearly 
associated with poor outcomes in Allo-HSCT 
recipients, long-term survival is now comparable 
between ICU survivors and patients never admit-
ted to the ICU [6].

These findings highlight the improvements in 
critical care management in recent years and 
emphasize the potential benefit of ICU admission 
that should be considered as a bridge to cure for 
critically ill Allo-HSCT recipients [11].
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 Conclusion

As observed for other critically ill patients, ICU 
outcomes of Allo-HSCT recipients have dramati-
cally improved over the last decades, including 
most severe patients requiring vasopressors and 
mechanical ventilation [3, 6]. This finding may 
rely on changes in HSCT procedures and immu-
nosuppressive strategies, better triage, earlier 
ICU admission, and improved general critical 
care management.

About a third of Allo-HSCT recipients will 
require critical care management [6]. ICU 
admission remains clearly associated with 
shortened survival, but long-term outcomes of 
ICU survivors are not different anymore from 
patients that had never been in the 
ICU. Encouraging 5-year survival rates around 
50% [6] is probably the strongest argument to 

maintain the doors of ICU widely opened to 
critically ill Allo-HSCT recipients without 
uncontrolled aGVHD.

The time for precision and personalized criti-
cal care management of Allo-HSCT recipients 
has come. Allo-HSCT recipients must be consid-
ered for intensive care, in terms of full code or 
2-week ICU trial, as soon as they develop organ 
injury. The goals of care should be defined at ICU 
admission for every Allo-HSCT recipient, requir-
ing a close collaboration between intensivists and 
hematologists in order to assess primary disease 
status, number of organ failures, aGVHD trajec-
tory, and patient expectations. Hematologists and 
intensivists will for sure need to adapt their strat-
egy with the growing use of genetically modified 
auto chimeric antigen receptor (CAR) T-cell ther-
apy that will certainly modify the Allo-HSCT 
landscape (Fig. 24.1).
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Fig. 24.1 Outcomes in critically ill allogeneic hemato-
poietic stem cell transplantation recipients. Allo-HSCT 
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 Introduction

Owing to advancements in oncology and critical 
care, the outcomes of acute respiratory failure 
(ARF) among cancer patients have improved sig-
nificantly over the last three decades [1–4]. 
However, patients with cancer have a higher mor-
tality rate than non-cancer cohorts (50–60% vs. 
30–40%) in the setting of mechanical ventilation 
[2, 3, 5]. In more recent years, intensive care unit 
(ICU) mortality has continued to decrease 
steadily for most subtypes of cancer; however, in 
recent years, mortality across patients receiving 
hematopoietic stem cell transplant (HSCT) (spe-
cifically allogeneic) has plateaued [4].

Compared to other hematological malignant 
(HM) conditions and most other cancers, the 
HSCT population experiences a higher frequency 
of ARF necessitating ICU admission [6–8]. 
Approximately 25% of HSCT patients require an 
ICU admission within 1 year of procedure [1, 9]. 
The predominant cause of critical illness remains 
ARF. ICU mortality in this population in the set-

ting of ARF ranges from 50% to 70%. Higher 
mortality rates are often related to the presence of 
invasive fungal infections or indeterminant ARF 
[10–16]. This high mortality rate is in contrast to 
32% ARF mortality in the general population 
requiring ventilation [17] and 56% in an immu-
nocompromised population requiring ventilation 
[18]. It remains unclear whether the higher mor-
tality is predominantly due to (1) patient factors 
(e.g., greater propensity for frailty), (2) disease 
factors (e.g., higher severity of illness/more chal-
lenging organisms), (3) physician factors (e.g., 
preconceived perception of poor prognosis driv-
ing end-of-life conversations), (4) difference in 
mechanical ventilation practices (e.g., use of 
noninvasive devices), or (5) pathophysiologic 
differences in ARF.

This chapter will focus on respiratory support 
for the HSCT population in the setting of ARF. It 
is important to highlight that determining the 
cause of ARF through a safe and precise approach 
is possibly one of the most important principles 
in managing these patients as delays in diagnosis 
or indeterminant ARF carries a high mortality 
rate for this population [19–21].
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 Features of Pulmonary 
Complications Following HSCT

There are distinct immunologic states that occur 
post-HSCT that render patients susceptible to 
specific etiologies of ARF following transplant 
(see Chap. 3). The differential for causes of ARF 
is vast with infectious and noninfectious causes 
occasionally occurring simultaneously. Knowing 
the timeline following transplant, prophylactic 
therapy received, type of immunosuppression, 
and duration of immunosuppression is impera-
tive to inform investigative workup and approach 
to empiric therapy in the setting of severe illness. 
An early (0–100  days post-HSCT) and late 
(roughly beyond 100 days) timeline can be used 
to approach the etiology. Early can be catego-
rized as pre-engraftment (first 30  days), peri- 
engraftment (within 7 days of engraftment), and 
early post-engraftment (30–100 days) [15, 22]. In 
a recent cohort study that assessed post-HSCT 
ARF in the first year, 65% were identified as 
severe, and 69% occurred in the first 100  days 
following the transplant. Occasionally, ARF can 
progress to the more severe form known as acute 
respiratory distress syndrome (ARDS). ARDS, as 
a syndrome, is intended to identify a process that 
results in diffuse alveolar damage. Neutrophil 
activation is a core process in ARDS; however, 
despite neutropenia, ARDS is known to occur in 
the HSCT population. More research is needed to 
inform whether the process of ARDS is similar in 
the general population compared to the HSCT 
cohort. This is imperative to informing support 
ventilatory care and best ICU practices for this 
population.

 Noninvasive and Invasive 
Respiratory Support

The goal of respiratory support is to improve 
patient’s oxygenation, decrease respiratory work 
of breathing, and reverse any ventilation impair-
ment. Respiratory support measures could be 
roughly divided into two categories: noninvasive 
respiratory support and invasive mechanical ven-
tilation. Noninvasive devices may include high- 

flow nasal cannula (HFNC), continuous positive 
airway pressure (CPAP), and noninvasive 
mechanical ventilation (NIV).

The decision between noninvasive ventilation 
and upfront invasive mechanical ventilation 
(IMV) involves balancing the risks associated 
with coupling a patient to a ventilator and 
ventilator- associated lung injury against the risk 
of prolonged exposure to potentially injurious 
spontaneous breathing under a noninvasive strat-
egy. Deciding between noninvasive and invasive 
may also be governed by the need for more inva-
sive procedures that can be more safely executed 
under invasive mechanical ventilatory settings.

 Noninvasive Respiratory Support

HFNC uses a heated and humidified gas, provid-
ing a wide range of FiO2 (0.21–1) and maximum 
flow up to 60–80  L/min. The high flows help 
minimize dilution of ambient air to ensure that 
the intended oxygen is delivered to the alveoli. 
An additional benefit is the creation of a low pos-
itive end expiratory pressure (PEEP), mucocili-
ary clearance given the humidification, CO2 
washout from the upper airways, ease of use, and 
patient comfort [23]. CPAP and NIV use positive 
pressure ventilation through a tight-fitting face 
mask (oronasal or total face) or a helmet (plastic 
hood that is secured on the neck). Modes that are 
mainly used are continuous positive airway pres-
sure (CPAP only), or pressure support (PS) venti-
lation in addition to CPAP, often termed bilevel 
positive airway pressure (BiPAP).

Historically, invasive mechanical ventilation 
in immunocompromised patients was associated 
with high mortality and was considered an unfa-
vorable approach that should be avoided [24–27]. 
Given that historic trials demonstrated reduced 
need for intubation and mortality with an upfront 
approach of noninvasive ventilation, guideline 
recommendations suggested the use of noninva-
sive devices for this population. In a secondary 
analysis of a large epidemiologic study of ARDS, 
upfront NIV was used at a higher frequency in 
immunocompromised patients compared to non- 
immunocompromised patients [18]. However, 
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subsequent evidence reflecting contemporary 
IMV and critical care practices have not shown 
the same benefit of NIV in this population.

 Non-immunocompromised Patient 
Population
Outside of the immunocompromised population, 
there has been a surge of evidence evaluating the 
comparative effectiveness of different noninva-
sive respiratory devices. A series of systematic 
reviews and meta-analyses have demonstrated 
that HFNC and NIV decrease the risks of intuba-
tion compared to standard oxygen therapies. In a 
comparative evaluation of HFNC, face mask 
NIV, and standard oxygen therapies, HFNC 
decreased the need for intubation in more 
severely hypoxemic patients and decreased 
90-day mortality compared to face mask NIV and 
standard oxygen therapy [23]. Patients under 
NIV with a high tidal volume 1 h after initiation 
of NIV or more severely hypoxemic patients 
(PaO2/FiO2 < 200 mmHg) were more likely to be 
intubated. Patients with high tidal volumes on 
NIV had a higher mortality rate compared to the 
other modes. These findings, in general, raised 
enthusiasm for the use of HFNC and concern sur-
rounding the use of NIV.

 Immunocompromised Patient 
Population
The EFRAIM study assessed 1611 immunocom-
promised patients with ARF and the initial 
approach of respiratory support [19]. The study 
evaluated the association between initial oxygen 
modality and need for IMV and in-hospital all- 
cause mortality. Among these patients, 54.9% 
were HM, 6.7% were post-auto-HSCT, and 9.7% 
were post-allo-HSCT.  Factors that were associ-
ated with IMV included age, day-1 severity of 
illness, day-1 PaO2/FiO2, and ARF etiology 
(Pneumocystis jirovecii pneumonia, invasive pul-
monary aspergillosis, and undetermined etiol-
ogy). Factors that were associated with increased 
in-hospital mortality were age, indirect admis-
sion to the ICU, day-1 severity of illness, PaO2/
FiO2  <  100, and indeterminate ARF etiology. 
Initial oxygen strategy was not associated with 
mortality [19].

Utility of face mask NIV and HFNC has been 
specifically evaluated across the general immu-
nocompromised patient population. In a multi-
center randomized controlled study (INVICTUS 
trial), the outcome of early face mask NIV vs. 
standard oxygen therapy in 374 critically ill 
immunocompromised patients with ARF did not 
reduce 28-day mortality, nor did it show any sig-
nificant benefit for other secondary outcomes 
(need for intubation, severity of illness at day 3 of 
ICU admission, ICU-acquired infections, dura-
tion of mechanical ventilation, and ICU length of 
stay) [28].

Contemporary studies have further demon-
strated that the frequency of face mask NIV fail-
ure is not uncommon, particularly across higher 
severities of illness as well as in patients with 
hematologic malignancies [28]. Furthermore, 
face mask NIV failure is associated with poor 
outcomes [19, 29]. In the large epidemiologic 
study of ARDS (LUNG SAFE study), upfront 
NIV was used in 15% of cases. NIV use was not 
restricted to primarily mild ARDS and was seen 
across all severities of ARDS: 22.2% of mild, 
42.3% of moderate, and 47.1% of patients with 
severe ARDS.  Increasing ARDS severity was 
associated with an increased incidence of NIV 
failure. Hospital mortality in patients with NIV 
success and failure was 16.1% and 45.4%, 
respectively. In a propensity score-matched anal-
ysis, ICU mortality was higher in patients who 
received upfront NIV compared to invasively 
ventilated patients with a PaO2/FiO2 lower than 
150  mmHg [30]. A secondary analysis of this 
study focused on immunocompromised patients 
demonstrated that NIV was used more frequently 
as first-line respiratory support compared to the 
immunocompetent population [18]. While there 
may be a role for NIV in less-severe ARF, its rou-
tine role as first-line therapy for immunocompro-
mised (and non-immunocompromised) patients 
has been called into question.

HFNC as compared to standard oxygen ther-
apy was evaluated in a trial across 778 immuno-
compromised patients with ARF (the HIGH trial) 
[31]. Forty-five percent (348/778) of patients had 
an underlying hematologic malignancy with 48 
auto-HSCT and 61 allo-HSCT.  In this popula-
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tion, HFNC was not found to significantly 
decrease intubation or 28-day mortality [31]. 
Finally, a more recent trial by Coudroy et  al. 
comparing face mask NIV to HFNC across 300 
immunocompromised patients with ARF did not 
show any differences in 28-day mortality between 
HFNC and NIV alternating with HFNC.

 Placing Research into Context 
for the HSCT Patient Population
The current state of the literature does not defini-
tively recommend one noninvasive oxygen strat-
egy over another across immunocompromised 
patients. It is likely that there is not a one-size- 
fits-all approach to noninvasive respiratory sup-
port across patients (HSCT, immunocompromised 
nor immunocompetent). Different respiratory 
phenotypes likely exist and need to be tailored to 
individual patients. Currently, these phenotypes 
have not been defined, but future research should 
be dedicated to evaluating these. It may also be 
discovered that the clusters of phenotypes trans-
verse the historic “immunocompromised vs. non- 
immunocompromised” categorization and even 
“hematologic oncology vs. solid tumor.” 
Evidence to date has demonstrated certain risk 
factors more likely to be associated with noninva-
sive respiratory failure (particularly centered 
around face mask NIV but not specific to the 
HSCT or immunocompromised population).

Higher severity of ARF (i.e., PaO2/FiO2 < 150–
200 mmHg), number of organs failed, and large 
tidal volumes 1 h after initiation have been found 
to be associated with face mask NIV failure and 
higher risk of death. The HACOR score is a com-
posite score that considers heart rate, pH, level of 
consciousness, severity of hypoxemia, and respira-
tory rate, and when measured 1 h after NIV treat-
ment, it may predict the need for intubation [32].

For HFNC, the ROX index (SaO2/FiO2/respi-
ratory rate (RR)) was a tool validated to predict 
HFNC failure leading to IMV across patients 
with pneumonia [33]. As delayed intubation by 
using HFNC may be associated with higher mor-
tality [34], it is of interest to develop a decision-
making supporting tool to predict high risk of 
HFNC failure. The ROX index (SpO2/FiO2/RR) 
found that a score over 4.88 within 2–12  h of 

starting HFNC is associated with a lower risk of 
intubation (area under the curve [AUC] of the 
receiver operating characteristic [ROC] curve in 
the validation cohort was 0.703 [0.616–0.790] at 
6  h and 0.752 [0.664–0.840] at 12  h) [33, 35]. 
The ROX index performance was also evaluated 
in immunocompromised patients and found a 
score of 4.88 still highly associated with HFNC 
failure and need for intubation but with poorer 
accuracy and predictability (AUC = 0.623) [36].

Spontaneous breathing may have beneficial 
physiological effects; however, an emerging area 
of interest surrounds the potential harm associ-
ated with spontaneous breathing. Large swings in 
intrathoracic pressure with vigorous breathing 
may also be injurious to the lungs. This concept 
has been labeled patient self-inflicted lung injury 
and is becoming increasingly recognized as a 
potential contributor to noninvasive respiratory 
support failure and/or mortality [37]. Ultimately, 
patients with an ARF trajectory that is about to 
peak/plateau and recover are likely the ones who 
would most benefit from noninvasive respiratory 
support compared to those who are still on their 
trajectory of worsening. Accurately identifying 
this cohort has not yet been accomplished; how-
ever, patients with more protracted ARF may be 
less likely to benefit from an upfront noninvasive 
device. Additional considerations specific to the 
HSCT population surround the need for invasive 
investigations to identify the cause of ARF for 
treatment to be tailored. In cases of diagnostic 
uncertainty, noninvasive techniques may lead to 
delays in diagnostic measures [19]. If bronchos-
copy or computed tomography (CT) scans are 
necessary for the diagnostic workup and cannot 
safely be performed under noninvasive respira-
tory support due to hypoxemia risk, transitioning 
to IMV may be necessary to both support the 
patient and facilitate these investigations.

 Future Role of Noninvasive Respiratory 
Support
In addition to accurately identifying sub- 
phenotypes, matching noninvasive devices to 
these phenotypes, predicting trajectory of ARF, 
and better describing how to measure patient 
self-inflicted lung injury, new noninvasive 
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devices are currently under evaluation with 
promising preliminary data. One of the greatest 
challenges with face mask NIV is patient toler-
ance. Helmet is a unique interface that can couple 
a patient noninvasively to NIV or CPAP using a 
transparent plastic hood. An exploratory trial 
evaluating helmet NIV compared to face mask 
NIV demonstrated improved mortality with the 
helmet interface [38]. The authors theorized that 
the mortality benefit might have been attributable 
to more effective PEEP application and tolerabil-
ity with helmet compared to face mask. A net-
work meta-analysis evaluated 25 trials comparing 
four different oxygen modalities (HFNC, face 
mask NIV/CPAP, helmet NIV/CPAP, or standard 
oxygen therapy). Helmet NIV (and face mask 
NIV) reduced intubation and mortality compared 
to the other modalities; however, this mortality 
benefit was no longer true with face mask NIV 
across patients with more severe ARF (studies 
with PaO2/FiO2  <  200  mmHg) [39]. The 
HENIVOT study was a multicenter randomized 
clinical trial that randomized 109 patients with 
COVID-19 and moderate to severe ARF to hel-
met ventilation for at least 48  h eventually fol-
lowed by high-flow nasal oxygen (n  =  54) or 
high-flow oxygen alone (n  =  55). The median 
days free of respiratory support within 28 days 
were not significantly different between groups 
(primary outcome). The helmet group had sig-
nificantly lower rate of endotracheal intubations 
and higher rate of days free of invasive mechani-
cal ventilation within 28 days [40]. The option of 
helmet ventilation may offer some advantages in 
immunocompromised patients, but evidence is 
still lacking. Currently, there are a series of ongo-
ing trials evaluating helmet compared to other 
modalities, and its role in immunocompromised, 
cancer, and HSCT patients has yet to be reported.

 Palliative Use of Noninvasive 
Respiratory Support
Noninvasive devices also serve the purpose of 
buying time for decision-making about escalat-
ing to IMV. Furthermore, an important aspect of 
HFNC specifically is its potential role in pallia-
tive care as it provides comfort and ease of use 
[41, 42].

 Invasive Mechanical Ventilation

Despite being a unique population, with distinct 
causes and mechanisms of severe respiratory fail-
ure pathophysiology, general ARDS categoriza-
tion, prognostication, and management are 
currently generalized to the HSCT population 
[43]. However, as we better understand respira-
tory phenotypes, mechanisms of ARF across neu-
tropenic/non-neutropenic patients, and their 
impact on respiratory physiology, our manage-
ment may become more precisely tailored to the 
unique features of the specific patient. This is 
particularly important for patients with HSCT 
given the very heterogeneous causes of ARF that 
can develop post-transplant.

In a secondary analysis of the EFRAIM study 
evaluating the cohort that fulfilled criteria for 
ARDS, 52% were HM patients, 7% and 10% 
allo-HSCT and auto-HSCT [44]. ARDS of unde-
termined etiology, need for vasopressors, and 
need for renal replacement therapy were inde-
pendently associated with hospital mortality. 
Higher plateau pressures (Pplat), higher driving 
pressures (∆Prs), and lower compliance (Crs) 
were associated with higher mortality. 
Interestingly, ARDS severity according to the 
Berlin definition, neutropenia on admission, and 
the type of underlying disease were not associ-
ated with mortality. These findings highlight the 
importance of striving for a sound diagnosis and 
the importance of implementing lung protective 
ventilation strategy in all critical care patients 
including in immunocompromised patients [44]. 
Interestingly, the lack of association between 
ARDS severities and outcome highlights the 
need for tailored evaluation of ARDS categoriza-
tion in this cohort. More specifically, an observa-
tional study of HSCT patients with ARF reported 
contemporary outcomes in the setting of IMV 
[12]. Seventy patients from two centers, who 
needed IMV within 90 days of HSCT, were eval-
uated. ICU mortality was 63%, and 90-day mor-
tality was 73%. Mortality was higher in patients 
who required a longer duration of MV with 76% 
mortality for those requiring MV over 14  days 
and 91% mortality for those requiring MV for 
more than 21  days. Most of the patients were 
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intubated within 30 days of the HSCT, emphasiz-
ing the vulnerability of these patients in the pre- 
and peri-engraftment phases. Allo-HSCT 
(OR = 11.3), higher illness severity, and longer 
interval between HSCT and MV were found to 
be independently associated with higher all- 
cause mortality at 90  days. This study reflects 
persistent poor outcomes seen in the setting of 
IMV despite contemporary ICU practices across 
HSCT recipients and in particular across allo- 
HSCT patients.

Above all, a question that remains surrounds 
whether higher mortality in patients treated with 
IMV has a causal relation or is merely a conse-
quence of a higher burden of disease and multior-
gan involvement [16]. Once decision has been 
made to intubate and to proceed with IMV, the 
principles of “lung protective ventilation” should 
be followed to minimize the risk of ventilator- 
induced lung injury (VILI) [45–49] along with 
the emphasis on meticulous care and efforts to 
prevent additional complications that would act 
as a “second hit” such as preventing fluid over-
load and restriction of blood products, decreasing 
the risk of aspirations, adequate empiric antimi-
crobial treatment with de-escalation when appro-
priate, daily assessment of ventilation weaning, 
and early mobilization [49].

Given the conflicting body of evidence 
described above, when approaching an HSCT 
with ARF, considerations should include: patient 
severity, comfort and safety, the need for prompt 
diagnostic measures and associated safety, the 
different options of noninvasive support and their 
efficiency as well as the local experience, optimal 
timing for intubation, and implications on other 
aspects of care such as chemotherapy, nutrition, 
etc.

 Severe ARDS Adjunctive Measures 
and Extracorporeal Life Support (ECLS)
Currently, the approach to severe ARDS manage-
ment in patients with HSCT is extrapolated from 
management used in the general population, with 
some exceptions. In the LUNG SAFE study of 
patients with ARDS, the frequency of the use of 
adjunctive measures such as neuromuscular 
blockade, recruitment maneuvers, prone posi-

tioning, inhaled vasodilators, high-frequency 
oscillatory ventilation, and extracorporeal life 
support was described. The secondary analysis 
focused on immunocompromised patients dem-
onstrated that the adjuncts were used at the same 
frequency in the non-immunocompromised 
cohort with the exception of increased use of 
neuromuscular blockade. All adjuvants lack spe-
cific high-quality trial data evaluating their use 
across immunocompromised and specifically 
HSCT patients.

The one adjuvant measure that has been evalu-
ated in this cohort is the use of extracorporeal life 
support (ECLS). ECLS is associated with signifi-
cant health-care resource implications. Given 
this, most ECLS programs aim to restrict it to 
patients who would derive the greatest benefit. 
Historically, ECLS was discouraged in some pro-
grams across immunocompromised patients 
given their higher ARF mortality; however, with 
advancements in ARF outcomes and ECLS pro-
grams, its use has been expanded to select immu-
nocompromised cohorts.

Several cohorts reported that 19–31% of 
ARDS patients treated with ECLS were immuno-
compromised [50–53]. A retrospective study that 
evaluated outcomes of 203 adult immunocom-
promised patients that were supported with ECLS 
for moderate to severe ARDS showed that 42% 
of the patients were weaned from ECLS.  The 
overall survival rate was 30%. However, across 
all subtypes of immunocompromised patients, 
those with HM had the worse outcomes; 6-month 
survival varied between different immunocom-
promised groups with a 24% 6-month survival in 
the HM population. ECLS-related bleeding and 
nosocomial infections were frequent. A recent 
diagnosis of immunocompromised state, higher 
platelet counts, lower CO2, and driving pressure 
were associated with better prognosis [54]. These 
findings have decreased enthusiasm for the appli-
cation of ECLS across HM patients in general 
and specifically in the HSCT cohort. The more 
prolonged immunocompromised state, low plate-
let counts, and high frequency of indeterminate 
ARDS make this cohort less favorable candidates 
for ECLS. A recent cohort study of 297 patients 
with cancer who underwent veno-venous extra-
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Considerations in Respiratory Support of HSCT Patients with ARF

ARF in HSCT
Patient

Assessment:
Age, etiology, time  
from transplant, type 
of transplant and 
compatibility, 
myeloablative intensity, 
GVHD, adherence to 
prophylactic therapy, 
underlying lung disease,
 other comorbidities.

Features Associated 
with Higher Risk of 
Intubation:
Shock and need for 
vasopressors, AKI ± RRT, 
multiorgan failure,low
PaO2//FiO2, NIV failure,
invasive fungal infection
and unknown ARF 
etiology. 

Early Acute
Hypoxemia Mild Moderate Severe 

Acute Respiratory Distress Syndrome

Key decision making:
1. Consider early ICU

admission
2. Consider timing post

HSCT to inform
differential and
mechanisms of
immunosuppression

3. Concentrate on early 
imaging and noninvasive 
diagnosis 

4. Consider invasive 
diagnostic procedure if 
no diagnosis-balance 
against risk of IMV    

Support:
1. Continuous oxygen therapy
2. May consider -HFNC, early
NIV in select patients without
severe ARF, or poor
prognostic features

Support:
If no unfavorable features, consider
time limit trial of NIV/HFNC with 
frequent re assessment. If post 1 hour
– PaO2/FiO2 <200 mmHg and TV > 9
cc/Kg – consider IMV.  Consider ROX
index for predicting HFNC failure 
prediction. 

Balance benefit of non-invasive 
device against need to transition to 
invasive ventilation to facilitate safe 
diagnostic work up

Key decision making:
1. Consider IMV – high rate of NIV failure
2. If prolonged – reflect prognosis and match expectations

Ventilatory and adjunctive management :
1. LPV 
2. NMBA for settings of severe ARDS or ventilator asynchrony
3. PP for moderate-severe ARDS

ECLS candidacy to be evaluated on a case by casebasis 

Preventive measures:
Avoid fluid overload, restrict transfusions, reduce risk of aspiration, 
adequate antibiotic therapy with de-escalation practice, daily 
assessment of  weaning, ICU best practice.

P/F = 200 
mmHg

P/F = 100 
mmHg

AKI= acute kidney injury, RRT= renal replacement therapy, NIV= 
noninvasive ventilation, LFT= liver function test, CBC= complete 
blood count, RR= respiratory rate, IMV= invasive mechanical 
ventilation, HFNC= high flow nasal cannula, PSILI= patient self 
inflicted lung injury, LPV= lung protective ventilation, NMBA= 
neuromuscular blocking agent, RM-recruitment maneuver, ECLS= 
extra-corporeal life support.  

Fig. 25.1 Considerations in respiratory support of HSCT patients with ARF

corporeal membrane oxygenation (ECMO) for 
ARF demonstrated a 27% 60-day overall sur-
vival. In a propensity score-matched analysis to 
patients who did not receive ECMO, there was no 
significant survival advance for treatment with 
ECMO [55].

For the HSCT population, Wohlfarth et  al. 
studied ECLS use after allogeneic HSCT in 37 
patients and found only 19% survival rate. 
However, ECLS survival was higher across 
patients who were cannulated more than 240 days 
post-transplant [56]. In a recent meta-analysis of 
ECMO use in patients with HSCT, survival rates 
were similarly low (13% in hospital mortality) 
[57]. Overall, data are still limited, and the 
approach to consideration should be taken on a 
case-by-case basis by an ECMO expert. Tools of 
prognostications, such as the RESP score (for 
hospital survival) and the PRESERVE score (for 
6-month survival), have been created by analyz-
ing an international ECLS registry or using a 
program-based cohort, respectively [52, 58]. 
Both recognized immunocompromised as a bad 
prognostic factor. However, the RESP score was 
validated in 2012 in which only 5% of the patients 
were diagnosed as immunocompromised and 
HSCT patients are not reported, and the 

PRESERVE score was validated in 2013, report-
ing 31% of patients who were immunocompro-
mised and 9% with HM [51]. The low survival 
rates, the high rate of complications, and the high 
burden of ECLS raise numerous ethical questions 
about their use in this cohort, and more research 
is needed to inform optimal patient selection for 
severe ARF. Considerations for management are 
outlined in Fig. 25.1.

 Conclusion

Despite significant advances both in oncology 
and critical practice, post-HSCT patients are at 
high risk of developing ARF.  While outcomes 
have improved, severe ARF is still associated 
with high mortality rates. Meticulous understand-
ing of the pathophysiology, the risk factors, and 
cause is essential to tailoring effective therapy—
ideally before the need for IMV. Further research 
of this unique population in critical care is needed 
to further our understanding of the mechanisms 
and causes of ARF. This is essential to develop 
studies targeted at evaluating optimal approaches 
to respiratory support (invasive and noninvasive) 
in this population.

25 Respiratory Support of the Critically Ill Hematopoietic Stem Cell Transplant Patient
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26Cardiovascular Considerations 
in Patients Undergoing 
Hematopoietic Stem Cell 
Transplantation

Alexi Vasbinder and Salim S. Hayek

The number of hematopoietic stem cell trans-
plantations (HSCT) continues to steadily increase 
as indications for HSCT have broadened. 
Advances in management have led to improve-
ment in the safety and efficacy of HSCT, expand-
ing its use to older adults, often with multiple 
comorbidities and who are at higher risk of car-
diovascular disease.

Despite the significant improvement in sur-
vival afforded by HSCT, the therapy is associated 
with significant acute and long-term complica-
tions, resulting in a high burden of morbidity and 
mortality. Patients undergoing HSCT are subject 
to challenges to nearly all organs due to the toxic-
ity of conditioning regimens and ensuing hyper- 
inflammatory responses, often leading to 
hemodynamic instability and exacerbation of 
underlying comorbidities. Cardiovascular com-
plications such as cardiomyopathy, arrhythmias, 
acute thrombosis, pulmonary hypertension, and 
pericardial effusions are among the potential 
adverse events occurring during HSCT [1]. Long- 
term cardiovascular complications of HSCT such 
as heart failure and atherosclerotic disease are 
increasingly recognized as the number of survi-
vors grows. The incidence of cardiac complica-

tions is related to a variety of factors such as age 
at transplant, comorbid conditions, prior cardio-
toxic cancer treatments, type of HSCT, and the 
specific conditioning regimen.

Elderly patients and those with preexisting 
cardiovascular disease, who represent a grow-
ing proportion of HSCTs performed annually in 
the United States, are at a greater risk of devel-
oping cardiac complications [2]. These con-
cerns have led to cardiovascular evaluations 
becoming a core component of the pre-trans-
plant assessment. Until recently, cardiac com-
plications have largely been managed by 
restricting the eligible HSCT population by age 
and excluding those with impaired cardiac 
function. However, this approach has become 
less justifiable as contemporary HSCT proto-
cols aim at minimizing toxicities and improv-
ing outcomes.

An understanding of the incidence, risk fac-
tors, and mechanisms of cardiovascular compli-
cations can assist clinicians in appropriate risk 
stratification and guide management strategies to 
improve HSCT outcomes. This chapter aims to 
summarize available data on the incidence of 
acute and long-term cardiotoxicities and poten-
tial mechanisms of cardiac complications and 
provide guidance surrounding the cardiovascular 
management of patients throughout the trans-
plant process from the pre-transplant assessment 
to survivorship.
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 Incidence and Risk Factors of Acute 
and Long-Term Cardiac 
Complications

Cardiac complications can occur acutely during 
inpatient hospitalization and years after HSCT. The 
incidence of cardiac complications varies widely 
depending on the study. Estimating the incidence 
of complications is challenging given the varying 
diagnostic criteria for cardiotoxicity, surveillance 
techniques, and heterogeneous populations across 
studies. The initial report of HSCT-related cardio-
toxicity was published in 1976, which described 
post-mortem cardiac histopathologic findings in 
29 patients with leukemia, aplastic anemia, or met-
astatic cancer undergoing allogeneic HSCT [3]. 
Infiltration of immune cells and extensive myocar-

dial necrosis, fibrin deposits, and extravasation of 
red blood cells were noted in some patients. In this 
early era of HSCT, cardiovascular complications 
including heart failure, pericarditis, and arrhyth-
mias were reported in 43% of recipients and were 
attributed to the toxicity of high-intensity condi-
tioning regimens and total body irradiation [4]. 
The landscape of HSCT has rapidly evolved to 
improve safety; however, contemporary data on 
the trends in the incidence of cardiac complica-
tions are limited. Based on available data, the inci-
dence of cardiovascular complications is related to 
factors such as age, comorbid medical conditions, 
prior cardiotoxicity chemotherapy or radiation, the 
type of HSCT (autologous versus allogeneic), and 
the specific conditioning or maintenance regimen 
(Table 26.1).

Table 26.1 Incidence of and risk factors of acute and chronic cardiovascular complications following HSCT

Incidence Risk factors
Acute
Arrhythmias 2–10% Age

Anthracycline use
Lower ejection fraction at baseline
History of arrhythmias
Baseline renal dysfunction

Acute heart failure 0.4–2.2% Age
History of cardiovascular disease
Anthracycline use
Lower ejection fraction at baseline
High-dose cyclophosphamide

Pericarditis/myocarditis <1–2% Chest radiation
Immune-checkpoint inhibitors

Pericardial effusion <1–3% High-dose cyclophosphamide
Graft-vs.-host disease
Infection

Chronic
Vascular diseases
   Stroke
   Myocardial infarction
   Ischemic heart disease
   Hypertension

4–47% Age
Anthracycline use
Chest radiation
Hypertension
Diabetes
Smoking
Physical inactivity
Dyslipidemia
Obesity
Allogeneic HSCT

Heart failure 2–9.1% Age
Sex
Anthracycline use
Chest radiation
Hypertension
Diabetes
Smoking
History of ischemic heart disease
High-dose cyclophosphamide
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 Incidence of Acute Complications

Overall, severe cardiac complications during 
HSCT such as myocardial infarctions, large peri-
cardial effusions, and cardiac tamponade are rare, 
occurring in fewer than 1% of patients [5]. Heart 
failure was a dreaded complication of older con-
ditioning regimens with high doses of cyclophos-
phamide, reportedly occurring in upwards of 
28% of HSCT recipients [5, 6]. Studies of HSCT 
patients who received contemporary condition-
ing regimens estimate the incidence of heart fail-
ure ranges from 0.4% to 2.2% [5, 7–9]. 
Arrhythmias are the most frequent acute cardiac 
complication during HSCT, with an estimated 
incidence of 2–10% in adult recipients [7, 10–
12]. Of these, atrial fibrillation, atrial flutter, and 
other supraventricular tachycardias are the most 
common, with lethal arrhythmias such as ven-
tricular tachycardias occurring rarely [10, 12]. A 
large, retrospective study of 2821 recipients who 
underwent HSCT between 1977 and 1997 identi-
fied 26 recipients (0.9%) who experienced major 
or lethal cardiotoxicity in the first 100 days post- 
HSCT defined as death from cardiovascular 
cause, congestive heart failure requiring inotro-
pic support, cardiac tamponade, or significant 
electrocardiographic abnormalities [13]. The 
development of arrhythmias post-transplant has 
been associated with poor in-hospital outcomes 
and greater 1-year mortality [11, 14].

 Incidence of Long-Term 
Complications

HSCT survivors remain at an elevated risk of 
cardiovascular complications for 10 to 20 years 
following transplantation compared to the gen-
eral population. Long-term complications have 
been extensively documented and appear to be 
more common than acute cardiotoxicity. In an 
observational study of 1244 patients who under-
went autologous HSCT, the incidence of con-
gestive heart failure was 4.8% at 5  years and 
9.1% at 15 years post-HSCT [15]. In addition to 
heart failure, long-term HSCT survivors experi-
ence a greater incidence of ischemic heart dis-

ease, stroke, vascular disease, rhythm disorders, 
hypertension, hyperlipidemia, and diabetes mel-
litus compared to the general population [16, 
17]. Estimates of these complications vary 
greatly due to population risk profile differ-
ences; however, it is suggested the 10-year 
cumulative incidence ranges from 18% to 47% 
[16].

 Risk Factors for Cardiovascular 
Complications

 Patient Factors
Pre-transplant risk factors can be categorized as 
non-modifiable or modifiable. Non-modifiable 
risk factors include age at transplantation and 
sex. Age is a well-known risk factor for cardio-
vascular events in the general population. 
Unsurprisingly, older age at transplantation has 
been associated with nearly all cardiovascular 
complications occurring after HSCT, including 
arrhythmias and the long-term development of 
heart failure [12, 18, 19]. The risk of long-term 
heart failure increases with age, where recipients 
older than 55 years have four times greater risk 
compared to recipients younger than 39  years 
[18]. This is likely explained by the structural and 
functional changes that occur in aging hearts as 
well as the larger burden of cardiovascular risk 
factors associated with aging, such as diabetes, 
hypertension, and obesity [12, 18, 20]. This has 
important implications for the management of 
HSCT recipients as the number of HSCT in older 
adults continues to increase, with 26% of alloge-
neic recipients and 36% of autologous recipients 
older than 65 years of age as of 2019 [21]. Women 
may be at a twofold greater risk of developing 
heart failure compared to men independently of 
age, cardiovascular risk factors, underlying diag-
nosis, and treatment regimen [18]. Similar asso-
ciations have been reported for the risk of other 
cancer treatment-induced cardiotoxicities, such 
as anthracycline-induced cardiotoxicity [22]. 
Although the underlying mechanism is unclear, 
differences in body composition and adipose tis-
sue distribution have been proposed as potential 
explanations [23].
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Preexisting cardiomyopathy, most often 
defined by reduced left ventricular ejection frac-
tion, has been associated with an increased risk 
of acute and long-term heart failure after HSCT 
as well as atrial arrhythmias in early studies [14, 
24, 25]. Often, patients with reduced ejection 
fraction are excluded from receiving HSCT; 
however, more recent data do not support the 
widespread exclusion of these patients. Multiple 
studies have reported similar mortality and car-
diovascular event rates in patients with a reduced 
pre-HSCT ejection fraction compared to control 
groups with an ejection fraction of ≥50% [26, 
27].

Comorbidities prior to and after HSCT have 
frequently been cited as important risk factors for 
the development of both acute and long-term car-
diovascular complications. Recipients of HSCT 
typically have a higher prevalence of hyperten-
sion, renal disease, dyslipidemia, and diabetes 
compared to the general population [16, 17, 28, 
29]. This is in part due to cancer and cardiovascu-
lar disease having shared risk factors, in addition 
to the impact of long-term immunosuppressive 
therapy, exposure to total body irradiation, and 
the development of growth hormone deficiency 
or hypothyroidism related to HSCT.  Elevated 
body mass index, a history of smoking, and phys-
ical inactivity have also been identified as risk 
factors for acute and long-term cardiovascular 
complications of HSCT such as heart failure and 
stroke [15, 18, 30, 31].

 Disease-Related Factors
Cardiac involvement of the primary disease 
treated by HSCT, for example, systemic sclero-
sis and amyloidosis, can increase the risk of 
cardiovascular morbidity and mortality after 
HSCT [32]. Systemic sclerosis is a rare, life-
threatening, autoimmune disease characterized 
by skin and visceral fibrosis as a result of 
increased collagen deposition [33, 34]. 
Mortality associated with this condition is high 
with a 5-year survival rate as low as 70%, with 
most deaths attributed to cardiac causes [35, 
36]. Sclerosis can occur in multiple organs, 

including the lungs, kidneys, and heart, result-
ing in altered renal function, pulmonary hyper-
tension, and respiratory failure typically as a 
result of cardiac failure [37]. Recent clinical 
trials have demonstrated the benefit of autolo-
gous HSCT in improving organ function, qual-
ity of life, and long-term survival in individuals 
with systemic sclerosis; however, the presence 
of extensive cardiac involvement remains a 
strong predictor of mortality [38–40]. Primary 
amyloidosis results from the abnormal produc-
tion of immunoglobulin light chains by plasma 
cells and their deposition in multiple organs, 
including the heart [41]. Cardiac amyloidosis 
typically presents as restrictive cardiomyopa-
thy often associated with serious arrhythmias 
[42]. Individuals with cardiac amyloidosis are 
particularly sensitive to shifts in fluid volume 
and require close monitoring of volume status 
during HSCT [42].

 Prior Cancer Therapy
Anthracyclines are a component of the treatment 
regimen for a variety of hematologic and non- 
hematologic malignancies. Anthracyclines 
directly target the cardiomyocytes by inhibiting 
topoisomerase II leading to mitochondrial dys-
function, the production of reactive oxygen spe-
cies, and DNA double-strand breaks, resulting in 
cardiomyopathy and a progressive decline in sys-
tolic function [43]. Many recipients of HSCT 
will have received anthracyclines prior to HSCT 
or as part of their conditioning regimen. 
Anthracycline exposure prior to HSCT has been 
linked to an increased risk of heart failure and 
cardiovascular death in a dose-dependent manner 
[13, 14, 18]. Particularly, cumulative doses 
greater than 250 mg/m2 have been identified as an 
important risk factor [18].

A number of newer therapies, including 
monoclonal antibodies [44, 45], proteasome 
inhibitors [46, 47], immunomodulatory agents 
[48, 49], and tyrosine kinase inhibitors [50–52], 
have been associated with unique cardiovascular 
adverse effects (Table 26.2). These therapies are 
used in the treatment of hematologic malignan-
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Table 26.2 Cardiovascular complications of therapeutics that may be used during HSCT

Therapeutics Complication
Calcineurin inhibitors
Tacrolimus
Cyclosporine

Hypertension

Alkylating agents
Busulfan Cardiac tamponade, heart failure, pericardial effusion
Cyclophosphamide Myocarditis, pericarditis, atrial fibrillation, pericardial effusion, heart failure
Melphalan Heart failure, pericarditis
Carmustine Myocardial ischemia
Anthracyclines
Doxorubicin Cardiomyopathy, heart failure
Antimetabolite
Cytarabine Dysrhythmia, congestive heart failure, pericarditis
Radiation Coronary artery disease, cardiomyopathy
Tyrosine kinase inhibitors
Ibrutinib Atrial fibrillation, hypertension, cardiomyopathy, heart failure, QT prolongation, 

premature ventricular contractions, non-sustained ventricular tachycardia, ventricular 
fibrillation

Idelalisib
Duvelisib

Atrial fibrillation, peripheral edema

Copanlisib Hypertension
Ivosidenib
Enasidenib

QT prolongation

Ruxolitinib Hypertension
Fedratinib Heart failure, peripheral edema
Imatinib
Sorafenib

Heart failure

Dasatinib Heart failure, QT prolongation, pleural effusion, pericardial effusion
Nilotinib QT prolongation, myocardial infarction, peripheral arterial disease
Bosutinib Peripheral arterial disease, acute coronary syndrome, hypertension, peripheral edema, 

heart failure, atrial fibrillation, QT prolongation, pericardial effusion
Ponatinib Heart failure, atrial fibrillation, myocardial infarction, hypertension, peripheral arterial 

disease, stroke, venous thromboembolism
Gilteritinib Peripheral edema, QT prolongation
Midostaurin Hypertension, pericardial effusion, pulmonary hypertension
Proteasome inhibitors
Bortezomib Heart failure, myocardial infarction, atrial fibrillation, atrio-ventricular block, 

premature atrial or ventricular complexes, sinus bradycardia, sinus tachycardia, 
ventricular tachycardia

Carfilzomib Heart failure, pulmonary edema, hypertension
Immunomodulators
Thalidomide
Lenalidomide

Sinus bradycardia, atrial fibrillation, ventricular tachycardia, atrial and venous 
thromboembolisms

Pomalidomide Atrial fibrillation
Monoclonal antibodies
Rituximab Hypertension, hypotension, atrial fibrillation
Nivolumab
Pembrolizumab

Myocarditis, pericardial disease, cardiomyopathy, ventricular tachycardia
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cies, HSCT conditioning, and post-HSCT main-
tenance. Cardiovascular events associated with 
these therapies are often rare, resulting in sparse 
data.

 Mechanisms of Cardiovascular 
Complications

The pathogenesis of cardiovascular disease after 
HSCT is multifactorial and is the result of mul-
tiple cardiovascular insults throughout the 
HSCT process. Direct endothelial injury can 
occur because of the conditioning regimen—
which often includes a combination of high-
dose chemotherapy and total body 
irradiation—and the hyper-inflammatory nature 
of the HSCT process itself and its consequences 
such as graft-vs.-host disease (GVHD) and 
engraftment syndrome. However, these effects 
are more likely to lead to complications in 
recipients who present with a high burden of 
cardiovascular risk factors [53].

High-dose alkylating agents, frequently given 
as part of conditioning regimens, are cytotoxic 
and lead to cardiac injury through inflammatory 
and oxidative stress pathways. Of the alkylating 
agents, cyclophosphamide is the most commonly 
included and is well established as a major con-
tributor of cardiotoxicity [54]. A number of car-
diovascular complications have been documented 
with cyclophosphamide use including heart fail-
ure, atrial arrhythmias, pericardial effusion, and 
myocarditis [55]. Cardiotoxicities from busulfan, 
carmustine, and melphalan are rarer but may 
present as dysrhythmia, pericarditis, heart fail-
ure, and myocardial ischemia and often occur in 
combination with cyclophosphamide [56–59]. 
The exact cardiotoxic mechanisms of alkylating 
agents are not fully understood but involve a 
combination of inflammation, oxidative stress, 
alterations in calcium homeostasis, and pro-
grammed cell death [60]. The increased produc-
tion of reactive oxygen species by alkylating 
agents reduces nitric oxide availability, resulting 
in endothelial cell dysfunction [61]. Alkylating 
agents increase the permeability of the mitochon-
drial membrane to calcium, leading to calcium 

overload and impairing mitochondrial production 
of adenosine triphosphate, further exacerbating 
reactive oxygen species production [62]. 
Alkylating agents also cause direct injury to 
endothelial cells leading to the extravasation of 
toxic metabolites that can damage the myocar-
dium, resulting in edema, interstitial hemorrhage, 
and the formation of micro-thrombosis [60]. 
Alkylating agents activate p53, a protein that 
plays an important role in apoptosis, leading to 
programmed cell death within the myocardium 
[63].

Chronic inflammation and oxidative stress due 
to endothelial injury are key to the development 
of long-term atherosclerosis and coronary artery 
disease after HSCT [31, 53, 64]. Radiation ther-
apy causes direct cellular injury leading to an 
upregulation of pro-inflammatory markers and 
oxidative stress-mediated chronic inflammation 
[65, 66]. Chronic oxidative stress and a hyper- 
inflammatory state lead to endothelial cell prolif-
eration, impaired remodeling, vascular 
thickening, fibrosis, and thrombi formation in 
arteries, which can progress to premature athero-
sclerosis and coronary artery disease [67].

Endothelial injury and atherogenesis are also 
a consequence of GVHD. GVHD is a common 
complication of allogeneic HSCT that results 
from immune recognition of host cells leading 
to cytokine production and direct attack by 
donor T cells on host tissues [68]. This inflam-
matory state promotes vascular injury and 
plaque instability leading to accelerated athero-
sclerosis and predisposing recipients to arterial 
complications [53, 64, 69]. Allogeneic-HSCT 
recipients are at a threefold higher risk of stroke, 
coronary artery disease, and peripheral artery 
disease compared to autologous transplantation 
recipients [70]. Additionally, the treatment of 
GVHD, which includes the use of immunosup-
pressants, such as corticosteroids and calcineu-
rin inhibitors, has been implicated with the 
exacerbation of cardiovascular risk factors such 
as dyslipidemia, hypertension, and insulin resis-
tance [71]. Indeed, recipients of allogeneic 
HSCT have a higher prevalence of cardiovascu-
lar risk factors such as hypertension, diabetes, 
and dyslipidemia post-HSCT [16]. Newer thera-
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pies used to treat GVHD, including ibrutinib, 
also carry the risk of new-onset atrial fibrillation 
and hypertension [72].

Post-conditioning, infusion of the hemato-
poietic stem cells, and engraftment itself can 
impact hemodynamics. Dimethyl sulfoxide, a 
standard cryoprotective agent used to preserve 
hematopoietic stem cells, has been linked to car-
diac events, including hypertension and brady-
cardia, which are generally manageable [73]. 
Contributors to the effect of dimethyl sulfoxide 
include its dose, cell lysis products, red blood 
cell content, total nuclear cell content, acute 
volume expansion, and the age of the recipient 
[73]. Engraftment syndrome is an early compli-
cation of HSCT characterized by the release of 
pro-inflammatory cytokines, resulting in acti-
vated leukocytes, endothelial injury, and vascu-
lar leak [74]. This hyper-inflammatory state can 
exacerbate  preexisting cardiovascular condi-
tions, notably heart failure with preserved ejec-
tion fraction, arrhythmias, and stress-induced 
cardiomyopathy [74].

Reduced-intensity conditioning was devel-
oped as an alternative for patients who are less 
likely to tolerate conventional myeloablative con-
ditioning [75]. Reduced-intensity conditioning 
has been associated with a lower risk of cardio-
toxicity compared to conventional conditioning; 
however, early and late cardiac events still occur 
[14, 75, 76]. Additional data are needed to better 
delineate the incidence of cardiovascular compli-
cations associated with reduced-intensity 
conditioning.

 Role of the Cardio-oncology Team

Given the concern for cardiovascular complica-
tions related to HSCT, a thorough cardiovascular 
evaluation has become a core component of the 
pre-transplant assessment. The role of the cardio-
vascular specialist is to advise on the risks of car-
diovascular complications related to HSCT, 
optimize the cardiovascular status of patients, 
and provide guidance as to the inpatient manage-
ment of preexisting cardiovascular comorbidities 
and potential complications.

 The Pre-HSCT Cardiovascular 
Assessment

Currently, there are no published guidelines on 
pre-HSCT cardiovascular screening or assess-
ment. Recommendations are mostly expert opin-
ion based and are largely derived from data 
around chemotherapy-induced cardiotoxicity. 
The protocols for pre-HSCT assessment, how-
ever, vary widely, with most centers establishing 
their own institutional guidelines for determining 
HSCT eligibility and referring for a cardiovascu-
lar evaluation. There are no absolute cardiovascu-
lar contraindications to HSCT in the stable 
outpatient. However, high-risk cardiovascular 
conditions with poor cardiac reserve such as 
advanced heart failure, untreated severe valvular 
heart disease, and severe triple vessel or left main 
obstructive coronary artery disease are associated 
with poor outcomes regardless of HSCT and pre-
clude candidacy unless a pre-HSCT intervention 
is possible. Thus, the most important step in the 
pre-transplant assessment is to rule out the pres-
ence of high-risk cardiovascular disease through 
a detailed history and physical exam, along with 
indicated testing.

The focus on the pre-HSCT cardiovascular 
assessment is on the concept of “cardiovascular 
reserve,” or the ability of the heart to withstand 
stressors imparted by the HSCT process, includ-
ing the cardiotoxicity of conditioning regimens, 
rapid volume shifts, and increased oxygen 
demand due to the anemia and the systemic 
inflammatory response. Quantifying cardiovas-
cular reserve relies on a detailed assessment of 
symptoms attributable to cardiovascular disease, 
functional status, risk factors, signs of increased 
intracardiac pressures on exam, and lastly cardio-
vascular structure and function.

 History and Physical Exam

The history component should include a detailed 
review of traditional and nontraditional cardio-
vascular risk factors including prior anthracy-
cline, radiation therapy, and other cancer 
therapeutics administered. An assessment of 
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exercise tolerance is crucial, as the absence of 
symptoms of heart failure in patients with poor 
exercise capacity is much less meaningful. Poor 
cardiopulmonary fitness is common in patients 
with multimorbidity, especially those with can-
cer, who experience rapid muscle wasting and 
adverse effects related to their treatment. The 
lack of improvement after a 2-week daily exer-
cise regimen suggests pathology beyond frailty 
that warrants investigation. The physical exam 
can help determine the contribution of cardiovas-
cular disease to the decrease in function through 
assessment of signs of heart failure [77]. Notably, 
the presence of jugular venous distention should 
prompt additional workup given its high positive 
predictive value for heart failure, while a con-
firmed low jugular venous pulse is reassuring.

 Risk Models

Identifying HSCT recipients at risk of cardiovas-
cular complications is challenging due to the vari-
ability of recipient characteristics and large 
number of influencing factors. As a result, several 
risk prediction models have been developed to 
help identify candidates at high risk of late cardio-
vascular complications. Most models were devel-
oped based on data from large-scale, prospective 
cohort studies of childhood cancer survivors and 
HSCT recipients [78, 79]. One model created to 
predict heart failure prior to the age of 40 was 
formed based on sex, age at cancer diagnosis, 
chest radiotherapy, and anthracycline dose [78]. 
Scores were used to create low-, moderate-, and 
high-risk groups with corresponding incidences 
of heart failure of 0.5% in the low-risk group and 
11.7% in the high-risk group. A second model 
was developed to predict ischemic heart disease 
prior to the age of 50 [79]. This model included 
sex, chemotherapy, and radiotherapy. In an analo-
gous manner, low-, medium-, and high-risk 
cohorts were formed with cumulative incidences 
of ischemic heart disease of <5% in the low-risk 
groups compared with 20% for high-risk groups.

A recent risk model for developing long-term 
heart failure and coronary artery disease derived 
from adult HSCT survivors included age, anthra-

cycline dose, chest radiation, hypertension, dia-
betes, and smoking history [80]. Risk scores were 
collapsed to form low-, intermediate-, and high- 
risk groups, corresponding to 10-year cumulative 
incidences of cardiovascular disease of 3.7%, 
9.9%, and 26.2%, respectively. Overall, these 
risk models exhibited modest discrimination 
ability and are not routinely incorporated in the 
pre-HSCT assessment. Additionally, these mod-
els were developed in cohorts where patients 
received HSCT between 1970 and 2004. Thus, 
further validation of these models is needed to 
account for changes in conditioning regimens, 
the use of reduced-intensity conditioning, and 
introduction of novel therapeutics.

 Cardiac Structure and Function

Assessment of cardiac function is performed rou-
tinely pre-HSCT given many candidates are at 
higher risk of cardiomyopathy by virtue of their 
prior exposure to cardiotoxic therapies. Most 
institutional guidelines exclude patients with an 
ejection fraction ≤35% from HSCT candidacy. 
The data surrounding that exclusion criterion is 
limited, and it is likely that a subset of patients 
with preexisting cardiomyopathy would fare well 
through HSCT [27, 81, 82]. Echocardiography is 
preferred as the initial test as it allows for exami-
nation of various parameters beyond left ventric-
ular function including chamber sizes, valvular 
regurgitation or stenosis, and estimation of intra-
cardiac pressures (diastolic function). Multiple- 
gated acquisition (MUGA) scan can be useful 
when echocardiographic images are poor despite 
contrast but provides more limited data (chamber 
sizes and biventricular ejection fraction). Cardiac 
magnetic resonance imaging is not typically nec-
essary in a pre-HSCT evaluation unless per-
formed for other indications.

 Assessing for Ischemia

Review of previously performed computed 
tomography (CT) imaging studies can provide 
valuable information with regard to the presence 
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of coronary and aortic calcifications. Signs of 
atherosclerotic disease should prompt initiation 
of statin therapy in the absence of contraindica-
tions. Consider further evaluation for high-risk 
ischemia in HSCT candidates with a high pretest 
probability of coronary artery disease and poor 
exercise tolerance, with or without angina. 
Coronary CT angiography and myocardial perfu-
sion imaging are both useful modalities to evalu-
ate for high-risk ischemic heart disease. Coronary 
angiography and revascularization should be lim-
ited in patients with high-risk coronary artery 
disease and those with angina refractory to medi-
cal therapy to avoid delaying HSCT.

 Pre-HSCT Management 
of Cardiovascular Comorbidities

Every effort at optimizing the cardiovascular sta-
tus of patients should be made prior to HSCT. This 
includes treating reversible disease and ensuring 
patients with cardiomyopathy are euvolemic, on a 
stable diuretic regimen, with optimal blood pres-
sure control, and on guideline-directed medical 
therapy at maximally tolerated doses. While this 
process is likely to require multiple clinic visits, 
we recommend expediting testing and optimiza-
tion of medical therapy to maximize the potential 
to recover cardiac function and avoid delaying 
HSCT. Patients who have adequate cardiopulmo-
nary reserve, defined as not experiencing cardio-
vascular symptoms that are lifestyle limiting, and 
that are on an optimal medication regimen should 
be able to undergo HSCT safely regardless of 
whether their cardiac function, as measured by 
left ventricualr ejection fraction (LVEF), has 
recovered. Lack of recovery of cardiac function 
alone should not preclude candidacy for 
HSCT. Excluding patients from HSCT for cardio-
vascular reasons should be limited to the rare 
patient with severe, non- treatable disease and 
poor cardiopulmonary reserve with a life expec-
tancy of <1 year. Lastly, providing guidance to the 
hematology/oncology teams as to the manage-
ment of the likely exacerbation of comorbid car-
diovascular conditions such as heart failure and 
atrial fibrillation during transplant is essential.

 Special Considerations for Inpatient 
Management of Cardiovascular 
Complications

Recommendations on the cardiovascular man-
agement of patients undergoing HSCT focus on 
the early identification of cardiovascular compli-
cations in patients at risk. Large volumes of intra-
venous fluids are administered during HSCT; 
thus, patients with or at risk of heart failure 
should have their weights monitored daily, with 
administration of diuretics for changes in weight 
of 2–3 lbs in 24 h to avoid hypervolemia. Volume 
shifts and systemic inflammation related to 
engraftment or infections can trigger supraven-
tricular arrhythmias, most commonly atrial fibril-
lation. If the patient is asymptomatic and 
hemodynamically stable, avoiding aggressive 
rate control is recommended. A very common 
trigger and sustaining factor of atrial fibrillation 
is hypervolemia; thus, a diligent assessment for 
weight gain, jugular venous distention, and other 
signs of hypervolemia should always be per-
formed at diagnosis and treated with diuretics 
prior to initiating rate control. Cardioversion 
should also be avoided unless in emergent situa-
tions given patients undergoing HSCT are often 
thrombocytopenic and cannot be anticoagulated. 
Special considerations must be given in these 
patients due to the frequent drug-drug interac-
tions with concurrent cancer therapeutics related 
to alterations in the cytochrome P450 or 
P-glycoprotein metabolism [83, 84].

 Survivorship

HSCT survivors experience a higher burden of 
cardiovascular risk factors and long-term events 
including cardiomyopathy, ischemic heart dis-
ease, stroke, peripheral vascular disease, and 
rhythm disorders compared to the general popu-
lation. Guidelines on screening and preventative 
measures for vascular complications in long-
term HSCT survivors have been published by 
the American Society for Blood and Bone 
Marrow Transplantation [85, 86]. The optimiza-
tion of cardiovascular risk factors and monitor-
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ing are cornerstones of the long-term 
cardiovascular management of HSCT survivors. 
There are no data to guide the optimal frequency 
of monitoring in HSCT survivors, with existing 
guidelines focusing on the cardiovascular moni-
toring of the broader adult cancer survivor pop-
ulation. A 3-month cardiovascular assessment 
post-HSCT in patients with preexisting cardio-
vascular disease is typical in many institutions, 
with earlier evaluations in patients who experi-
enced complications during HSCT. Patients are 
then seen every 1–3 years, with factors such as 
cardiovascular comorbidity burden and active 
conditions dictating the frequency of monitor-
ing [87]. Every visit should represent an oppor-
tunity to address risk factors such as smoking, 
hypertension, hyperlipidemia, and diabetes mel-
litus. HSCT survivors on immunosuppressive 
therapies associated with hyperlipidemia should 
undergo measurement of lipid profiles every 
3–6 months until therapy is terminated [87, 88]. 
Similarly, HSCT survivors are at higher risk of 
developing diabetes mellitus, which should be 
screened yearly. Survivorship clinics have been 
devised in many institutions with a focus on risk 
factor screening and optimizing through both 
pharmacologic therapy and lifestyle 
modification.

Given the overall higher risk of this patient 
population, a low threshold to evaluate for car-
diovascular origins of symptoms should be main-
tained [89]. Routine imaging during or after 
HSCT is not typically recommended for low- 
risk, asymptomatic individuals. Individuals who 
are considered high risk for developing cardio-
vascular complications may benefit from routine 
imaging surveillance during treatment with echo-
cardiography being the preferred method [89]. 
There are no guidelines recommending specific 
time intervals for imaging surveillance; thus, this 
should be determined in collaboration with cardi-
ology based on clinical judgment and patient 
characteristics. Additionally, it is recommended 
that asymptomatic, high-risk individuals receive 
an echocardiogram 1  year after completion of 
HSCT; however, more frequent assessments may 
be warranted if clinically appropriate [87, 89].

 Conclusion

Hematopoietic stem cell transplantation is 
increasingly used for the management of many 
malignancies. Older patients with multimorbid-
ity, including cardiovascular disease, are more 
commonly being considered candidates for 
HSCT. Short- and long-term cardiovascular com-
plications of HSCT are diverse, with complex 
pathophysiology and interaction with preexisting 
disease. While data guiding the pre-HSCT and 
post-HSCT cardiovascular assessment of patients 
are lacking, specialists in cardio-oncology can 
play a crucial role in minimizing the impact of 
preexisting cardiovascular disease on transplant 
outcomes and address cardiovascular complica-
tions both during HSCT and in survivorship.
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27Renal Considerations in Critically 
Ill Hematopoietic Stem Cell 
Transplant Patients

Abinet Aklilu and Amanda DeMauro Renaghan

 Introduction

In this chapter, we review renal complications of 
hematopoietic stem cell transplantation (HSCT). 
We discuss the epidemiology of acute kidney 
injury (AKI) following HSCT, potentially modi-
fiable pre- and post-transplant risk factors, etiolo-
gies, pathophysiology, diagnosis, prevention, and 
treatment. AKI post-HSCT commonly refers to 
the first 100  days post-transplant. However, we 
recognize patients may present to the intensive 
care unit (ICU) at different times 
post-transplant.

 Epidemiology of AKI in HSCT

AKI is a common complication of HSCT. Incidence 
of 20–92% has been reported in the first 100 days 
post-transplant; this wide range is attributed to 

evolving definitions of AKI, differences in severity 
of illness in the populations assessed, and progress 
in peri-transplant care [1–3]. Incidence also varies 
by donor type and conditioning regimen (autolo-
gous, 12–50%; non- myeloablative allogeneic, 
29–54%; myeloablative allogeneic, 19–66%) [1, 
2]. Overall, non-myeloablative HSCT has been 
associated with lower incidence and less severe 
AKI compared with myeloablative allogeneic 
HSCT, which uses more intensive conditioning 
[2–5]. However, the data are not robust, and in a 
more recent study using the Kidney Disease: 
Improving Global Outcomes (KDIGO) definition 
of AKI, a higher incidence was observed in those 
who underwent non-myeloablative conditioning 
[6]. This may be due to the underlying characteris-
tics of non-myeloablative transplant recipients, 
including older age, baseline chronic kidney dis-
ease (CKD), and prior failed high-dose HSCT, 
which are known risk factors for AKI in this popu-
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lation [6]. Autologous transplantation appears to 
have the lowest risk of AKI, likely related to the 
absence of graft-versus-host disease (GVHD), 
lack of calcineurin inhibitor (CNI) exposure, and 
more rapid engraftment [7–9].

Severe AKI requiring kidney replacement 
therapy (KRT) has been reported in 12–24% of 
patients in older studies and carries poorer prog-
nosis [4]. A more recent study of 616 allogeneic 
HSCT recipients using KDIGO AKI criteria 
revealed a 64% incidence of AKI by day 100, 
with only 3% of patients requiring KRT and only 
24% of patients surviving to discharge when dial-
ysis was required [6]. Incidence of AKI in HSCT 
recipients admitted to the ICU is consistently 
high, on average around 60–65% [7, 10]. KRT 
requirement is higher in critically ill HSCT recip-
ients (50–72%) and is associated with high mor-
tality, especially when co-occurring with other 
organ dysfunction [7, 10].

 Outcomes of Post-HSCT AKI

AKI is an independent risk factor for in-hospital 
mortality [11, 12]. In both adult and pediatric 
HSCT populations, all stages of AKI in the first 
100  days post-transplant are associated with 
reduced 1-year overall survival [5, 13, 14]. 
Mortality is highest in those requiring dialysis 
(83–88% versus 47% with stage I AKI and 17% 
without AKI) [4, 10, 13]. Severe AKI is also 
associated with indicators of critical illness such 
as sepsis, liver dysfunction, and ventilator 
requirement [13].

AKI is a risk factor for CKD, which is itself a 
risk factor for premature mortality [15]. In one 
recent meta-analysis, renal recovery occurred in 
58% of AKI survivors and only 10% of those 
requiring dialysis [16]. Average CKD incidence 
(varying definitions) by 6–12  months post- 
transplant has been reported in 20%, up to 66%, 
and 12–20% of myeloablative, non- 
myeloablative, and autologous HSCT recipients, 
respectively [5, 17–19]. In another study of non- 
myeloablative HSCT patients, prevalence of 
CKD (defined as glomerular filtration rate (GFR) 
<60 mL/min/1.73 m2) at 12 months was lower at 

7% but increased to 14% at 24 months and 22% 
at 48 months [20]. Total body irradiation (TBI), 
previous HSCT, chronic CNI use, and chronic 
GVHD are independent predictors of CKD after 
non-myeloablative transplant [20, 21]. Female 
sex and pre-transplant CKD increase the risk of 
CKD after myeloablative HSCT [22].

 Predictors of AKI

Risk of AKI after HSCT varies by patient charac-
teristics, including baseline renal reserve, condi-
tioning and donor type, post-transplant 
complications and associated exposures, and tim-
ing of AKI diagnosis. The hematopoietic cell 
transplantation-specific comorbidity index 
(HCT-CI), a marker of pre-transplant comorbid-
ity and an established prognostic factor for over-
all survival and non-relapse mortality, is the most 
important predictor of severe AKI [6, 23, 24]. 
Particularly in critically ill patients, older age, 
Sequential Organ Failure Assessment (SOFA) 
score, history of hypertension, and nephrotoxin 
exposure are independent predictors of AKI [7]. 
In a cohort of 207 patients who underwent allo-
geneic HSCT, the presence of infection (37%) 
and acute GVHD (20.7%) were the strongest pre-
dictors of AKI, while exposure to CNIs, antimi-
crobials, engraftment syndrome (ES), 
transplant-associated thrombotic microangiopa-
thy (TA-TMA), and Cytomegalovirus (CMV) 
reactivation contributed to a lower degree [23].

 Pathogenesis of AKI in Critically Ill 
Patients After HSCT

AKI after HSCT is often multifactorial. Here, 
we highlight several important etiologies of 
post- transplant AKI, including several entities 
unique to this population (Table  27.1). AKI is 
most frequently observed approximately 2 weeks 
after myeloablative allogeneic HSCT and 
26–60  days after non-myeloablative HSCT; 
however, the timing is highly variable [9]. A 
timeline of causes of AKI following HSCT is 
provided in Fig. 27.1.
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Table 27.1 Etiologies of renal injury in critically ill HSCT recipients

Etiology of 
kidney injury Time of peak incidence Diagnosis Risk factors

Prevention and 
management

Marrow 
infusion 
syndrome [44, 
45]

24–48 h 
post-transplant

GFR drop in the setting 
of fever, hypotension 
and GI symptoms, 
hematuria, and urine 
sediment with granular 
casts

Exposure to the 
cryoprotectant 
DMSO

Alkalinization of urine
Forced diuresis with 
mannitol

Engraftment 
syndrome [30, 
31]

7–9 days post- 
transplant; about 
4 days after 
engraftment

GFR drop in the setting 
of fever, non- 
cardiogenic pulmonary 
edema, and 
erythematous rash

Baseline 
proteinuria, AL 
amyloidosis, 
POEMS

Supportive care
Steroids
Monitor for infection

Sinusoidal 
obstruction 
syndrome [27, 
61, 74, 96, 
100, 120]

12 days 
post-transplant
(often <21 days but 
may present 
>21 days)

≥5% weight gain, 
bilirubin >2 mg/dL, 
hepatomegaly, ascites

Older age, 
allogeneic HSCT, 
unrelated donor, 
underlying liver 
dysfunction, 
high-dose 
conditioning, 
pre-transplant ADC

Prophylaxis with 
ursodiol and 
defibrotide in high-risk 
patients
Management similar to 
HRS + defibrotide

GVHD [33, 
34, 74, 75, 79]

aGVHD <100 days 
post-transplant
cGVHD >100 days 
post-transplant

Proteinuria and GFR 
decline in the setting of 
other GVHD features 
(skin rash, GI and other 
system involvement)

High-intensity 
conditioning 
regimen, TBI, 
cGVHD common in 
non-myeloablative 
HSCT

Prevention (MTX, 
T-cell depletion)
Supportive care 
infection prevention
Optimize 
immunosuppression, 
optimize nutrition

TA-TMA 
[103, 
111–114]

Variable Hemolytic anemia, 
thrombocytopenia, 
GFR decline, 
hypertension, 
proteinuria

GVHD, TBI, 
underlying 
endothelial 
dysfunction, CNI 
exposure

Possible withdrawal of 
CNI
Consideration of 
rituximab or 
eculizumab (selected 
patients)

Viral nephritis 
(BK, 
adenovirus) 
[46, 48, 51, 
118, 119]

Peak 
immunosuppression

GFR decline, viremia, 
viruria

High-intensity 
conditioning

Reduction of 
immunosuppression 
(BK virus)
Infectious disease 
consult for 
consideration of 
antiviral therapy

Acute GN [29, 
34, 42]

~6 months 
post-transplant

Nephrotic syndrome 
with nephrotic-range 
proteinuria, 
hypoalbuminemia, 
edema

GVHD, cancer 
recurrence

Nephrology consult 
and urgent kidney 
biopsy to preserve 
renal function
Multidisciplinary 
management of 
immunosuppression

ADC antibody-drug conjugate, aHUS atypical hemolytic uremic syndrome, AKI acute kidney injury, CNI calcineurin 
inhibitor, DAH diffuse alveolar hemorrhage, DMSO dimethyl sulfoxide, GFR glomerular filtration rate, GI gastrointes-
tinal, GVHD graft-versus-host disease, GN glomerulonephritis, HRS hepatorenal syndrome, HSCT hematopoietic stem 
cell transplant, MTX methotrexate, POEMS polyneuropathy, organomegaly, endocrinopathy, monoclonal gammopathy, 
and skin abnormalities, TBI total body irradiation, TA-TMA transplant-associated thrombotic microangiopathy, RBCs 
red blood cells
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Sepsis: Prerenal, ATN

Volume depletion (e.g., GI losses)

Antimicrobials and other nephrotoxins: ATI

(cytotoxic and crystalline), AIN

Cancer-related

Other comorbidity-related

Fig. 27.1 Timeline of etiologies of AKI in critically ill 
HSCT recipients. AKI acute kidney injury, AIN acute 
interstitial nephritis, ATI acute tubular injury, ATN acute 
tubular necrosis, CNI calcineurin inhibitors, GVHD graft- 

versus- host disease, MCD minimal change disease, MN 
membranous nephropathy, SOS sinusoidal obstruction 
syndrome, TA-TMA transplant-associated thrombotic 
microangiopathy, TLS tumor lysis syndrome

 Prerenal and Cytokine Release 
Syndromes

Sepsis
Sepsis and circulatory shock are the most com-
mon causes of AKI in critically ill HSCT recipi-
ents [7, 10]. Exposure to nephrotoxic 
antimicrobials also contributes, as detailed below.

 Hepatic Sinusoidal Obstruction 
Syndrome (SOS)
Previously known as veno-occlusive disease 
(VOD), SOS classically occurs within the first 
21 days after HSCT, though delayed-onset cases 
(44.5  days) have been described [25, 26]. SOS 

has been reported in up to 60% of HSCT recipi-
ents (estimated mean incidence, 13.7%) and is 
more likely to occur after allogeneic as compared 
with autologous transplant [25, 26]. Severe cases 
were previously associated with >80% mortality; 
however, both incidence and prognosis have 
improved with recent advances in prevention and 
treatment [25, 26].

SOS presents as a form of hepatorenal syn-
drome with edema, weight gain, jaundice, and 
right upper quadrant pain. Oliguria and rising 
creatinine follow. Urine sodium concentration 
is low (<10 mEq/L), and urinalysis and micros-
copy are typically bland, though granular casts 
may be seen with progression to acute tubular 
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necrosis (ATN). SOS is caused by damage to 
hepatic sinusoidal endothelial cells in zone 3 
of the liver around the central veins, with resul-
tant subendothelial deposition of fibrin and 
other blood products leading to sinusoidal 
obstruction and portal hypertension [25]. Risk 
factors include exposure to gemtuzumab 
ozogamicin and inotuzumab ozogamicin prior 
to transplantation, high-intensity conditioning 
regimens (particularly busulfan- thiothepa, 
busulfan-cyclophosphamide, fludarabine, and 
TBI based), and CNI use [27, 28]. In addition 
to cytokine release, glutathione depletion as a 
result of chemotherapeutic drug detoxification 
contributes to centrilobular hepatocellular 
necrosis and fibrosis [25, 26].

 Engraftment Syndrome
ES occurs around the time of neutrophil engraft-
ment and is seen most commonly after autolo-
gous transplantation [29, 30]. It is characterized 
by fever, non-cardiogenic pulmonary edema, 
and erythematous rash and may present with 
multi- organ involvement. >90% incidence of 
AKI has been reported, with >50% of patients 
having stage III AKI and 27% requiring dialysis 
[31]. Etiology is believed to be neutrophil 
degranulation and inflammatory cytokine 
release during engraftment [31]. Baseline pro-
teinuria was the only significant predictor in one 
study [31].

Complement- and Immune- 
Related AKI

 Graft-Versus-Host Disease
GVHD is a major complication of allogeneic 
HSCT and can arise at any point after trans-
plant. Acute GVHD occurs within 100  days 
post- transplant, with a median time of around 
21 days, and is recognized in 20–68% of those 
admitted to the ICU [10, 32, 33]. Chronic 

GVHD occurs after 100  days post-transplant 
and is a major risk factor for post-HSCT CKD 
[34]. Whereas acute GVHD is a result of donor-
derived cytotoxic T-cells and cytokine-related 
tissue aggression, chronic GVHD (cGVHD) 
arises from both autoimmune causes and immu-
nosuppression [33, 35].

GVHD has been associated with various 
types of kidney injury, including prerenal AKI 
(by way of gastrointestinal losses in the setting 
of gut GVHD), TA-TMA, and post-transplant 
glomerulonephritis (GN). Additionally, direct 
kidney injury may present as interstitial inflam-
mation and renal tubular injury as a result of 
cytokine release [33, 36]. Renal biopsy reveals 
evidence of renal tubular injury (ATN) and/or 
tubulitis and interstitial infiltration by lympho-
cytes and mononuclear cells (Fig.  27.2a, b) 
[36, 37].

 Transplant-Associated Thrombotic 
Microangiopathy
TA-TMA is a multi-organ disease that often 
involves the kidneys. It typically presents 
6–12 months after transplant but may occur ear-
lier [29]. Incidence varies widely due to different 
diagnostic criteria. Patients present with evi-
dence of microangiopathic hemolytic anemia, 
reduced GFR, proteinuria, and hypertension. 
Both endothelial injury and complement activa-
tion have been implicated, with decreased levels 
of vascular endothelial growth factor (VEGF) 
and activation of the alternative complement 
pathway contributing to pathogenesis [38, 39]. 
Risk factors include older age, unrelated donor 
type, high-dose busulfan conditioning, TBI 
(especially when performed without renal 
shielding), exposure to calcineurin and mTOR 
inhibitors, GVHD, and infections such as BK, 
CMV, and adenovirus [38, 39]. Biopsy reveals 
endothelial cell swelling, mesangiolysis, and 
fibrin thrombi in arterioles and glomeruli 
(Fig. 27.2c) [29, 40].
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Fig. 27.2 Renal manifestations of post-HSCT complica-
tions. Graft-versus-host disease—(a) Light microscopy 
demonstrating interstitial infiltration and tubulitis and 
tubular basement membrane damage (PAS stain, ×400 
magnification). (b) Immunohistochemistry showing 
CD3+ lymphocytes in the interstitium. CNI nephrotoxic-
ity—(c) TMA involving the glomerular tuft and vascular 
pole in the setting of CNI use (Jones silver stain). (d) 
Striped interstitial fibrosis in the setting of CNI use (Jones 
silver stain, low power). Polyoma (BK) virus-associated 

nephropathy (BKVAN)—(e) Viral inclusions in tubular 
epithelial cells along with interstitial infiltrate of plasma 
cells, lymphocytes, and occasional polymorphonuclear 
neutrophils (PAS, ×200 magnification). (f) 
Immunohistochemistry showing nuclear inclusions with 
antibody staining for simian kidney virus (SV40, ×400 
magnification). (Used with permission from Koratala 
et al., 2020 [37] (A&B), Lusco et al., 2017 [40] (C&D), 
Atlas of Renal Pathology, 2001 [47] (E&F))

 Acute Glomerulonephritis
Although biopsy is underperformed in the HSCT 
population due to thrombocytopenia and coagu-
lopathy, various glomerular lesions have been 
reported when performed for investigation of pro-
teinuria. Membranous glomerulonephritis and 
minimal change disease are the most commonly 
described etiologies of post-transplant nephrotic 
syndrome (NS) [41]. While post- transplant NS 
appears to be strongly associated with the tapering 
of immunosuppression and presence of GVHD, it 
remains unclear if NS is caused by GVHD or other 
factors [41–43]. In some cases, GN may be related 
to recurrence of the original malignancy (e.g., 
amyloidosis, multiple myeloma).

 Transplant- or Tumor-Related AKI

 Marrow Infusion Syndrome
Exposure to toxic cell lysis products and cryopro-
tectants such as dimethyl sulfoxide (DMSO) used 
during the process of stem cell preservation may 

cause hemolysis on infusion and subsequently lead 
to heme precipitation in distal renal tubules, result-
ing in tubular obstruction (pigment nephropathy) 
[44]. Patients present with fever, hypotension, and 
gastrointestinal symptoms, typically within 24–48 h 
of transplant [45]. This complication is now infre-
quent, likely related to advances in cell 
preservation.

 Tumor Lysis Syndrome
Tumor lysis syndrome is a rare complication in 
HSCT, as most patients are in remission or have 
low tumor burden at the time of transplant. AKI 
results from tubular damage secondary to intratu-
bular obstruction from uric acid or calcium phos-
phate crystals [5, 45].

 Viral Infections

BK virus and adenovirus infections are common 
in the heavily immunosuppressed HSCT popula-
tion. BK virus reactivation in the urogenital sys-
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tem may manifest as interstitial nephritis (BK 
virus-associated nephropathy, BKVAN), hemor-
rhagic cystitis, or urinary obstruction. In patients 
with BKVAN, kidney biopsy specimens demon-
strate a pleomorphic interstitial infiltrate, intersti-
tial edema, tubulitis, and tubular injury; infected 
tubular epithelial cells may have enlarged nuclei 
with amorphous inclusions (Fig. 27.2e) [46, 47]. 
Infected epithelial cells stain positive for SV40 on 
immunohistochemistry (Fig. 27.2f) [46, 47]. BK 
hemorrhagic cystitis is most often seen in associa-
tion with high BK viremia [48]. Large bladder 
clots may lead to obstruction and, in some cases, 
require surgical evacuation [49]. Obstruction may 
also result from ureteral stenosis, though this 
complication is more common among kidney 
transplant recipients [50]. Adenovirus may cause 
acute interstitial nephritis but more commonly 
causes hemorrhagic cystitis [51]. Both BK and 
adenovirus have been associated with endothelial 
injury leading to TA-TMA [38, 39, 49]. 
Particularly, high BK viremia (>10,000  copies/
uL) has been associated with higher incidence of 
TA-TMA as compared with low BK viremia 
(70% versus 18%) [49]. Post- transplant BK viru-
ria has also been associated with progressively 
worsening renal function and mortality [48].

 Nephrotoxins in HSCT

 Calcineurin Inhibitors
The CNIs tacrolimus and cyclosporine are used 
to prevent GVHD and frequently contribute to 
post-transplant AKI. These drugs cause afferent 
arteriolar vasoconstriction with resultant isch-
emic tubular injury, especially in predisposed 
patients (hypovolemic or on agents that alter 
renal hemodynamics) [5]. In cases of acute CNI 
nephrotoxicity, kidney biopsy demonstrates iso-
metric vacuolization of the proximal tubular epi-
thelium and vascular injury with loss of smooth 
muscles, myocyte cytoplasmic vacuolization, 
and dropout from necrosis or apoptosis [40]. 
Additionally, CNIs may produce endothelial 
injury through oxidative stress and activation of 
the alternative complement pathway, contribut-
ing to TA-TMA [5, 29].

 Antimicrobials
Antimicrobial agents may lead to various 
types  of kidney injury peri-transplant. Ami-
noglycosides cause direct proximal tubular 
injury, whereas amphotericin causes cell mem-
brane injury in the distal tubules, resulting in 
tubular damage and distal renal tubular acidosis 
[52]. Ciprofloxacin, acyclovir, and sulfamethox-
azole can cause crystalline nephropathy, particu-
larly at high doses and rapid infusions and 
especially in the setting of volume depletion [45, 
52]. Vancomycin is a known cause of acute tubu-
lar injury and acute interstitial nephritis and has 
been associated with increased nephrotoxicity 
when administered concurrently with piperacil-
lin-tazobactam [53, 54].

 Conditioning Regimen
Both myeloablative and less intensive condition-
ing regimens have been associated with 
AKI.  High-dose busulfan-, fludarabine-, and 
TBI-based regimens have been linked to 
TA-TMA [38].

 Diagnosis

Evaluation of AKI after HSCT is similar to that 
for the general population, but with special atten-
tion to the timing of AKI in relation to transplant, 
type of transplant, and conditioning regimen 
[55]. Assessment includes a careful history and 
physical examination, urinalysis, urine micros-
copy, urine protein-to-creatinine ratio, and kid-
ney ultrasound [45]. Additional workup for 
transplant-specific causes of AKI such as CNI 
toxicity (blood tacrolimus or cyclosporine con-
centrations), TA-TMA (complete blood count, 
platelet count, review of the peripheral blood 
smear for schistocytes, serum markers of hemo-
lysis [lactate dehydrogenase, haptoglobin], serum 
complement testing [C3, C4, CH50, soluble C5b- 
9]), hepatic SOS (bilirubin levels, urine sodium, 
liver ultrasound), and blood BK and adenovirus 
viral loads should be considered in the appropri-
ate clinical contexts [56–63]. Diagnostic criteria 
for specific entities, including hepatic SOS and 
TA-TMA, are detailed elsewhere [56–62].
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 Biomarkers

Patients undergoing HSCT may have fluctua-
tions in nutritional status, muscle mass, and 
weight that influence serum creatinine values 
and, subsequently, the creatinine-based GFR 
estimates used to select and dose medications 
before and after HSCT [63, 64]. Further, as 
serum creatinine concentration is a late marker 
of injury, diagnosis of AKI may be delayed in the 
post-transplant setting [65]. Because detection 
of subclinical kidney damage and early diagno-
sis and treatment of AKI are vital for improved 
patient outcomes, there has been significant 
recent interest in identifying new biomarkers. 
Several novel AKI biomarkers (e.g., serum cys-
tatin C, urine neutrophil gelatinase- associated 
lipocalin [NGAL], urine liver-type fatty acid-
binding protein, urinary elafin, and urine alpha 
macroglobulin) have been evaluated in the 
research setting but have not entered routine 
clinical use [66–71]. Increased serum concentra-
tions of neutrophil extracellular traps (NETs) 
have been shown to predict TA-TMA; however, 
prospective studies in larger patient populations 
are necessary [72].

 Role of Kidney Biopsy

While there are no established guidelines address-
ing the role of kidney biopsy after HSCT, biopsy 
should be considered when there is AKI of 
unclear etiology despite the above workup, 
delayed kidney recovery refractory to initial 
modifications in therapy, or nephrotic-range pro-
teinuria. Because many transplant patients are 
thrombocytopenic and/or coagulopathic, biopsy 
should be performed with appropriate transfusion 
support and a multidisciplinary approach to 
patient care [45].

 Management of Post-HSCT AKI

Strategies for the prevention and treatment of 
post-HSCT AKI are shown in Table 27.1.

 Monitoring and Prevention

Identification of preexisting kidney disease and 
selection of reduced-intensity conditioning regi-
mens, where appropriate, may help reduce inci-
dence of AKI after HSCT [63, 73]. Post-transplant, 
careful volume management is critical to AKI 
prevention, with regular monitoring of weight, 
blood pressure, intake, and output. Nephrotoxic 
medications and iodinated contrast agents should 
be used cautiously, and complications that pre-
dispose to AKI such as infections and gastroin-
testinal GVHD treated promptly [1, 45, 65].

Recent developments that may lower the risk 
of post-transplant AKI include the use of (1) 
CNI-free (e.g., cyclophosphamide-based) regi-
mens for GVHD prophylaxis; (2) personalized 
drug-dosing protocols tailored to individual- 
patient drug levels; and (3) drug selection and 
dosing guided by gene polymorphisms involved 
in the metabolism of chemotherapeutic agents 
[45, 65, 74–79]. Animal studies are ongoing to 
investigate the potential nephroprotective role of 
drugs that impact the renin-angiotensin- 
aldosterone system after TBI or CNI exposure 
[80, 81].

 Treatment

 General Measures
In many cases, treatment of AKI after HSCT is 
supportive. Nephrotoxic medications should be 
stopped when possible, and medication doses 
adjusted for level of kidney function [45]. If CNI 
trough concentrations are elevated, dose reduc-
tion should be considered [55]. Care must be 
taken to prevent and mitigate fluid overload, 
which has been linked with increased mortality 
[82–85]. Swift diagnosis of HSCT-specific com-
plications is critical for timely intervention; early 
nephrology consultation should be considered.

 Kidney Replacement Therapy 
Considerations
At present, no consensus guidelines exist regard-
ing the best timing of dialysis initiation after 
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post-HSCT AKI. Data supporting earlier (versus 
later) initiation of KRT in this context come pri-
marily from the pediatric population, with a small 
recent study demonstrating good outcomes in 
children with hepatic SOS, AKI, and fluid over-
load treated with a standardized fluid balance 
protocol and early initiation of KRT [63, 86]. 
KRT initiation when there is evidence of pulmo-
nary edema, worsening oxygenation, no response 
to diuretic dose escalation, and oliguria has been 
suggested [63].

No randomized controlled trials (RCTs) have 
compared intermittent hemodialysis (IHD) with 
continuous renal replacement therapy (CRRT) in 
the post-HSCT setting, and choice of KRT 
modality is usually based on hemodynamic sta-
bility and volume status [55]. There is some evi-
dence that continuous therapies are associated 
with less increase in intracranial pressure than 
IHD, thus making CRRT potentially more appro-
priate in cases of SOS [55, 87, 88]. Additionally, 
daily obligate fluid intake after HSCT is often 
considerable, and fluid balance may be controlled 
most easily with a continuous modality [55].

 Disease-Specific Considerations

 Hepatic Sinusoidal Obstruction 
Syndrome
Strategies for the prevention of SOS combine two 
approaches: (1) reversal of SOS risk factors and 
(2) pharmacologic intervention [89, 90]. The use 
of heparin for SOS prophylaxis remains contro-
versial, with two RCTs (one with unfractionated 
heparin and one with low-molecular-weight hep-
arin) demonstrating a beneficial effect and a 
 subsequent meta-analysis including the above 
RCTs showing no significant benefit [91–93]. 
Large RCTs are needed to properly evaluate its 
use. Data regarding the value of ursodeoxycholic 
acid for SOS prevention are inconclusive; how-
ever, administration of prophylactic ursodeoxy-
cholic acid has been associated with less liver 
toxicity, less acute GVHD, and improved sur-
vival, supporting its use [94]. Defibrotide, an 
agent with anti-thrombotic, pro-fibrinolytic, and 

anti- ischemic properties, has shown efficacy in 
pediatric and high-risk adult allogeneic-HSCT 
recipients when used for SOS prophylaxis [95, 
96]. Additionally, early treatment with defib-
rotide has shown improved survival in those with 
severe/very severe SOS as compared with sup-
portive care alone [90, 97–100].

In patients with suspected or established SOS, 
exposure to hepatotoxic and nephrotoxic drugs 
should be minimized [101]. Management should 
aim at preserving intravascular volume and renal 
blood flow while addressing peripheral edema 
and ascites with judicious use of diuretics and 
therapeutic paracentesis [63, 101]. As above, if 
hemodialysis is indicated, CRRT may be pre-
ferred to handle high obligate daily fluid intake 
and prevent intracranial pressure increase [63, 
86–88].

 Transplant-Associated Thrombotic 
Microangiopathy
Patients with suspected or confirmed TA-TMA 
should be supported with platelet and red blood 
cell transfusions and appropriate volume man-
agement [38]. Precipitating viral infections and 
acute GVHD should be sought and treated 
accordingly [38]. In patients receiving CNIs or 
mTOR inhibitors for GVHD prophylaxis, 
replacement with alternative agents (e.g., cortico-
steroids, mycophenolate mofetil, IL-2 inhibitors, 
anti-CD20 agents) may be considered, although 
more evidence is needed [38, 102, 103]. The role 
of therapeutic plasma exchange remains uncer-
tain, with studies confounded by disease severity, 
heterogeneous outcome measurements, with-
drawal of offending agents, and concomitant 
administration of other therapies [39, 58, 
104–106].

Data regarding the use of immunomodulatory 
therapies for TA-TMA are limited, with most 
published experience coming from small obser-
vational studies and from the pediatric literature; 
use should be individualized and with expert 
guidance. Limited reports in pediatric and adult 
patients have demonstrated up to 80% response 
rates with the use of the anti-CD20 monoclonal 
antibody rituximab [107–110]. Additionally, the 
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discovery of alternative complement pathway 
abnormalities in the pathophysiology of TA-TMA 
has led to the use of the C5 inhibitor eculizumab 
[111–114]. Data come primarily from the pediat-
ric population, with a recent relatively large study 
of 64 children with high-risk TA-TMA demon-
strating 66% 1-year post-HSCT survival after 
receiving eculizumab, compared with 16.7% in a 
previously reported untreated cohort [113]. 
Similar benefits have been reported in adult 
patients with TA-TMA treated with eculizumab, 
making this therapy a potential option in selected 
patients with evidence of complement dysregula-
tion [111, 112, 114]. Defibrotide has been tried in 
the treatment of TA-TMA with some success 
[115, 116]. A recent pilot study of 25 high-risk 
pediatric patients demonstrated a reduced inci-
dence of TA-TMA with administration of pro-
phylactic defibrotide (4% as compared with an 
18–40% incidence in a similar population) [117].

 Viral Infections
Treatment of viral nephritis is often challenging 
and should be aimed at treating the underlying 
viral infection (e.g., reduction of immunosup-
pression for BK virus; cidofovir for adenovirus) 
[118, 119]. Patients with hemorrhagic cystitis 
and/or ureteral stenosis must be monitored for 
urinary obstruction.

 Conclusion

Post-HSCT outcomes have overall improved 
with progress in recognition of risk factors and 
specific management of HSCT complications, as 
well as advancements in critical care. However, 
AKI remains a common complication and a sig-
nificant risk factor for early mortality. AKI can 
occur at any time after transplant in the critically 
ill patient with a history of HSCT and may pres-
ent with different pathologies that require tar-
geted interventions. It is essential to identify 
high-risk individuals and employ preventive 
measures where appropriate, diagnose AKI early, 
identify and withdraw offending agents, treat any 
underlying conditions, monitor renal function, 
and optimize volume status.
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28Gastrointestinal and Hepatic 
Considerations in Critically Ill 
Hematopoietic Stem Cell 
Transplantation Patient

Mohammed Almakadi, Ali Alahmari, 
and Amal Albeihany

 Introduction

Hematopoietic stem cell transplantation (HSCT) 
has made groundbreaking progress to become 
the foundation of therapy for many hematologi-
cal conditions primarily, or upon disease recur-
rence since its inception in the 1970s. Scientists 
and clinicians have worked hand in hand to 
untangle so many knots in the biological suc-
cess of stem cell transplantation to evolve from 
syngeneic to allogeneic sources of hematopoi-
etic stem cells. The path from experimental tri-
als of HSCT to becoming a standard of care 
therapy exceeding 1 million HSCT procedures 
worldwide [1] has been difficult as mortality in 
the early days following stem cell infusion was 
very high. In addition, the biology behind trans-
plant-related problems was so complex [2]. 
Despite that, the huge collaborative efforts from 
all stakeholders made HSCT safely accessible 
for the treatment of many malignant and nonma-
lignant hematological conditions [3, 4]. In addi-
tion to using allogeneic HSCT to cure for a 
variety of conditions that cause a state of bone 
marrow failure, autologous source of HSCT has 

become the mainstay for securing rapid hemato-
poietic recovery following high-dose chemo-
therapy regimen for certain conditions like 
multiple myeloma. These high-dose chemother-
apy protocols are meant to “wipe” residual dis-
ease cells in the body yet have a prolonged 
myeloablative effect on the bone marrow that 
can be recuperated hastily by means of autolo-
gous stem cell infusion [5].

Despite the curative potential of HSCT and 
the utmost effort to make the process less toxic, 
HSCT-associated morbidity and mortality are 
sometimes inevitable. Aside from patients’ 
related factors and the underlying disease status, 
HSCT complications are largely related to the 
overall HSCT protocol. The preparative regimens 
for HSCT are largely dictated by the underlying 
disease biology and the availability of matched 
human leukocyte antigen (HLA) donor. However, 
the modifications in HSCT preparative regimens 
along with further enhancements in supportive 
therapies throughout the whole process that the 
current field has adopted to lessen HSCT-related 
complications resulted in significant reduction in 
these complications [6–8].
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Table 28.1 List of critical HSCT-related hepatobiliary 
and gastrointestinal tract complications

   1. Airway compromise due to severe mucositis
   2. Sepsis/septic shock
   3. Complicated neutropenic enterocolitis
   4. Bowel perforation
   5. Gastrointestinal bleeding
   6. Disseminated intravascular coagulation
   7. Secondary severe electrolyte derangements
   8. Hepatic failure
   9. Sinusoidal obstruction syndrome with multiorgan 

failure

Table 28.2 Time-specific allogeneic HSCT hepatobili-
ary and gastrointestinal tract complications

Condition Timeframe
Chemotherapy- 
induced toxicity

From initiation of conditioning 
chemotherapy until around 
Day 14

Mucositis Following initiation of 
conditioning chemotherapy 
until around Day 14

Neutropenic 
enterocolitis

Following initiation of 
conditioning chemotherapy 
until around Day 14

Sinusoidal 
obstruction 
syndrome

Within the first 21 days

Acute graft-versus- 
host disease

From around Day 14 until 
around Day 100

Chronic graft- 
versus- host disease

From around Day 100 onward

Patients undergoing HSCT are at potential risk 
for admission to the intensive care unit (ICU) as 
part of their maximized supportive care for criti-
cal HSCT-related adverse events, like organ fail-
ure and sepsis [9]. Following ICU admission, 
mortality rate of HSCT recipients can reach up to 
70% with a reduction in 1-year overall survival by 
around 30% in comparison to HSCT recipients 
not requiring ICU care [10, 11] (Table  28.1). 
These worse outcomes of HSCT can vary between 
specialized centers in HSCT; however, this calls 
for further advancements in the collective efforts 
and treatments’ guidelines shouldered by health-
care providers that should begin with prioritized 
and ongoing up-to-date education to spread the 
awareness about early recognition of HSCT com-
plications, potential prevention measures, and 
effective accurate timely management according 
to the current body of evidence.

 Patient’s Assessment

When HSCT is planned, HSCT recipients and 
their potential donors undergo thorough clinical, 
laboratory, and diagnostic assessments to be 
cleared for the HSCT process. This routinely 
includes screening for certain infections, which 
includes but not limited to human immunodefi-
ciency virus (HIV), viral hepatitis, cytomegalovi-
rus (CMV), and Epstein-Barr virus (EBV). 
Current modifications into preparative chemo-
therapy regimen prior to stem cell infusion have 
allowed many patients with liver dysfunction, 
who were historically deemed “unfit” for receiv-

ing HSCT, to be potential candidates for 
HSCT.  Reduced- intensity conditioning (RIC) or 
non- myeloablative conditioning chemotherapy 
has resulted in less transplant-induced hepatic 
injury. However, allowing for more individualized 
patients with liver dysfunction and immune-medi-
ated inflammatory conditions like inflammatory 
bowel disease (IBD) to challenge their ways 
through HSCT hurdles presented to the treating 
teams potentially unpredictable tenuous patients 
that require highest care and support with expected 
increased risk for decompensated liver function, 
gastrointestinal tract (GIT) complications, and 
increased morbidity and mortality. These can be 
lessened drastically by implementing rigorous 
hepatic and GIT assessments to ensure fitness for 
HSCT [12, 13].

 Allogeneic HSCT

First, we will begin discussing issues related to 
hepatobiliary (HB) or GIT complications in allo-
geneic HSCT recipients. The days counting begin 
from the day of stem cell infusion, which is 
referred to as Day 0. The overall assessment of 
critically ill allogeneic HSCT recipients with HB 
or GIT abnormalities should account for the 
occurrence of signs and/or symptoms of GIT or 
HB derangements in relation to the timeline of 
the allogeneic HSCT process (Table 28.2).
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 Early HSCT Period (Up to Day 100)
HB and GIT abnormalities in critically ill patients 
that occur very early in the HSCT period are 
more likely to be related to the baseline health of 
the liver and GIT than due to the transplant pro-
cess. It is crucial to assess whether the abnormal-
ity is a worsening of an underlying chronic 
process, recurrence of a recent illness, or a new 
insult. The host immune system is most vulnera-
ble during this period while awaiting stem cells 
to engraft and repopulate the bone marrow. Thus, 
it is important to consider infectious etiologies 
early on when facing critically ill HSCT patients 
with complaints that can be manifestations of 
infections. The major complications to be aware 
of during the early HSCT period are as follows.

Pain
One of the most foreseeable complications dur-
ing the early phase of this period affecting more 
than 75% of HSCT recipients is mucositis. This 
occurs due to the breakdown of the mucosal lin-
ing of the GIT as a result of conditioning chemo-
therapy regimens [14]. Patients can suffer from 
oral pain and dysphagia that can significantly 
affect their hydration and food intake. Sterile 
mucositis may take 2–3 weeks to heal as neutro-
phil count recovers following conditioning che-
motherapy. Furthermore, mucositis can occur 
due to CMV, herpes simplex virus (HSV), candi-
diasis, and bacterial infections. The incidence of 
the majority of these infections has become sig-
nificantly lower following the implementation of 
routine anti-infective prophylaxis. Mucositis is 
an important complication to prevent and recog-
nize because it can lead to upper airway edema 
that could impose airway threat requiring inva-
sive intervention. Strategies to shorten the dura-
tion of mucositis and lessen the severity of 
symptoms include frequent mouth rinsing, use of 
ice chips, bicarbonate-based mouth rinses, topi-
cal anesthetics, and opioids. Generous parenteral 
hydration and nutrition should be initiated for 
patients with severe cases to avoid renal injury 
and hasten their recovery [15].

Commonly occurring systemic infections with 
secondary evidence of transaminitis, liver dys-
function, or hyperbilirubinemia should be inves-

tigated like critically ill patients who are not 
HSCT recipients. HSCT recipients who experi-
ence tender hepatomegaly should prompt workup 
for fungal infection including dedicated imaging 
and liver biopsy if feasible to rule out fungal 
abscesses for better sensitive selection of antifun-
gal strategy [16]. Patients who are transfusion 
dependents due to certain underlying conditions 
are at risk for iron overload, which has been asso-
ciated with increased risk for invasive mold 
infections [17].

Other causes of abdominal pain during this 
period include peptic ulcer disease, pancreatitis, 
or cholecystitis. These conditions can be very 
challenging to manage due to expected patients’ 
low blood counts that can preclude surgical inter-
ventions [15]. Although it is rare, acute pancreati-
tis can occur secondary to commonly used 
medications in HSCT recipients like trime-
thoprim/sulfamethoxazole, cyclosporine, and 
corticosteroids. The management is mainly sup-
portive and to hold or discontinue offending 
drugs [18]. Another important, yet rare cause of 
abdominal pain is intestinal pseudo-obstruction. 
It occurs due to increased inflammatory state 
from sepsis, or prolonged use of narcotics, or due 
to electrolyte disturbances. Treatment is mainly 
conservative by maximizing supportive therapy 
and addressing the potential underlying etiology 
[19]. Clinicians taking care of HSCT recipients 
in the ICU should always have a high index of 
suspicion toward early warning symptoms and 
signs so they can initiate appropriate manage-
ment sooner to defer unnecessary early surgical 
interventions that can bring significant mortality 
and morbidity. Early successful and aggressive 
supportive management is associated with better 
outcomes [20].

Diarrhea
Diarrhea usually affects the majority of HSCT 
patients due to toxicity of radiation or high-dose 
chemotherapy conditioning within the following 
first 2 weeks causing severe mucosal inflamma-
tion that can be debilitating due to fluid losses 
and electrolyte disturbances [21, 22]. Infectious 
causes of diarrhea constitute up to 15% of cases; 
however, diarrhea in HSCT patients should 
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always trigger infectious causes workup to rule 
out Clostridium difficile infection [22]. 
Endoscopic evaluation with or without biopsy 
procedure might be necessary in some cases, but 
it can be limited by the degree of cytopenia sec-
ondary to bone marrow suppression.

Neutropenic Enterocolitis
Neutropenic enterocolitis (NE) can be a life- 
threatening complication that occurs in patients 
with neutropenia. Cell-toxic radiation or chemo-
therapy compromises the mucosal integrity of the 
GIT in neutropenic patients becoming an “open 
door” for microbial translocation. Typhlitis refers 
to cecal inflammation in patients with neutropenia 
[23]. The microbial spectrum is variable including 
gram-negative bacilli (Pseudomonas aeruginosa, 
Escherichia coli, Klebsiella species), gram-posi-
tive cocci (enterococci, Streptococcus viridans), 
anaerobes (Clostridium species, Bacteroides spe-
cies), and fungi (Candida species) [24].

The diagnosis necessitates clinical suspicion 
when neutropenic patients present with fever and 
abdominal pain that is commonly located in the 
right lower quadrant. Severe cases leading to 
bowel perforation can manifest with abdominal 
distension, gastrointestinal bleeding, peritonitis, 
and shock [24]. Computed tomography (CT) is 
the best diagnostic modality if NE is suspected 
that can show mucosal thickening, fat stranding, 
and pneumatosis in severe cases [25].

In general, patients with NE should receive 
expedited aggressive supportive therapy accord-
ing to the severity of the condition and occurrence 
of complications. This includes bowel rest, intra-
venous (IV) hydration, nutritional support, blood 
product transfusion, and broad-spectrum antibiot-
ics. Antifungals should be considered if fever per-
sists longer than 72  h despite appropriate 
antibacterial coverage [26]. When appropriate, 
granulocyte colony-stimulating factor (G-CSF) 
should be considered in severe cases to accelerate 
neutrophil recovery [24].

Acute Graft-Versus-Host Disease (GVHD)
GVHD is a common complication of HSCT that 
can affect multiple organs because of immuno-
logical attack of the donor’s lymphoid cells 

against the “foreign” recipient’s tissues. It is usu-
ally biphasic. The acute phase of GVHD typi-
cally manifests with GIT, skin, and liver 
involvements. Chronic GVHD will be discussed 
later in this chapter. GVHD can still occur despite 
current advances in prophylactic immunosup-
pressive therapy in up to 50% of allogeneic 
HSCT patients [27–29].

Acute GVHD of the GIT presents with nau-
sea, vomiting, decreased oral intake, and com-
monly diarrhea [30]. Hepatic involvement can be 
suggested if patients develop worsening liver 
enzymes. The diagnosis requires tissue biopsy 
confirmation, and the severity of the symptoms 
needs to be graded to direct choice of therapy 
[31]. Treatment is mainly supportive care, and 
systemic and local corticosteroids are the princi-
pal first-line therapy [32]. Unfortunately, progno-
sis can be worse in severe cases and sometimes 
fatal in refractory cases [33].

Jaundice
In preparation for HSCT, patients require condi-
tioning chemotherapy that can cause transami-
nitis or impairment of liver function [16, 34]. In 
addition, this period is characterized by inevita-
ble reactivation of donor’s acquired or recipient’s 
dormant infections due to immunosuppressive 
therapy. Severe cases of acute viral hepatitis 
typically happen due to reactivation of adenovi-
rus, herpes simplex virus, varicella zoster virus, 
EBV, and hepatitis B virus [35]. Hepatitis C and 
CMV can rarely cause severe cases of hepatitis 
[12]. To prevent patients from acquiring most of 
these infections, early use of anti-infective pro-
phylaxis is essential. In case of hepatitis B, 
longer duration of antiviral prophylaxis is rec-
ommended even after full immune reconstitu-
tion as fulminant hepatitis B cases can still 
occur with premature discontinuation of antivi-
ral prophylaxis [36]. Resistant fungal infections 
should be suspected in patients on prophylactic 
antifungals, and the antifungal regimen should 
be adjusted. However, it is not unusual for some 
fungal infections to show a state of refractori-
ness to antifungal treatment that can begin 
to resolve after full recovery of healthy neutro-
phils production [37].
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Hepatic sinusoidal obstruction syndrome 
(SOS) can be a serious complication during this 
period, and it is hallmarked by the co-occurrence 
of tender hepatomegaly, hyperbilirubinemia, and 
weight gain due to fluid retention [38]. Despite 
certain patient-related risk factors that can 
increase the likelihood of developing hepatic 
SOS, the adoption of RIC along with the limited 
usage of certain high-risk conditioning regimen 
like high-dose cyclophosphamide or total body 
irradiation has led to a drastic reduction in the 
incidence and severity of SOS [16, 39].

There should be a high index of suspicion for 
SOS in all allogeneic HSCT recipients who 
develop painful hepatomegaly, ascites, jaundice, 
refractory thrombocytopenia, and/or weight gain 
typically within 21 days from stem cell infusion. 
Other than transjugular liver biopsy, no certain 
tests can provisionally confirm this condition [35, 
40]. After ruling out mimickers, the diagnosis of 
hepatic SOS is mainly clinically suggested that 
can be based on the revised European Society for 
Blood and Marrow Transplantation (EBMT) crite-
ria. Accordingly, classical SOS diagnosis requires 
the presence of hyperbilirubinemia ≥2 mg/dL and 
two of the following: tender hepatomegaly, weight 
gain >5%, or ascites. Late-onset SOS (≥21 days 
after HSCT) diagnosis requires classical SOS cri-
teria; or histopathological-proven SOS; or ultra-
sound or hemodynamic evidence of SOS and at 
least two of the following: hyperbilirubinemia 
≥2  mg/dL, tender hepatomegaly, weight gain 
>5%, or ascites [41]. Other clinical criteria for 
diagnosing SOS include the modified Seattle crite-
ria [42] and the Baltimore criteria [43].

The current backbone of therapy for SOS is pre-
vention. Once clinically suspected, the revised 
EBMT grading system categorizes patients into mild, 
moderate, severe, and very severe [41]. Severe cases 
of SOS have a mortality rate reaching up to 80% 
majorly due to cardiopulmonary or renal failure 
rather than hepatic failure [44, 45]. In all cases, the 
main goal is to keep patients in euvolemic state using 
diuretics and fluid removal, and minimizing hepato-
toxic medications. Patients should be weighed daily 
to assess their weight loss response. Ursodeoxycholic 
acid (UDCA) is very effective as primary prophy-
laxis against SOS by reducing hydrophobicity of bile 

acids and should be continued even if SOS develops 
[46]. Additionally in severe cases, defibrotide has 
shown some survival benefits in addition to aggres-
sive supportive therapy [47].

 Late HSCT Period (Day 100+)
This period usually coincides with gradual tapering 
of immunosuppressive therapy following stem 
cells engraftment. Majority of HSCT-related com-
plications during this late period and onward are 
either a continuum or recurrence of an earlier event. 
The most important complications are as follows.

Chronic GVHD
Chronic GVHD involves chronic inflammation 
and fibrosis leading sometimes to permanent 
damage of the affected organs. It is hallmarked 
by inflammation akin to what happens in acute 
GVHD, but it persists longer due to imbalanced 
regulatory immune responses against chronic 
inflammation. This is coupled with an aberrant 
tissue repair mechanism leading to tissue fibrosis 
and scarring [48].

If the GIT is affected by chronic GVHD, 
patients will have narrowing and strictures that 
can cause luminal obstruction. Progression of 
early lesions can be slowed medically; however, 
advanced strictures may require repetitive inter-
ventional or surgical corrections [15]. Chronic 
GVHD of the liver can present as hepatitis that 
can be managed by increasing immunosuppres-
sion therapy with or without addition of cortico-
steroids [49].

Iron Overload
Patients with hematological malignancies on 
chemotherapy usually receive multiple packed 
red blood cell transfusions to supplement their 
physiological recovery while the bone marrow is 
recovering from myelosuppression. The inevita-
ble consequence of these multiple transfusions is 
hemosiderosis that should be addressed once 
patients become transfusion independent before 
it leads to organ damage. In the majority of cases, 
patients will undergo therapeutic phlebotomies. 
In a few cases when patients cannot tolerate ther-
apeutic phlebotomy sessions, they are managed 
with iron chelators [50].
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 Autologous HSCT

Majority of the complications following 
autologous HSCT are related to the condition-
ing chemotherapy regimen. Autologous HSCT 
recipients commonly sustain GIT injury, 
especially mucositis. They are also at risk for 
developing HB chemotherapy- induced cyto-
toxic injury that can be serious, requiring 
removal of any additionally hepatotoxic med-
ication and maximizing supportive care [51]. 
In addition, all autologous HSCT patients will 
become neutropenic, which can increase the 
risk for infections, especially serious bacte-
rial infections [52]. They are also at risk for 
typhlitis or NE.  If NE occurs, it should be 
managed aggressively as described 
previously.
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29Neurologic Considerations 
in Critically Ill Hematopoietic Stem 
Cell Transplantation Patients

Kiddy Levente Ume and Rajat Dhar

 Introduction

Hematopoietic stem cell transplantation (HSCT) 
as a treatment for hematological malignancies 
and genetic disorders has been on the rise in 
recent years [1]. The use of reduced-intensity 
conditioning (RIC) regimens and improvements 
in supportive care have allowed the expansion of 
HSCT to patient populations that were consid-
ered ineligible in the past (e.g., elderly patients 
with advanced disease and more comorbidities); 
however, such patients are more prone to post- 
transplantation complications [2]. Neurological 
complications are a significant cause of both 
early and delayed morbidity and contribute to 
transplant-related mortality (TRM) [3]. A land-
mark study of 302 consecutive HSCT patients 
from the early twenty-first century found that 
complications affecting the central nervous sys-
tem (CNS) occurred in 18% at 100 days and 23% 
at 1 year (Fig. 29.1) [4]. Survival was worse in 
those with CNS complications. The most com-
mon complications observed were drug neuro-
toxicities, especially posterior reversible 
encephalopathy syndrome (PRES), other meta-

bolic encephalopathies, and CNS infections. 
Similar rates of complications and their negative 
prognostic implications have since been corrobo-
rated in several further studies [5, 6], with some 
demonstrating that most complications occur 
early after transplantation [3, 7]. However, other 
complications can occur months to years after 
HSCT, so careful screening and vigilant surveil-
lance remain critical. The tension between more 
careful drug dosing, prophylaxis, and monitor-
ing, balanced against more vulnerable patients 
undergoing HSCT, means that the incidence of 
complications has not changed significantly, 
remaining around 20% in many contemporary 
studies [3, 6, 8]. The most common presentations 
included seizures and altered mental status 
(encephalopathy). However, these are nonspe-
cific and may be preceded by more subtle symp-
toms and signs, such as headache, tremor, or 
visual disturbances, making accurate and specific 
diagnoses challenging early on. The heterogene-
ity in presentation and ascertainment also 
explains why estimates of incidence vary greatly; 
a study including minor complications found a 
total incidence of 56% [9]. Table 29.1 provides a 
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Fig. 29.1 The cumulative incidences of all CNS compli-
cations and of PRES after HSCT [With permission from 
Siegal D, et  al. Central nervous system complications 

after allogeneic hematopoietic stem cell transplantation: 
incidence, manifestations, and clinical significance. Biol 
Blood Marrow Transplant. 2007;13(11):1369–79]

Table 29.1 Major diagnostic considerations for common neurologic presentations after HSCT, divided by those occur-
ring early versus late after transplant

Presenting syndrome Early (<60 days after HSCT) Late (≥60 days after HSCT)
Seizures    • PRES

   • Other drug toxicity
   • Subdural hematoma

   • Drug toxicity
     – Cytotoxic agents
     – Antibiotics
   • CNS infections

Delirium/
encephalopathy

   •  Metabolic: uremia or hepatic failure, 
SIRS, sepsis

   • PRES
   • Meningitis

   • Metabolic
   • Viral or fungal encephalitis
   • PML
   • IRIS (rare)

Focal deficits    • Subdural hematoma
   • Acute ischemic or hemorrhagic stroke

   • Brain abscess: fungal or bacterial
   • GVHD
     – Vasculitis
     – CNS demyelinating disease

Generalized 
weakness

   • Deconditioning
   • Critical illness myopathy or neuropathy
   •  Immune-mediated polyneuropathy 

(GBS)

   •  Immune-mediated polyneuropathy 
(GBS)

   • Drug toxicity
     – Steroid myopathy
     –  Tacrolimus-induced polymyositis 

or plexitis
   • GVHD
     – Myasthenia gravis
     – Myositis

PRES posterior reversible encephalopathy syndrome, PML progressive multifocal leukoencephalopathy, SIRS systemic 
inflammatory response syndrome, IRIS immune reconstitution inflammatory syndrome, GBS Guillain-Barré syndrome, 
GVHD graft-versus-host disease
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high-level overview, highlighting major differen-
tial diagnoses to be considered for common neu-
rological presentations in the early or delayed 
periods after HSCT. The remainder of this chap-
ter provides greater details into specific compli-
cations and their evaluation and management, 
with a focus on those likely to occur in the critical 
care setting.

 Drug-Related Neurotoxicity

Transplant patients are exposed to numerous 
potentially neurotoxic medications as part of 
their management. Neurological complications 
can result from immunosuppressants, cytotoxic 
agents, monoclonal antibodies, antibiotics, or a 
combination of these. Drug–drug interactions 
may play a pivotal role when several drugs with 
potentially different neurotoxicities are adminis-
tered simultaneously [10].

 Calcineurin Inhibitors

Calcineurin inhibitors (CNIs), such as cyclo-
sporine and tacrolimus, are immunosuppres-
sants frequently used for prophylaxis of 
graft-versus-host disease (GVHD) and carry a 
high risk of drug- related neurotoxicity [11]. 
They work by binding to proteins called immu-
nophilins to form a complex that inhibits calci-
neurin. This results in inhibition of 
calcium-dependent signaling pathways that 
release interleukin-2 and activate T cells [12]. 
The exact mechanism of their neurotoxicity 
remains unclear, but previous studies point to 
neuronal apoptosis mainly involving oligoden-
drocytes [13], leading to a disruption of the 
blood–brain barrier [14] and resulting in the 
development of vasogenic edema [15]. 
Dysregulation of neuronal excitability through 
calcineurin inhibition may also contribute [16]. 
Although levels of CNIs may be elevated or 
toxicity may follow drug loading, drug levels 

are often normal in those with symptoms. 
Additional factors that may play a role in toxic-
ity include high blood pressure, hypomagnese-
mia, renal dysfunction, and umbilical cord 
blood transplant [6].

CNI toxicity may present with a myriad of 
symptoms often beginning with relatively minor 
complaints (e.g. headache, paresthesias, tremor – 
seen in up to half of treated patients), with early 
neuropsychiatric (e.g., insomnia, anxiety, agita-
tion) and visual disturbances. These symptoms 
may occur in isolation (if detected early and 
treatment is modified) or progress to the develop-
ment of overt delirium with hallucinations and 
delusions that may culminate in seizures and per-
sistent encephalopathy. Seizures are a particu-
larly common presentation of CNI toxicity. 
Postictal focal deficits, aphasia, and cortical 
blindness have also been described [10]. A 
 peculiar state of akinetic mutism has been 
reported with tacrolimus [17, 18].

The radiographic hallmark of CNI neurotox-
icity is PRES, an entity consisting of a mag-
netic resonance imaging (MRI) pattern of 
multifocal or confluent areas of T2 and FLAIR-
signal hyperintensity (i.e., vasogenic edema) 
most often in the white matter of occipital 
lobes, but occasionally involving other sites, 
such as the cerebellum, brainstem, or basal gan-
glia [19] (Fig. 29.2). It is one of the most com-
mon neurological complications after HSCT: a 
prospective series found PRES in 7% of HSCT 
recipients by 1 year, with most cases being 
diagnosed within the first 30–100  days [4] 
(Fig. 29.1). Critically, PRES is rapidly revers-
ible if recognized promptly and the inciting 
agent is stopped. Blood pressure control and 
correction of hypomagnesemia should also be 
considered. Anticonvulsant agents, commonly 
non-enzyme inducers such as levetiracetam, 
should be provided to those with seizures but 
can be discontinued after a few weeks once 
PRES resolves. If PRES is not recognized and 
it progresses, hemorrhage and permanent neu-
rological deficits can develop [18].
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a b

c d

Fig. 29.2 Axial FLAIR 
images of the brain 
demonstrating mild (a), 
moderate (b), and severe 
(c and d) forms of PRES 
[With permission from 
Siegal D, et al. Central 
nervous system 
complications after 
allogeneic hematopoietic 
stem cell transplantation: 
incidence, 
manifestations, and 
clinical significance. 
Biol Blood Marrow 
Transplant. 
2007;13(11):1369–79]

 Cytotoxic Agents

Busulfan, a total-body-irradiation-sparing agent 
used in HSCT, is known for causing direct neuro-
toxicity and decreasing the seizure threshold in a 
dose-dependent fashion. It crosses the blood–
brain barrier and can accumulate in the cerebro-
spinal fluid [10]. Seizures can occur in up to 10% 
of patients [20]. This risk can be lowered by up to 
eightfold by using prophylactic antiseizure medi-
cations [21]. Existing data support the use of ben-
zodiazepines, most notably clonazepam and 
lorazepam, to prevent busulfan-induced seizures 
[22]. In addition, second-generation antiepileptic 
drugs, such as levetiracetam, can be added, but 
phenytoin should be avoided due to possible tox-
icities and its ability to induce busulfan metabo-
lism [22]. Fludarabine, another cytotoxic agent, 
has been linked to PRES as well as another white 

matter syndrome termed acute toxic 
 leukoencephalopathy (ATL). This involves the 
deep and periventricular white matter more sym-
metrically and is more likely to have diffusion-
weighted changes on MRI.  PRES and ATL 
combined were seen in 2.4% of fludarabine expo-
sures in one series [23]. PRES was more likely to 
present with seizures and hypertension, while 
ATL was more likely to present with cognitive 
disturbances and focal neurological deficits. 
Survival was worse in those with either toxicity, 
but neurological deficits were more persistent 
and more deaths were directly attributable to 
ATL. Ifosfamide, an isomer of cyclophospha-
mide, has been associated with encephalopathy, 
delirium, seizures, and cerebellar dysfunction, 
especially in the setting of low albumin [24]. 
Methylene blue [25] and vitamin B1 (thiamine) 
[26] have been proposed as beneficial in treating 
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Table 29.2 Drugs associated with neurological symp-
toms and syndromes

Neurological symptom/
syndrome Drug
PRES CNI (e.g., 

cyclosporine, 
tacrolimus)
Fludarabine, etoposide
Steroids
Acyclovir
Monoclonal antibodies

Acute toxic 
leukoencephalopathy

Fludarabine
Methotrexate
Cranial irradiation

Other nonspecific severe 
encephalopathy

Fludarabine, 
ifosfamide, carmustine
Cefepime, acyclovir
Amphotericin B (w/wo 
parkinsonism)

Seizures Busulfan, cytarabine
β-Lactam antibiotics
Drugs that cause PRES 
and ATL

Lymphocytic meningitis Cytarabine, thiotepa
ATG, OKT3

PML Alemtuzumab, 
rituximab

Cerebellar toxicity Cytarabine, ifosfamide
Metronidazole

Neuropathy Carmustine, etoposide
Metronidazole

Hallucinations Voriconazole

PRES posterior reversible encephalopathy syndrome, CNI 
calcineurin inhibitor, ATL acute toxic leukoencephalopa-
thy, ATG antithymocyte globulin, PML progressive multi-
focal leukoencephalopathy

ifosfamide-associated neurotoxicity. A summary 
of the spectrum of neurological symptoms and 
syndromes associated with both cytotoxic agents 
and other drug classes encountered after HSCT is 
provided in Table 29.2.

 Monoclonal Antibodies

Alemtuzumab, an anti-CD52 monoclonal anti-
body, and rituximab, a chimeric anti-CD20 
monoclonal antibody, have both been associated 
with an elevated risk of progressive multifocal 
leukoencephalopathy (PML). This is a subacute 
demyelinating disease caused by JC virus infec-
tion/reactivation (discussed in detail in the sec-

tion on Infectious Complications). Symptoms 
include cognitive decline, aphasia, and ataxia 
[10]. Other monoclonal antibodies have recently 
been applied for reducing tumor burden or pro-
moting long-term disease control (tyrosine kinase 
inhibitors or, more recently, blinatumomab) and 
have been implicated in the development of 
PRES and other toxic encephalopathies causing 
confusion or aphasia [27, 28].

 Antimicrobials

Acyclovir, which is used for herpes simplex virus 
(HSV)/varicella-zoster virus (VZV) prophylaxis 
and treatment, may cause neurologic complica-
tions especially in those with renal impairment 
[10, 29]. Approximately 90% of the drug is 
renally excreted, so its half-life and serum levels 
are markedly elevated in renal disease [30]. 
9-Carboxymethoxymethylguanine (CMMG) is 
an acyclovir metabolite, present in serum and 
cerebral spinal fluid. Significantly higher serum 
CMMG levels have been demonstrated in patients 
with neuropsychiatric disturbances [31]. The 
most common presentation is encephalopathy, 
but symptoms ranging from tremor to seizures 
and coma have been described. PRES can also 
occur with acyclovir [32]. One of the commonly 
used antifungals, voriconazole, can induce visual 
hallucinations that are reversible after discontin-
uation [33]. Amphotericin B therapy has been 
rarely associated with development of reversible 
encephalopathy and parkinsonism [34]. β-lactam 
antibiotics may cause seizures if given in high 
doses relative to renal function and/or body 
weight [35]. Cefepime, a fourth-generation ceph-
alosporin commonly prescribed in intensive care 
units, is frequently associated with encephalopa-
thy but can also cause myoclonus, seizures, and 
coma. Its neurotoxic effects are more pronounced 
during concomitant renal insufficiency [36]. 
There are several reports on the neurotoxic effects 
of carbapenems especially on their potential to 
lower seizure thresholds [37]. Other antibiotics 
with potential neurotoxic effects include line-
zolid, which may predispose patients to serotonin 
syndrome and can rarely cause encephalopathy 
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and peripheral neuropathy [38, 39], and metroni-
dazole, which can induce cerebellar dysfunction 
[40], sensorimotor peripheral neuropathy, optic 
neuropathy, and autonomic dysfunction [41].

 Metabolic Encephalopathy

A variety of metabolic disturbances commonly 
seen in the ICU can cause alterations in the level 
and content of consciousness (i.e., delirium). 
These are subsumed under the broad term, meta-
bolic encephalopathies, including those due to 
uremia, hepatic dysfunction, electrolyte distur-
bances, and sepsis/multi-organ failure. The hall-
marks of metabolic encephalopathy are its lack of 
lateralizing neurological deficits and fluctuating 
course. The brainstem reflexes (e.g., pupillary 
light reflexes) and eye movements are generally 
preserved, as opposed to what may be seen in 
structural brain damage [10]. However, most of 
those with delirium and/or coma after HSCT 
require brain imaging to exclude an occult struc-
tural lesion. Electroencephalography (EEG) may 
also be helpful to rule out subclinical seizures, in 
cases of fluctuating or unexplained encephalopa-
thy or coma. Myoclonus, rapid arrhythmic muscle 
jerking, can be seen in conjunction with meta-
bolic disturbances and, especially when multifo-
cal, is much more likely metabolic than due to 
structural or epileptiform etiologies. In some 
cases, negative myoclonus (i.e., asterixis) can be 
detected. Delirium has been reported in as many 
as 73% of HSCT cases early after transplant [42]. 
In HSCT patients, uremic encephalopathy can be 
associated with CNI nephrotoxicity and/or throm-
botic microangiopathy/hemolytic- uremic syn-
drome [10]. Hepatic encephalopathy can be of 
toxic, infectious, or autoimmune etiology or in 
some cases result from veno-occlusive disease. In 
lieu of clear uremic or hepatic etiology, metabolic 
encephalopathy can occur from critical illness, 
systemic inflammatory response syndrome 
(SIRS), or sepsis and is often exacerbated by con-
current sedation and hospital delirium. Treatment 
of the underlying cause of delirium is the key to 
its reversal. Similarly, prognosis depends on the 
reversibility of the underlying disorder.

 Wernicke’s Encephalopathy

Wernicke’s encephalopathy (WE) is an acute neu-
ropsychiatric syndrome precipitated by thiamine 
deficiency. It is classically characterized by the 
triad of confusion (or coma), ataxia, and ophthal-
moplegia, though not all features have to be pres-
ent. WE may be confirmed by pathognomonic 
features on MRI: symmetric signal abnormalities 
in the medial thalami, mammillary bodies, tectal 
plate, periaqueductal area, and around the third 
ventricle. Frank WE has been reported rarely after 
HSCT but may be under- diagnosed. This is espe-
cially important because it is reversible and per-
manent morbidity preventable by early 
replacement of thiamine. Risk factors for nutri-
tional deficiency should be sought, including 
anorexia, vomiting, stomatitis, GVHD, and use of 
Total Parenteral Nutrition lacking thiamine. 
Thiamine may also be metabolized more rapidly 
in states of stress, and conversion to its biologi-
cally active form may be inhibited by CNIs and 
chemotherapeutic agents [43]. Concerns over 
occult thiamine deficiency contributing to the 
high incidence of delirium after HSCT led to the 
recent completion of a pilot randomized study of 
aggressive thiamine repletion in HSCT patients at 
a single center. Although delirium was not pre-
vented by treatment, notably half of those in the 
placebo group developed thiamine deficiency by 
day 8 [43]. Risk factors for delirium included 
development of infections and receipt of cortico-
steroids (as well as polypharmacy with opioids 
and benzodiazepines).

 Cerebrovascular Disease

Even disorders of the cerebral blood vessels may 
not present with focal neurological deficits (i.e., 
as a typical stroke) in those with HSCT but 
instead, given their frequent multifocal nature, 
present with nonspecific encephalopathy, weak-
ness, and/or seizures. Brain imaging is critical to 
evaluate for structural brain lesions in most cases. 
HSCT patients are more susceptible to both isch-
emic and hemorrhagic cerebrovascular complica-
tions. Hemorrhagic complications are frequently 
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related to coagulopathy, especially thrombocyto-
penia [44]. Hypertension, low fibrinogen level, 
and acute GVHD may all contribute to the devel-
opment of hemorrhages [45]. Subdural hemato-
mas (SDH) (Fig.  29.3) are the most frequent 
intracranial hemorrhagic complication in HSCT, 
occurring in 2–3% of patients [46]. Treatment 
usually centers on conservative measures, such as 
platelet transfusion and correction of coagulopa-
thy. Neurosurgical intervention (craniotomy/cra-
niectomy and/or subdural drain placement) is 
reserved for subdural hematomas with neurologi-
cal deterioration and increasing mass effect. 
Primary intraparenchymal hemorrhage is less 
common than SDH and is typically non-operable 
and often fatal [17]. These may also relate to 
hypertension and coagulopathy but may signal an 
underlying mass lesion or CNS infection.

Acute ischemic strokes are less common but 
may be associated with a hypercoagulable state, 
cerebral vasculitis, or with thromboembolism from 
atrial fibrillation. HSCT patients may also develop 
ischemic strokes from infection-related cerebrovas-
cular events, so cultures and other testing for infec-
tions are important in the evaluation of stroke [47]. 
Transplant patients that have significant vascular 
risk factors (diabetes, hypertension, hyperlipid-
emia) may develop strokes related to atherothrom-
bosis. Antiplatelets or antithrombotic agents are 
frequently contraindicated (due to concurrent 

thrombocytopenia, or, in some cases, septic embo-
lism). Global or watershed ischemic injury from 
hypotension, hypoxemia, or cardiac arrest can occur 
in critically ill transplant patients. Chronic GVHD 
can manifest in CNS vasculitis and ischemic or 
hemorrhagic infarcts (discussed further under the 
“Immune-Mediated Complications” section). 
HSCT patients also have an 8–20% risk for venous 
thromboembolism due to the underlying malig-
nancy, their chemotherapy regimens, the immobil-
ity during hospitalization, transplant-associated 
thrombotic microangiopathy (TA-TMA), and the 
use of central venous catheters [48]. Rare cases of 
cerebral venous sinus thromboses (CVST) have 
been described, mainly manifesting in multifocal 
intraparenchymal hemorrhages [49]. The treatment 
of venous thromboembolism can be challenging, as 
the options are limited in thrombocytopenic patients 
and require extensive risk-benefit assessments. 
Finally, TA-TMA is a multisystem disorder associ-
ated with widespread complement activation and 
endothelial injury, manifesting as hemolytic anemia 
and renal dysfunction [50]. It can also cause neuro-
logical symptoms such as headache, confusion, or 
seizures in one-third, though frank ischemic stroke 
seems rare [51]. In addition, it may result in intrace-
rebral hemorrhage or PRES from uncontrolled 
acute hypertension [52]. Eculizumab, a terminal 
complement inhibitor, has recently shown promise 
in the management of TA-TMA [53].

Fig. 29.3 Axial CT 
image of acute left-sided 
subdural hematoma
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Fig. 29.4 Diagnostic and therapeutic approach to 
patients with concern for CNS infection [With permission 
from M. Schmidt-Hieber, et al. CNS infections in patients 
with hematological disorders (including allogeneic stem- 
cell transplantation)—Guidelines of the Infectious 

Diseases Working Party (AGIHO) of the German Society 
of Hematology and Medical Oncology (DGHO), Annals 
of Oncology, Volume 27, Issue 7, 2016, pages 1207–1225, 
ISSN 0923–7534, https://doi.org/10.1093/annonc/
mdw155]

 Infectious Complications

Allogeneic HSCT recipients are at a relatively 
high risk for opportunistic CNS infections, with 
an incidence ranging from 4% to 15% [54, 55]. 
Risk factors include severe GVHD and the use 
of high doses of immunosuppressive drugs [56]. 
The most common CNS infections are related to 
fungi and toxoplasmosis, but bacterial and viral 
infections also occur [57]. CNS infections may 
present with diffuse meningoencephalitis or 
with solitary or more often multiple mass 
lesions. Timing may be helpful: in the early 
period with severe neutropenia, bacterial men-
ingitis and complications of sepsis are most 
likely; then while cellular immunity is sup-
pressed, fungal and viral infections are more 
common. Neurologic symptoms include sei-
zures, encephalopathy, new focal neurologic 

signs, and cranial nerve deficits; the classic 
signs such as headache and neck stiffness may 
be attenuated or absent [10]. MRI (ideally with 
contrast) and cerebrospinal fluid (CSF) analysis 
are the mainstay of the workup. In some cases, a 
tissue sample may be required to establish the 
diagnosis (e.g., stereotactic brain biopsy or 
resection of a brain mass lesion). The 2016 
AGIHO and DGHO guidelines for the diagnos-
tic algorithm and management approach of CNS 
infections in HSCT patients are summarized in 
Fig. 29.4 [58].

 Fungal Infections

Aspergillosis is the most common fungal infec-
tion with an incidence of 4–10% [59]. CNS 
involvement is usually disseminated lung 
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involvement or from cranial sinuses and is seen 
in up to half of those with invasive aspergillosis 
[60]. The clinical presentation is nonspecific and 
may include fever and encephalopathy with or 
without focal signs or meningeal irritation [10]. 
However, signs and symptoms may progress rap-
idly [61]. CSF is nonspecific and aspergillus is 
rarely cultured. Serum or bronchoalveolar asper-
gillus galactomannan testing is the gold standard 
for diagnosis [62]. Neuroimaging can be helpful: 
computed tomography (CT) may show low- 
density lesions, while MRI may reveal more 
lesions that exhibit weak or absent contrast 
enhancement [63]. Given the frequent vascular 
involvement, septic infarcts and mycotic 
 aneurysms can occur; microhemorrhages may be 
seen on gradient-echo or susceptibility-weighted 
MRI [64]. Treatment consists of either ampho-
tericin B or voriconazole, the latter may be 
favored for its better CNS penetration [65]. Given 
the poor prognosis, combination therapy may be 
worth trying; addition of caspofungin to voricon-
azole may have a synergistic effect [66]. Despite 
treatment, CNS aspergillosis in HSCT patients 
has a dismal prognosis and is almost invariably 
fatal.

The incidence of CNS candidiasis has 
decreased with the widespread use of prophylac-
tic fluconazole [62]. Although Candida albicans 
is the most common species (identified in 
30–40%), other non-albicans Candida species 
are now frequently reported [67]. Presentation is 
commonly with nonspecific encephalopathy, 
headache, fever, and less commonly seizures. 
Diagnosis can be difficult. CSF analysis may 
show pleocytosis with elevated protein and low 
glucose levels, but these changes can be absent in 
immunosuppressed patients [67]. CSF culture 
may be positive for Candida species, but repeat 
testing may be useful in ruling out contamina-
tion. Measuring CSF mannan (a Candida anti-
gen) is a promising technique for distinguishing 
CNS candidiasis from contamination [67]. 
Indwelling CNS devices should be removed as 
soon as candidiasis is suspected. Liposomal 
amphotericin B is the treatment of choice, with 
voriconazole as an alternative for treatment 
refractory cases [62].

Cryptococcus infection is rarely reported in 
HSCT patients [10]. Presentation is often rapid, 
with fever, confusion, headache, and diplopia 
[67]. CT scans may be normal or reveal menin-
geal enhancement, single or multiple nodules 
(cryptococcomas), cerebral edema, or hydro-
cephalus. MRI scans are more sensitive, show-
ing multiple enhancing nodules within the brain 
parenchyma, meninges, basal ganglia, and mid-
brain [68]. Antigen detection using polymerase 
chain reaction (PCR) of body fluids has high 
sensitivity and specificity, though Cryptococcus 
neoformans can also be identified with India 
ink staining of the CSF [67]. Cases with ele-
vated opening pressure should undergo serial 
large volume lumbar punctures or insertion of a 
temporary lumbar drain [68]. Liposomal 
amphotericin B and flucytosine are the main-
stay of treatment followed by fluconazole until 
immune reconstitution [68].

Histoplasmosis is extremely rare even in 
hyperendemic areas [69]. Signs and symptoms of 
Histoplasma capsulatum infection include fever, 
chills, myalgias, dry cough, and chest discom-
fort. The disease may become disseminated, and 
if untreated, it is usually fatal with a reported 
mortality rate of 67% in HSCT recipients [70]. 
Itraconazole and amphotericin are the first-line 
therapies [71]. Mucormycosis can also affect 
HSCT patients, causing rapidly invasive nasal, 
oral, or sinus infections. Surgical debridement 
and combination therapy with lipid formulations 
of amphotericin and echinocandins are standard 
treatment. Despite treatment, mucormycosis is 
often fatal.

 Toxoplasmosis

Toxoplasma gondii is the most common proto-
zoal infection in transplant recipients and an 
important cause of brain abscesses in this popula-
tion [54]. Toxoplasmosis can occur in 1–8% of 
HSCT patients, depending on the seroprevalence 
in the given population [72]. It often presents 
within the first 100 days with altered mental sta-
tus, variable fever, and focal neurological deficits 
[73]. Risk factors include T. gondii seropositivity, 
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unrelated donor graft, receiving T-cell-depleted 
transplants, prior graft-versus-host disease 
(GVHD), or inability to take trimethoprim- 
sulfamethoxazole (TMP/SMX) prophylaxis [74]. 
Toxoplasmosis causes multiple brain abscesses, 
typically in the basal ganglia or at the gray-white 
junction, associated with ring enhancement on 
CT and MRI [75]. These do not typically exhibit 
diffusion-weighted imaging (DWI) restriction on 
MRI, unlike typical bacterial abscesses. 
Obstructive hydrocephalus can also occur. CSF 
Toxoplasma PCR is the mainstay of diagnosis, 
although histological diagnosis can be made by 
stereotactic brain biopsy if required [10]. 
Trimethoprim-sulfamethoxazole (TMP/SMX) 
with clindamycin or pyrimethamine is the current 
treatment of choice. Early diagnosis improves 
treatment response, but mortality remains at 
approximately 50% [76].

 Viral Infections

Human herpesvirus 6 (HHV-6) is the most com-
mon causative agent of viral CNS infection in 
HSCT patients, but several other viruses can be 
implicated, some with overlapping presentations 
and other with distinct features [57]. The pattern 
of presentation, diagnostic evaluation, and man-
agement of various common viral CNS infec-
tions is compared in Table 29.3. HHV-6 infection 
is the major cause of post- transplant acute limbic 
encephalitis (PALE) and most commonly occurs 
in the weeks to months after HSCT [57, 77]. 
Alterations in behavior/personality, short-term 
memory impairment, and seizures are common 
presentations [78]. Cytomegalovirus (CMV) or 
VZV infections may present with predominant 
ventriculitis, myelitis (spinal cord involvement), 
or even radiculomyelitis, the latter two both pre-

Table 29.3 Comparison of the manifestations, patterns, and treatments for viral infections that may involve the CNS 
after HSCT

VIRUS HSV HHV-6 CMV VZV EBV
Relative frequency Reactivation 

common but 
rare in CNS

Most 
common

Rare Rare (more with 
GVHD)

Somewhat rare

Timing Subacute to 
delayed

Subacute Subacute to 
delayed

Subacute to 
delayed

Delayed

Pattern of presentation
Meningoencephalitis + + ± + (seizures) −
Limbic involvement ++ ++ − − −
Ventricular − − ++ − −
Myelitis − ± ++ ++ ±

Other features Orofacial or 
genital 
reactivation

SIADH Retinitis Dermatomal 
zoster
Cranial nerve 
palsies, hearing 
loss

PTLD

Diagnosis
CSF Pleocytosis

PCR useful
Mild 
pleocytosis
PCR useful

PCR useful PCR useful Flow cytometry and 
PCR

MRI Mesial 
temporal

Mesial 
temporal

Periventricular Basal ganglia, 
thalami, 
periventricular, 
frequently 
exhibit reduced 
DWI signal

Subcortical ± 
ring-enhancing

Treatment Acyclovir Ganciclovir 
or foscarnet

Ganciclovir or 
foscarnet

Acyclovir Reduction of 
immunosuppression, 
rituximab, adoptive 
T-cell therapy

DWI diffusion-weighted imaging, PTLD post-transplant lymphoproliferative disorder, SIADH syndrome of inappropri-
ate antidiuretic hormone
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senting with weakness in the legs and bladder 
dysfunction [79]. CSF analysis often reveals 
lymphocytic pleocytosis and elevated protein, 
with PCR testing identifying the specific caus-
ative virus. Despite treatment, mortality can be 
high for many viral infections (as high as 90%) 
[80]; long-term disability is common [81, 82].

 Progressive Multifocal 
Leukoencephalopathy

JC virus reactivation can also occur in immuno-
compromised hosts and manifest in progressive 
multifocal leukoencephalopathy (PML). PML 
remains less commonly seen than in HIV/AIDS 
with an estimated incidence of 1.24 per 1000 post-
transplantation years [83]. Symptoms (e.g., cogni-
tive decline, aphasia, motor deficits) develop 
gradually over weeks to months and occur in a 
delayed fashion (on average 17  months) after 
transplant. MRI typically reveals asymmetric mul-
tifocal white matter lesions that are non- enhancing. 
The gold standard for diagnosis is brain biopsy, 
but positive PCR for JC virus in CSF can now con-
firm PML without need for biopsy. Sensitivity of 
PCR is high but can be negative in some cases 
[84]. The disease usually progresses relentlessly. 
While there is no specific therapy for PML, reduc-
ing immunosuppression is often attempted. 
Mortality is extremely high (approx. 80%) with a 
median survival of 6 months. Survivors are usually 
left with significant neurological deficits.

 Bacterial Infections

HSCT patients have an increased risk of devel-
oping bacterial infections due to underlying 
neutropenia, mucosal barrier disruption, immu-
nosuppressive treatment, and/or GVHD. Patients 
can develop invasive pneumococcal disease or 
other systemic infections that can be associated 
with bacterial meningitis. Fever and encepha-
lopathy are the two most common presenting 
symptoms. Classical meningeal signs can be 
absent in the setting of an impaired inflamma-

tory response [10]. The most common organ-
isms include Streptococcus pneumoniae, 
Neisseria meningitidis, Listeria monocytogenes, 
Staphylococcus aureus, Haemophilus influen-
zae, and Enterococcus species [85]. Listeria can 
cause a rhombencephalitis, with involvement of 
the brainstem and cranial nerves. In HSCT 
patients, vaccination against encapsulated bac-
teria (S. pneumoniae, Neisseria meningitidis, H. 
influenzae) is mandatory [86]. The incidence of 
Listeria meningitis has significantly declined 
with TMP/SMX prophylaxis. The mainstay of 
diagnosing bacterial meningitis is a lumbar 
puncture with CSF showing marked pleocyto-
sis, markedly elevated protein, and decreased 
glucose (below 40% of serum glucose). CSF 
changes in HSCT patients are often less pro-
nounced, with nucleated counts usually staying 
below 1000/mL [85]. Early empiric broad-spec-
trum antibiotics are crucial.

Brain abscesses typically present with fever, 
headache, altered mental status, and rapidly pro-
gressive neurological deficits. More than 90% of 
brain abscesses in transplant recipients are fungal 
or parasitic (toxoplasmosis), discussed above. 
Bacterial abscesses are usually polymicrobial, 
with streptococci, Enterobacteriaceae, and anaer-
obic bacteria dominating [87]. Pseudomonas can 
also occur. Abscesses from opportunistic organ-
isms such as Listeria, Nocardia, and Actinomyces 
present a greater challenge in management and 
portend a poorer prognosis [88]. Lumbar punc-
ture can be considered in instances where there is 
limited mass effect, but its diagnostic yield is 
variable. CSF pleocytosis may be modest or 
absent, and CSF cultures are commonly negative. 
Brain imaging is critical to diagnosis, revealing 
hypoattenuation on CT with potential contrast 
enhancement and T2 hyperintensity on MRI with 
avid homogeneous diffusion restriction and char-
acteristic ring enhancement [89]. Management 
consists of broad-spectrum antibiotics with con-
sideration for surgical aspiration or excision if 
location is accessible. Patients failing to improve 
after initial medical management may require 
drainage. Despite treatment, outcome is poor 
with a high mortality [87].
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 Immune-Mediated Complications

 Acute Immune-Mediated 
Polyneuropathy (Guillain-Barré 
Syndrome)

Guillain-Barré syndrome (GBS) is an autoim-
mune condition that occurs in up to 1% of trans-
plant recipients, typically within the first 3 
months after HSCT [90]. It is characterized by 
symmetrical ascending motor weakness pro-
gressing over days to a few weeks with sensory 
loss and areflexia. Bulbar dysfunction is com-
mon, and one quarter progress to respiratory fail-
ure requiring mechanical ventilation. GBS is due 
to an aberrant autoimmune response targeting 
peripheral nerves and their roots [91]. In addition 
to typical clinical features, cerebrospinal fluid 
(CSF) analysis revealing cytoalbuminologic dis-
sociation (combination of a normal cell count 
and increased protein level) is diagnostic. 
However, a normal CSF protein level, especially 
in the first week after onset, does not exclude 
GBS.  Early initiation of intravenous immuno-
globulins (IVIG) or plasma exchange (PLEX) is 
of proven benefit and crucial, especially in 
patients with rapidly progressive weakness. 
Patients often require close monitoring (includ-
ing respiratory vital capacity) and may benefit 
from intensive care admission for aggressive sup-
portive care [91]. HSCT patients treated with 
alemtuzumab for RIC may have a higher inci-
dence of polyneuropathy and/or myelitis that can 
mimic GBS and can be triggered by viral reacti-
vation [92].

 Neurological Manifestations 
of Chronic Graft-Versus-Host Disease

Neurological manifestations of chronic GVHD 
are rare, occurring months to years after HSCT, 
and can affect both the peripheral and the central 
nervous system. Myositis occurs in 2–3% and is 
characterized by moderate-severe proximal mus-
cle weakness [93]. Its hallmark features are 
myalgia and a markedly elevated serum creatine 
kinase (CK) [94]. Myositis associated with 

chronic GVHD does not affect the overall prog-
nosis and treatment response [95]. Prompt treat-
ment with steroids often results in full recovery, 
but there is a lack of consensus guidelines dictat-
ing therapy [96]. Polymyositis (as well as bra-
chial plexitis [97]) can also be associated with 
tacrolimus therapy [98]. The presence of myal-
gia, elevated serum CK, and the inflammatory 
features on needle electromyography (EMG) can 
help distinguish GVHD-associated polymyositis 
from steroid-induced myopathy, which may also 
present with proximal muscle weakness. Muscle 
biopsy can further establish the diagnosis.

Myasthenia gravis (MG) is a rare manifesta-
tion of chronic GVHD (below 1%), typically seen 
several months to years after HSCT [99]. 
Occasionally, it may occur without other symp-
toms of chronic GVHD [93]. Symptoms include 
fatigable muscle weakness, ptosis, dysphagia, 
dysarthria, diplopia, and facial, limb, and/or axial 
muscle weakness. Patients at high risk for devel-
oping MG after allogeneic HSCT have been 
shown to express specific human leukocyte anti-
gens (HLAs), particularly HLA-Cw1, HLA-Cw7, 
and HLA-DR2 [100]. GVHD-associated MG is 
characterized by the invariable presence of serum 
anti-acetylcholine receptor antibodies and 
absence of thymoma [100]. However, it is impor-
tant to note that up to 40% of HSCT recipients 
have positive anti- acetylcholine receptor antibod-
ies without disease, so its diagnostic value for MG 
is questionable without proper clinical correlation 
[101]. Electrophysiological testing can be diag-
nostic for this neuromuscular junction disorder, 
revealing a progressive decrease in the muscle 
action potential with repetitive nerve stimulation 
[10]. Treatment consists of cholinesterase inhibi-
tors, steroids, and immunosuppression. Severe 
exacerbations with respiratory weakness may 
require intensive care admission and mechanical 
ventilation. Such acute myasthenic crisis may 
respond to IVIG or PLEX.

Chronic GVHD can have CNS manifestations, 
including small- or medium-vessel vasculitis, 
immune-mediated encephalitis, or a demyelinating 
(multiple sclerosis-like) disease pattern [10]. 
However, these are very rare, generally require the 
presence of GVHD manifestations in other organs, 
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and should only be diagnosed after exclusion of 
other neurological complications such as CNS 
infections. Small- vessel vasculitis is often charac-
terized by multifocal nonspecific symptoms with a 
progressive relapsing course [93]. In contrast, 
medium-vessel vasculitis often presents with focal 
neurological signs such as hemiparesis or aphasia. 
Inflammatory markers may be normal, explained 
by sustained immunosuppressive therapy [102]. To 
establish the diagnosis of inflammatory vasculopa-
thy, vascular imaging (CT angiography, magnetic 
resonance angiography, conventional angiography) 
may reveal the typical beading appearance (i.e., 
multifocal segmental narrowing of cerebral arter-
ies). Although brain biopsy is required to confirm 
the diagnosis, it is rarely performed, and its sensi-
tivity can be low based on sampling. Treatment of 
cerebral vasculitis consists of corticosteroids, usu-
ally in combination with cyclophosphamide, for 3 
to 6 months until the induction of remission [10]. 
Demyelination related to GVHD in the CNS may 
affect the optic nerves, the spinal cord, or the cere-
bral white matter [103, 104]. Typically, such demy-
elination takes a relapsing–remitting course similar 
to multiple sclerosis [93]. Diagnosis is based upon 
brain MRI (white matter lesions, some of which 
enhance with gadolinium due to active disease) and 
CSF analysis (pleocytosis, IgG elevation, and oli-
goclonal bands). The distinction between the 
demyelinating complications of chronic GVHD 
from de novo demyelinating diseases is not possi-
ble based on clinical, laboratory, or imaging find-
ings [93]. Thus, the diagnosis can only be 
established in the presence of other manifestations 
of chronic GVHD.  Other pathologies causing 
white matter lesions should also be considered 
(e.g., PRES, PML, viral encephalitis). Treatment of 
CNS demyelinating disease consists of pulse-
dosed corticosteroids for 3–5  days followed by 
immunosuppressive therapy (e.g., rituximab).

 Immune Reconstitution Inflammatory 
Syndrome (IRIS)

IRIS is an increasingly recognized entity seen in 
the context of the restoration of the immune sys-
tem after immunosuppression and treatment of 

opportunistic infection [105]. IRIS occurs when 
the immune response becomes dysregulated and 
exaggerated as a shift occurs from an immuno-
suppressed to pro-inflammatory state. This has 
primarily been described with antiretroviral treat-
ment of HIV patients but is increasingly recog-
nized in immunocompromised transplant 
recipients who develop and are treated for an 
infection [106]. Neurologic signs of IRIS may 
include clinical or radiologic evidence of inflam-
mation (e.g., contrast enhancement of leptomen-
inges, CSF pleocytosis but negative cultures). It 
can otherwise mimic recurrent infection, and so 
repeat cultures and close evaluation for residual 
infection are mandatory [52]. Treatment consists 
of supportive care, but prednisone 1–2 mg/kg or 
equivalent for 1–2  weeks can be considered in 
severe cases [107].

 Cytokine Release Syndrome

Haploidentical hematopoietic cell transplantation 
(haplo-HCT) offers a crucial alternative to tradi-
tional HLA-matched HSCT for patients with 
active disease in need of expedient HCT [108]. 
Cytokine release syndrome (CRS) is a potentially 
life-threatening complication usually observed 
after haplo-HCT or adoptive T-cell therapies 
[109]. The syndrome is characterized by sys-
temic inflammation – fevers, vascular leak, hypo-
tension, and respiratory and renal 
insufficiency—in the context of elevated inflam-
matory markers and cytokine levels, such as IL-6, 
IL-2, IFN-γ, and tumor necrosis factor [109]. 
Neurotoxicity can occur with symptoms includ-
ing encephalopathy, cranial nerve palsies, ataxia, 
aphasia, and hemiparesis. Anti-IL-6 receptor 
therapies such as tocilizumab can be used to dis-
rupt the toxic effects associated with CRS [109].

 Neuro-diagnostics

Neuroimaging should be obtained for almost all 
acute neurologic symptoms in transplant recipi-
ents, even if associated with clear metabolic pre-
cipitant; this is especially true for focal deficits or 
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seizures with focal semiology. Computed tomog-
raphy (CT) of the head is a reasonable and rapidly 
available first-line investigation that will reveal 
major lesions such as intracranial hemorrhages, 
brain abscesses, or cerebral edema but will often 
miss acute ischemia and other subtle or evolving 
lesions. MRI is much more sensitive to ischemia 
and smaller lesions and should be performed in 
the presence of persistent focal deficits or unex-
plained mental status changes. Contrast adminis-
tration is preferable as this will enhance the 
detection of infectious and inflammatory disor-
ders but should be avoided in the presence of renal 
insufficiency (for both iodinated CT and gadolin-
ium-based MR contrast). Notably, inflammatory/
infectious lesions may not enhance as avidly in 
transplant recipients as in normal patients.

EEG evaluation should be performed to rule 
out non-convulsive seizures in those with unex-
plained encephalopathy after imaging and sys-
temic studies have been unrevealing, or if subtle 
signs of seizure are seen (e.g., nystagmus, eye 
deviation, twitching). Urgent EEG should be 
obtained in any patient with convulsive seizures 
who has not awoken or is not returning at least 
toward baseline mentation within a few hours. 
Prolonged EEG monitoring may be preferable in 
patients with persistent coma or fluctuations to 
optimize detection of intermittent seizures. Even 
in the absence of seizures, EEG can reveal epilep-
tiform discharges or periodic patterns that may 
presage a risk of imminent seizures (warranting 
prolonged monitoring) or could highlight focal or 
hemispheric slowing that suggests an underlying 
structural brain lesion. Nerve conduction studies 
and electromyography (EMG) may be useful for 
unexplained or unclear neuromuscular symptoms 
or deficits. It can differentiate diffuse weakness 
due to demyelinating disorders like Guillain-Barré 
syndrome (GBS) from critical illness polyneurop-
athy, which has an axonal pattern. CSF testing 
should be performed in any cases with suspected 
CNS infections, or for cases of suspected GBS.
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Cell Transplantation Patients

Abhinav Deol

 Introduction

Hematopoietic stem cell transplant (HSCT) is an 
essential tool in the management of various 
hematological malignancies. The source of stem 
cells in HSCT patients can be autologous or allo-
geneic. Allogeneic stem cell sources can be from 
a fully matched sibling donor, matched unrelated 
donor, mismatched unrelated donor, or haplo- 
identical donor [1]. In addition, cord blood stem 
cells can be used as a source of allogeneic stem 
cells; however, the use of cord blood transplant 
especially for adult patients is rapidly declining 
due to the advances in preventing graft-versus- 
host disease (GVHD) in haplo-identical stem cell 
transplant by using post-transplant cyclophos-
phamide [2]. Patients undergoing HSCT received 
a preparative regimen consisting of chemother-
apy and/or radiation followed by infusion of stem 
cells after which it takes about 2 weeks for count 
recovery. In the setting of allogeneic (allo) HSCT, 
patients also receive appropriate GVHD prophy-
laxis based on the source of stem cells [1]. During 
the course of HSCT, patients may need manage-
ment in the intensive care unit at various time 
points due to inherent complications that may 
develop during the HSCT journey. This chapter 

will address some of the common hematological 
problems seen in critically ill HSCT patients.

 Laboratory Analysis and Venous 
Access

Critically ill HSCT patients should have a daily 
CBC with a differential. Type and screen should 
be available in the blood bank to be able to have 
blood products available in a timely manner for 
these patients. In absence of active bleeding, 
coagulation profile should be monitored twice a 
week. If there is any suspicion of hemolysis, bili-
rubin, lactate dehydrogenase, haptoglobin, retic-
ulocyte count, isohemagglutinin levels, and 
Coombs test should be monitored. Peripheral 
blood smear evaluation can provide additional 
information if thrombotic microangiopathy is 
suspected.

Most patients who have recently undergone 
HSCT will have a central venous catheter (CVC). 
In the absence of infection, all efforts should be 
made to maintain central venous access in these 
critically ill HSCT patients as these patients 
especially during the early peri-transplant period 
will require blood transfusions and intravenous 
antibiotics due to marrow aplasia from the pre-
parative regimen.

A. Deol (*) 
Department of Oncology, Wayne State University/
Karmanos Cancer Institute, Detroit, MI, USA
e-mail: deola@karmanos.org

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
A. O. Soubani (ed.), Pulmonary and Critical Care Considerations of Hematopoietic Stem Cell 
Transplantation, https://doi.org/10.1007/978-3-031-28797-8_30

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28797-8_30&domain=pdf
https://doi.org/10.1007/978-3-031-28797-8_30
mailto:deola@karmanos.org


394

 Transfusion Support

During the HSCT process, patients need transfu-
sion support during the period between prepara-
tive regimen and engraftment of blood counts. 
Blood products that may need to be transfused 
are platelets and packed red blood cells. Patients 
who develop bleeding diathesis may need fresh 
frozen plasma or cryoprecipitate infusions in cer-
tain situations. Usually, blood product transfu-
sion requirement resolves with engraftment, 
which normally is seen about 2–3  weeks after 
infusion of the stem cells. However, in the setting 
of delayed or failed engraftment and ABO incom-
patibility, transfusion support may be needed for 
a longer period. As a rule, blood products trans-
fused to these immunocompromised patients 
should be irradiated and leukoreduced [3]. The 
irradiation prevents development of transfusion- 
associated graft-versus-host disease, and leuko-
reduction has been shown to reduce the risk of 
Cytomegalovirus (CMV) transmission, febrile 
non-hemolytic transfusion reactions, and alloim-
munization. Irradiation of blood products with 
minimum 2500  cGy eliminates T-lymphocyte 
growth [4]. Pre-storage leukocyte reduction is 
standard in many countries with national blood 
banking programs.

 Packed Red Blood Cell Transfusion

The reason for low hemoglobin in critically ill 
HSCT patients can be multifactorial. The under-
lying reason for low hemoglobin should be 
understood to provide appropriate management. 
The common reasons for low hemoglobin are due 
to marrow aplasia/hypoplasia due to preparative 
regimen, viral infections (like parvovirus, cyto-
megalovirus, Epstein-Barr virus), medications, 
hemolysis, and/or active bleeding (due to damage 
to mucosal surfaces from preparative regime, 
infections like CMV, graft-versus-host disease, 
or coagulopathy). In addition to treatment of the 
underlying cause or waiting for the marrow func-
tion, it is critical for these patients to receive 
transfusion support during this period. Multiple 
studies have shown that in the absence of active 

bleeding, maintaining hemoglobin >7 provides 
similar outcomes compared to higher thresholds 
[5]. In critically ill patients who have comorbid 
conditions like cardiovascular disease, a higher 
threshold for packed red blood cell (PRBC) sup-
port may be needed. PRBC transfusion support is 
relatively simple in patients undergoing autolo-
gous HSCT.  These patients receive ABO- 
compatible PRBC transfusions to maintain 
hemoglobin levels at aforementioned levels. 
However, patients who undergo HSCT from an 
allogeneic source may have differences in blood 
group between the donor and the recipient. The 
ABO incompatibility in allogeneic HSCT can be 
minor (when the donor has isohemagglutinins 
directed against the recipient RBC antigens), 
major (when the recipient plasma contains iso-
hemagglutinins directed at donor RBC antigens), 
or bidirectional. ABO type O blood can be safely 
transfused in patients who have minor, major, or 
bidirectional ABO incompatibility between the 
donor and the recipient during the peri-transplant 
period. Table 30.1 shows compatible blood prod-
ucts that can be used in patients who undergo 
ABO-incompatible HSCT.  Usually by about 2 

Table 30.1 Blood transfusion support in ABO- 
incompatible HSCT

ABO 
incompatibility RBC transfusion

Platelet/plasma 
transfusion

Major 
mismatch
Example: 
donor blood 
group B to 
recipient blood 
group 0

Transfuse 
group O red 
cells till anti-B 
titer is 
undetectable 
and recipient 
types as blood 
group B

Donor type 
platelet/plasma 
(group B)

Minor 
mismatch
Example: 
donor blood 
group O to 
recipient blood 
group A

Transfuse 
group O red 
cells

Platelet and 
plasma that lack 
anti-A 
isohemagglutinin

Bidirectional 
mismatch
Example: 
donor blood 
group A to 
recipient blood 
group B

Transfuse 
group 0 red 
cells

AB group plasma 
and platelet 
products
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months post-transplant, the isohemagglutinin 
titers become undetectable; however, this may 
take a longer time in patients who receive 
reduced-intensity conditioning regimens [6, 7].

 Platelet Transfusion

Platelet transfusion support is required in some 
critically ill HSCT patients. This is usually dur-
ing the peri-transplant period when their marrow 
function is suppressed due to the underlying dis-
ease or the preparative regimen. In addition, 
some patients may need prolonged platelet trans-
fusion support if they have persistent severe 
thrombocytopenia due to delayed engraftment, 
infections, GVHD, etc. Platelet products, which 
are used for infusion, can be from pooled donor 
or single-donor apheresis products. Platelet trans-
fusions are associated with the highest number of 
infusion reactions [8], and appropriate use of 
platelet products is needed in these critically ill 
patients. Table  30.1 shows compatible blood 
products for patients who have undergone ABO- 
incompatible allo-HSCT.

There are randomized studies that looked at 
patients with acute myeloid leukemia undergoing 
induction/consolidation chemo or patients with 
other hematological malignancies undergoing 
autologous HSCT where patients were prophy-
lactically transfused platelets when their platelet 
count dropped below 10,000/μL vs. platelet 
transfusion only when there was evidence of 
bleeding [9, 10]. These studies showed no signifi-
cant difference in rates of significant bleeding in 
the two groups. However, these studies did not 
include critically ill HSCT patients or patients 
who underwent allogeneic HSCT. In the absence 
of bleeding, the majority of the groups recom-
mend prophylactic platelet transfusions to keep 
platelet count >10,000/μL in critically ill HSCT 
patients. There is a dearth of data in this setting to 
know if a lower threshold will lead to similar out-
comes in these patients. Guidelines about platelet 
thresholds in patients who have bleeding are not 
based on randomized studies, but most transplant 
physicians recommend keeping platelets around 
30,000–50,000/μL to stop and prevent bleeding 

in these scenarios. Prophylactic platelet transfu-
sions prior to procedures are another gray area in 
general without many randomized well-designed 
studies. The Society of Interventional Radiology 
in 2019 recommended platelet transfusion for 
platelet count <20 × 109/L in patients undergoing 
procedures with low bleeding risk and platelet 
transfusion for count <50  ×  109/L in patients 
undergoing procedures with high bleeding risk 
[11]. However, these recommendations are not 
based on randomized studies and are expert panel 
recommendations.

 Platelet Refractoriness

The American Society of Clinical Oncology clin-
ical practice guidelines updated in 2018 based on 
informal consensus recommended platelet counts 
should be performed within 1 h after transfusion 
when refractoriness is suspected [12]. In order to 
consider a diagnosis of platelet refractoriness, 
patients should have infusion of fresh ABO- 
compatible platelets on two separate occasions 
that lead to poor increment. In this situation, 
determination of alloantibodies should be 
obtained. Patients who are confirmed to have 
alloimmunization should receive platelet transfu-
sions from histocompatible donors matched for 
HLA-A and HLA-B antigens. Most blood banks 
work with blood suppliers like the Red Cross, 
who have access to lists of such donors. 
Histocompatible platelet units can often be iden-
tified using a platelet cross-matching technique 
especially for patients whose HLA type cannot 
be determined or who have uncommon HLA 
types for whom suitable donors cannot be identi-
fied. This technique may also be used for patients 
who do not respond to HLA-matched platelets 
[13].

 Fresh Frozen Plasma and 
Cryoprecipitate

Fresh frozen plasma infusion is indicated when 
the critically ill HSCT patients develop coagu-
lopathy due to deficiency of various coagulation 
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factors [14]. This can be seen in severe liver dys-
function, which can be seen in HSCT patients 
because of organ damage due to preparative regi-
men, sinusoidal obstructive syndrome, or devel-
opment of severe graft-versus-host disease. 
Cryoprecipitate may be utilized in these patients 
in the setting of hypofibirinogenemia [15].

 Granulocyte Colony-Stimulating 
Factors

Granulocyte colony-stimulating factors (G-
CSF) shorten the duration of severe neutropenia 
after marrow suppressive chemotherapy. G-CSF 
use post-transplant shortens the duration of neu-
tropenia and duration of hospitalization [16]. 
ASCO guidelines recommend the use of G-CSF 
post- auto- HSCT for the previously stated rea-
sons [17]. However, there have been concerns 
regarding the use of G-CSF post-allo-HSCT, 
which in some studies was shown to increase 
risk of development of GVHD [16]. A meta-
analysis of randomized controlled trials pub-
lished in 2006 found that G-CSF use after 
allo-HSCT reduced the risk of documented 
infections and did not have a statistically signifi-
cant effect on grade 2 to 4 acute GVHD or treat-
ment-related mortality [18]. Based on these 
data, the ASCO guidelines do not have a strong 
recommendation against or in favor of using 
G-CSF in the post-allo-HSCT setting [17]. In 
some patients, G-CSF may need to be used after 
the peri-transplant period when the marrow 
function is suppressed due to infections or 
GVHD.

 Delayed Engraftment/Graft Failure

The Center for International Blood and Marrow 
Transplant Research (CIBMTR) defines neutro-
phil engraftment as first of 3 days when absolute 
neutrophil count is >500/mm3 for three consecu-
tive days and platelet engraftment as first of 
7  days without transfusion support where the 
platelet count is >20,000/mm3. Graft failure is 
defined as non-engraftment of neutrophils by day 

28 post-HSCT. If there are concerns for delayed/
non-engraftment, an extensive infectious workup 
is usually done to rule out infectious etiologies, 
and a bone marrow biopsy evaluation including 
chimerism studies is needed to confirm the diag-
nosis. Management includes stopping immuno-
suppression for delayed engraftment and use of 
eltrombopag [19] to enhance marrow recovery, 
and in some select situations, a second HSCT 
may be warranted.

 Hemolytic Anemia and Pure Red 
Cell Aplasia

Common causes of hemolysis in HSCT patients 
include drugs, infections, ABO incompatibility, 
or thrombotic microangiopathy. In this section, 
the focus will be on management of drug-
induced hemolytic anemia and pure red cell 
aplasia. During the transplant process and recov-
ery, patients are on multiple drugs during various 
phases of the transplant process like chemother-
apeutic agents, immunosuppressive agents, and 
antibiotics. Incidence of hemolytic anemia has 
been estimated to be around 1.5 to 4.5% [20, 21]. 
Risk factors, which may increase the risk of 
development of hemolytic anemia, are use of 
unrelated donor and development of chronic 
GVHD [22]. If blood transfusions are indicated, 
cross matching may be unable to identify com-
patible RBC units, as the autoantibodies are 
directed against highly prevalent antigens. In 
this situation, close coordination with the blood 
bank team may be needed to get appropriate 
units released as delay in transfusion during 
severe hemolysis may be life threatening. Once 
diagnosis is confirmed in laboratory studies and 
is not improved with stopping drugs, which may 
be implicated, corticosteroids are started, usu-
ally at a dose of 1 mg/kg. In patients who do not 
respond to steroids, other immunosuppressive 
agents like rituximab may be needed [21]. 
Recent reports suggest a role for the anti-CD38 
monoclonal antibody daratumumab (FDA 
approved for Light chain amyloidosis and mul-
tiple myeloma) in refractory hemolytic anemia 
and pure red cell aplasia [23, 24].
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 Transplant-Associated Thrombotic 
Microangiopathy

Transplant-associated thrombotic microangiopa-
thy (TA-TMA) develops in patients post-HSCT 
due to endothelial damage and complement acti-
vation [25]. The inciting event leading to the 
development of TA-TMA can be immune dys-
regulation and/or tissue damage due to prepara-
tive chemotherapy, total body irradiation, or 
GVHD.  The incidence of this diagnosis post- 
HSCT has not been well documented, and this 
entity may be underdiagnosed in HSCT patients 
due to overlap with various other complications 
seen in this patient population. Various groups 
have reported incidence of TA-TMA to be 
between 1% and 40% using different diagnostic 
criteria [26, 27]. The mortality rate of TA-TMA 
has been reported to be 40–84% in various reports 
[26, 27]. Patients usually present with renal dys-
function in the presence of anemia and thrombo-
cytopenia; often these patients rapidly develop 
multi-organ failure. Risk factors associated with 
development of TA-TMA have been identified as 
older age, female gender, HLA-mismatched/
unrelated donors, use of busulfan/total body irra-
diation during preparative regimen, and drugs 
like calcineurin inhibitors (CNI) that are used to 
prevent GVHD post-allo-HSCT [28]. Various 
groups have proposed different criteria for the 
diagnosis of TA-TMA.  Recently, the European 
Society for Blood and Marrow Transplantation 
(EBMT), American Society of Transplantation 
and Cellular Therapy (ASTCT)/Center for 
International Blood and Marrow Transplant 
Research (CIBMTR), and Asia-Pacific Blood 
and Marrow Transplantation (APBMT) group 
have released a consensus statement for harmo-
nizing definitions for diagnostic criteria of 
TA-TMA.  They proposed that either patients 
have biopsy-proven evidence of TMA or using 
modified Jodele criteria as shown in Table 30.2 
where TA-TMA is diagnosed when ≥4/7 follow-
ing features occur twice within 14 days. In addi-
tion, ADAMTS13 activity should be measured to 
exclude the diagnosis of acquired thrombotic 
thrombocytopenic purpura. A genetic mutation 
can be identified in about two-thirds of the 

patients with this diagnosis, which is similar to 
those seen in atypical hemolytic uremic 
syndrome.

Response to plasma exchange is under-
whelming in patients with TA-TMA, and this 
modality should not be used for patients with 
this diagnosis [29, 30]. Patients diagnosed with 
TA-TMA should be taken off CNI [29]. Some 
patients will have improvement after stopping 
CNI. Eculizumab is an antibody that inhibits 
the activation of complement system by block-
ing the cleavage of C5 into C5a and C5b, which 
has been shown to reverse end-organ damage 
and restore hematologic parameters of patients 

Table 30.2 Modified Jodele criteria for the diagnosis of 
transplant-associated thrombotic microangiopathy

Clinical/lab findings Definitions
Anemia Defined as failure 

to achieve 
transfusion 
independence 
despite neutrophil 
engraftment, 
hemoglobin 
decline by ≥1 g/
dL, or new onset 
transfusion 
dependence

≥4/7 
criteria 
occurring 
more than 
two times 
in 14 days

Thrombocytopenia Defined as failure 
to achieve platelet 
engraftment, higher 
than expected 
transfusion needs, 
refractory to 
platelet 
transfusions, or 
≥50% reduction in 
baseline platelet 
count after full 
platelet 
engraftment

Lactate 
dehydrogenase

Elevated

Schistocytes Present on 
peripheral smear

Hypertension ≥140/90 in those 
≥18 years old, or 
≥99th percentile in 
those <18 years old

sC5b-9 Elevated
Proteinuria >1 mg/mg random 

urine protein/
creatinine ratio
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diagnosed with TA-TMA in various case 
reports and case series [31–34]. Given the poor 
prognosis of patients diagnosed with TA-TMA 
who do not respond to CNI withdrawal, the use 
of eculizumab should be considered in 
critically ill HSCT patients diagnosed with 
TA-TMA [35].

 Secondary Hemophagocytic 
Lymphohistiocytosis/Macrophage 
Activation Syndrome

Secondary hemophagocytic lymphohistiocyto-
sis (sHLH) is also sometimes referred to as 
macrophage activation syndrome (MAS), 
wherein a hyper-inflammatory state develops in 
patients due to underlying infection, malig-
nancy, or immune dysregulated state [36]. 
sHLH/MAS has been reported mainly after 
allo-HSCT, but there are rare reports of this 
entity being diagnosed after autologous 
HSCT. There are reports that suggest the inci-
dence of sHLH/MAS to be around 3–4% with 
mortality of patients diagnosed with this condi-
tion to be around 60–80% [37]. A recent survey 
from the European Society for Blood and 
Marrow Transplantation (EBMT) estimated the 
incidence of sHLH/MAS to be around 1% and 
0.15% after allo-HSCT and autologous HSCT, 
respectively [38]. Diagnosis can be challenging 
especially as these patients can be critically ill 
due to few different reasons. Unfortunately, 
there are no validated algorithms for diagnos-
ing HLH in the post-HSCT setting. In this set-
ting, algorithms used in non-HSCT patients 
such as HLH-2004 criteria [36] or H score [39] 
as shown in Table  30.3 have been used to 
diagnose patients with post-HSCT sHLH/
MAS.  Significantly elevated ferritin, viral 
infections like Epstein-Barr virus or cytomega-
lovirus, and unexplained cytopenias are find-
ings that may raise initial suspicion for sHLH/
MAS.  Other markers like soluble IL-2 levels, 
fibrinogen, and triglyceride levels should be 
checked in this setting. As this condition can be 
rapidly fatal, if there is clinical suspicion with 
some of the initial laboratory studies suggestive 

of sHLH/MAS, treatment should start emer-
gently as this condition can be rapidly fatal. 
However, there is no clear consensus on the 
treatment of sHLH/MAS in the post-HSCT set-
ting, but general principles of management of 
this condition [36], which include treating the 
inciting event and immune suppression, are uti-
lized in HSCT patients. Immune-suppressive 
approaches including corticosteroids, immuno-
globulin infusions, chemotherapeutic agents 
like etoposide, cytokine blocking agents like 
tocilizumab (IL-6 receptor blocking antibody) 
[40], anakinra (IL-1 receptor antagonist) [41], 
and more recently ruxolitinib (JAK1/2 inhibi-
tor) [42] have been utilized. In addition to treat-
ment with immunosuppressive agents, it is 
imperative for these patients to get appropriate 
supportive care including transfusion support 
and antibiotics.

Table 30.3 H score for the diagnosis of secondary 
hemophagocytic lymphohistiocytosis (sHLH)

Clinical/laboratory parameter Qualifier Score
Underlying immune-suppressive 
condition

No 0
Yes 18

Temperature (C) <38.4 0
38.4–
39.4

33

>39.4 49
Number of cytopeniasa 1 lineage 0

2 
lineages

24

3 
lineages

34

Ferritin (ng/mL) <2000 0
2000–
6000

35

>6000 50
Triglycerides (mmols/L) <1.5 0

1.5–4 44
>4 64

Fibrinogen (g/L) >2.5 0

≤2.5 30

ALT/SGOT (IU/L) <30 0

≥30 19

Hemophagocytosis on bone 
marrow biopsy

No 0
Yes 35

(Patients with a score of ≥250 have >99% probability of 
having sHLH)
aHemoglobin ≤9.2  g/dL, platelet count ≤110,000/mm3, 
and leukocyte count ≤5000/mm3
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 Conclusion

Critically ill HSCT patients need close coopera-
tion between various teams to ensure an optimal 
outcome for these patients. Prompt identification 
of underlying etiology and appropriate manage-
ment can be life saving for these patients who 
have the potential to be cured of their underlying 
malignancy after recovery from the HSCT proce-
dure. The recovery for some patients can be pro-
longed, but they should be provided with the 
supportive care as needed to manage them 
through some expected HSCT complications as 
majority of the patients have relatively good per-
formance status and organ function prior to them 
becoming critically ill especially during the peri- 
transplant period.
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31Pulmonary and Critical Care 
Considerations in Pediatric 
Hematopoietic Stem Cell 
Transplantation Patient

Yiouli Ktena and Kenneth R. Cooke

 Introduction

Hematopoietic stem cell transplantation (HSCT) 
is curative for an ever-increasing number of chil-
dren with malignant and non-malignant condi-
tions. Approximately 2500 pediatric procedures 
are performed annually in the USA [1, 2]. 
Although HSCT is undertaken with curative 
intent, relapse of underlying malignancies and 
post-HSCT complications limit successful out-
comes. In aggregate, pulmonary dysfunction, 
transplant-related thrombotic microangiopathy 
(TA-TMA), and veno-occlusive disease are major 
contributors to the development of multiorgan 
dysfunction syndrome [3] and intensive care 
admissions [4, 5] in pediatric and young adult 
HSCT recipients. The significance of respiratory 
failure in this setting was further underscored by 
a NIH workshop convened in 2018 specifically to 
identify clinical challenges and scientific knowl-
edge gaps regarding pulmonary dysfunction after 
pediatric HSCT [6]. This chapter will explore the 
state of the science and remaining challenges 
related to these transplant-related complications 

and associated critical care considerations in 
pediatric HSCT recipients.

 Pulmonary Dysfunction Following 
Pediatric HSCT

 Overview

Lung dysfunction occurs frequently following 
HSCT in the immediate post-transplant period 
and in the months and years that follow and sig-
nificantly contributes to transplant-related mor-
bidity and mortality [7–12]. Pulmonary toxicity 
requiring mechanical ventilation after HSCT 
occurs in 10–39% of pediatric, adolescent, and 
young adult (AYA) patients and often results in 
death, underscoring its severity and impact on 
outcomes [4, 7, 13–15]. Importantly, allogeneic 
HSCT has been increasingly used to treat non- 
malignant disorders (sickle cell disease, immune 
deficiencies, and metabolic disorders) wherein 
pulmonary disease pre-exists/co-exists, increas-
ing the likelihood of post-transplant lung dys-
function. Additionally, conditioning regimens, 
immunosuppression, opportunistic infections, 
and graft-versus-host reactions may contribute to 
lung toxicity pre- and post-HSCT. In one report, 
40% of long-term survivors of allogeneic HSCT 
for pediatric hematologic malignancies had 
abnormal pulmonary function tests (PFT) pre- 
transplant, and nearly two-thirds developed 
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abnormal PFTs following HSCT [16]. 
Unfortunately, current retrospective/registry data 
lack the granularity, accuracy, and completeness 
to identify pre-transplant pulmonary phenotypes 
that may predict, or associate with lung dysfunc-
tion post-transplant. Similarly, there are few 
 prospective studies in children describing pulmo-
nary risk before HSCT or longitudinal studies 
characterizing pulmonary toxicity afterwards. In 
addition, clinical definitions for conditions 
unique to adult HSCT patients such as bronchiol-
itis obliterans syndrome (BOS) may be less 
applicable in children, undoubtedly contributing 
to reported variations in the incidence and out-
comes of these conditions. Prompt and accurate 
diagnosis of lung dysfunction in the pediatric 
population is also impacted by the lack of effec-
tive, reliable, monitoring of lung function in 
young and/or critically ill children [17–19] and 
the low sensitivity and specificity of imaging 
techniques [20]. Developing longitudinal, pro-
spective cohorts of pediatric HSCT recipients 
using PFTs, prognostic biomarkers, and enhanced 
diagnostic and imaging techniques could improve 
outcomes [12].

 Clinical Phenotypes
Pulmonary diagnoses following HSCT can be 
considered infectious or non-infectious [8, 21]. 
Infectious lung injury remains problematic, par-
ticularly in patients with acute or chronic graft- 
versus- host disease (GVHD). Historically, 
one-half of all pulmonary complications after 
HSCT were secondary to infection, but the cur-
rent use of broad-spectrum, antimicrobial agents 
has tipped the balance toward non-infectious 
causes [22]. Non-infectious lung injury can be 
acute or chronic depending on the time of onset 
after HSCT, nature of the immune response 
(inflammatory vs. fibrotic), and tempo of disease 
progression [22, 23].

The clinical spectrum of acute, non-infectious 
lung dysfunction includes idiopathic pneumonia 
syndrome (IPS), diffuse alveolar hemorrhage 
(DAH), transfusion-related acute lung injury 
(TRALI), and pulmonary thrombotic microangi-
opathy (TMA) [8]. These disorders develop in 
the context of cytotoxicity of anti-neoplastic ther-

apies, infusion of blood products, inflammation 
engendered during HSCT, or combinations 
thereof [8, 22]. IPS is defined as widespread alve-
olar injury following HSCT occurring in the 
absence of active infection, cardiogenic dysfunc-
tion, or iatrogenic fluid overload [8, 21]. The 
diagnostic criteria include clinical signs and 
symptoms of pneumonia, non-lobar radiographic 
infiltrates, abnormal pulmonary function, and 
absence of infection as determined by bronchoal-
veolar lavage (BAL) or lung biopsy preferably 
including multiplex PCR-based assays [24]. The 
updated definition of IPS classifies non- infectious 
lung disease by anatomical site [8]. IPS typically 
presents within the first 120  days of HSCT [8, 
21]. Historically, the incidence of IPS following 
myeloablative conditioning ranged from 3% to 
15% in adults and children [8, 11, 21, 25–28]. 
The implementation of reduced-intensity condi-
tioning regimens coupled with enhanced contem-
porary, molecular diagnostic techniques has 
reduced the incidence of IPS [12, 24, 29, 30].

A subset of patients with IPS may develop 
DAH, characterized by progressive shortness of 
breath, cough, and hypoxemia with or without 
fever [31]. Classically, the diagnosis of DAH is 
based on progressively bloodier aliquots of BAL 
fluid, but frank hemoptysis is rare. Challenges 
associated with timely BAL in children highlight 
the importance of a clinical diagnosis. DAH has 
been reported in 5–12% of adult HSCT recipients 
[22] and generally occurs within the first 2 to 
3 months after transplant [22, 31]. A dispropor-
tionately higher incidence of DAH post-HSCT is 
reported in children with mucopolysaccharidosis 
[32]. DAH can occur with or without infection; 
both forms are associated with poor outcomes 
following conventional therapy, including high- 
dose steroids [33]. Pulmonary TMA is another 
complication in pediatric and adult HSCT recipi-
ents that is associated with high mortality. TMA 
in the lungs presents as pulmonary hypertension, 
often leading to acute hypoxia, cardiopulmonary 
compromise, and death [34–36]. TRALI is one of 
the leading causes of mortality following infu-
sions of plasma containing blood products. 
Initially reported in as many as 1:5000  units 
transfused, estimates of 1:64,000 transfusions in 
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more recent reports suggest that the occurrence is 
far less frequent [37–39]. Symptoms present 
acutely, with the onset of dyspnea and respiratory 
distress being typically 6–8  h following blood 
product transfusion. Chest radiographs reveal 
diffuse pulmonary infiltrates reflecting edema 
from increased  pulmonary vascular permeability. 
Treatment is generally supportive. 
Discontinuation of the blood product, corticoste-
roid administration, forced diuresis, and respira-
tory support results in recovery within 3 to 4 days 
in the majority of patients.

Sub-acute/chronic (occurring or persisting 0.5 
to 2  years after HSCT), non-infectious, pulmo-
nary complications contribute to significant mor-
bidity after allo-HSCT. Pediatric studies are few 
and small, highlighting a need for further studies 
particularly in the context of a developing lung. 
HSCT recipients can develop obstructive lung 
disease (OLD) or restrictive lung disease (RLD), 
resulting from fibrotic remodeling, either primar-
ily around the small airways/bronchioles or 
within gas exchange regions (e.g., interstitial 
fibrosis), respectively [23, 40, 41]. RLD can 
develop in association with previous chest wall/
thoracic surgery and/or radiation therapy and in 
patients who develop acute lung injury (e.g., IPS) 
and acute GVHD. In the sub-acute setting, RLD 
may occur with cryptogenic organizing pneumo-
nia (COP) /bronchiolitis obliterans organizing 
pneumonia (BOOP) [42] or in the context of 
chronic, fibrotic, interstitial lung disease [22]. 
BOS after HSCT is often reflective of pulmonary 
GVHD.  BOS is associated with OLD with air 
trapping demonstrated by chest radiographs, 
computerized tomography (CT) imaging, and 
spirometry (reduced FEV1/FVC ratio). BOS is a 
clinical diagnosis based on a scoring system 
designed for adult lung transplant patients, predi-
cated upon a decline in FEV1 and/or FEF25–75%. A 
modified version of the NIH criteria for the diag-
nosis of BOS in HSCT patients was developed 
for adults but has yet to be validated in children 
[43]. A rapid decline in FEV1 has been demon-
strated during the 6 months prior to the diagnosis 
of chronic GVHD/BOS in two adult cohorts [44], 
and a 10% decline in FEV1 from baseline 
increases the risk of developing BOS [45]. Once 

BOS is diagnosed, reversing changes from fibro-
sis is challenging particularly when patients have 
already become symptomatic. Hence, early 
detection of pulmonary dysfunction is believed to 
be critical to initiate pre-emptive therapies in 
pediatric HCT recipients [46–48]. Frequent PFTs 
should be obtained post-transplant, particularly 
in those with baseline abnormalities and/or sig-
nificant non-pulmonary GVHD.  Two pediatric 
cohorts demonstrated that PFTs are more sensi-
tive than clinical exam for the early detection and 
diagnosis of BOS; those investigators recom-
mend monitoring PFTs longitudinally beyond 
12 months post-HSCT in at-risk patients [49, 50]. 
Home-based, hand-held spirometry correlates 
with traditional laboratory spirometry in adults 
following lung transplantation [51] and HSCT 
[44, 52] and warrants similar evaluation in 
children.

 Risk Factors
Numerous patient-specific factors influence the 
risk of developing pulmonary complications after 
HSCT.  Indications for transplant, especially in 
non-malignant conditions, may include disorders 
with baseline airway/parenchymal abnormalities 
or predisposition to pre-transplant pulmonary 
complications. A thorough medical history may 
reveal factors affecting pre-transplant lung func-
tion. Previous cancer therapy, underlying genetic 
variants, particular phyla within the individual 
microbiome, pre-transplant conditioning, and 
early post-transplant inflammation can all con-
tribute to lung abnormalities and influence the 
likelihood of long-term complications. For exam-
ple, 10–15% of children pre-transplant demon-
strate abnormal forced and static lung volumes, 
and over 50% demonstrate decreased diffusing 
capacity, placing them at risk of immediate pul-
monary complications and abnormal lung func-
tion and mortality post-transplant [53–55]. 
Furthermore, a higher pre-transplant lung func-
tion score based on the estimation of expiratory 
flow (FEV1) and diffusion (DLCO) is associated 
with increased risk of respiratory failure and 
death post-transplant. Pre-existing impaired lung 
function and total body irradiation (TBI)-based 
regimens correlated with the lowest survival in a 
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retrospective study of adults [56]. Similarly, pul-
monary disease and lower pre-transplant forced 
vital capacity z-scores along with abnormalities 
in chest CT scans have been associated with poor 
recovery of lung function [57] and a higher risk 
of immune-mediated lung injury [58] post HSCT, 
respectively. The development of a risk score 
based on pre-transplant pulmonary function and 
imaging, stem cell source, donor type, HLA 
match, conditioning regimen intensity and com-
position, fecal microbiota diversity, Day +7 
GVHD biomarkers, and presence of comorbidi-
ties including prior infections and pre-existing 
renal and cardiac impairment may help stratify 
patients at risk for pulmonary complications after 
HSCT.

 Diagnostic Challenges Unique 
to Pediatric HSCT Patients
The treatment of lung dysfunction after HSCT 
requires attention to pulmonary and non- 
pulmonary causes. Respiratory distress may 
progress rapidly once identified; hence, a timely 
work-up including assessment of pulmonary and 
cardiac function, imaging, and procurement of 
samples to rule out infection is critical for opti-
mizing outcomes. Initial chest imaging may 
identify the presence of lobar, multilobar, or dif-
fuse pulmonary infiltrates. Echocardiography 
may reveal pulmonary hypertension or left heart 
dysfunction. While such findings impact the 
decision-making process, they are non- 
diagnostic. Challenges with effective and reliable 
monitoring of lung function in young and/or crit-
ically ill children [59] including imaging tech-
niques that only offer low sensitivity and 
specificity [20, 59–62] represent major obstacles 
to the prompt and accurate diagnosis of lung 
injury. While successful spirometry is reported in 
patients as young as 3 years [63] and acceptabil-
ity of testing can be as high as 87% in 5-year-old 
patients [64], consistent measurements of FEV1 
in young children present significant challenges 
as well. FEV0.5 (0.5 s), a measurement found to 
be more reproducible in pre-school children with 
cystic fibrosis [65] than FEV1, could be evaluated 
as an early physiological biomarker of BOS. 
Forced oscillometry testing (FOT) is a feasible, 

yet to be validated, technique in preschoolers, 
which detects changes in pulmonary resistance 
and compliance [66]. In addition, the lung clear-
ance index (LCI), measured using the multiple 
breath washout technique (MBW), has demon-
strated greater sensitivity than standard PFTs in 
detecting airway changes in adults post-HSCT 
[61, 67]. Novel parameters of respiratory func-
tion assessed by quantitative CT (e.g., parametric 
response mapping (PRM)) [68] and specific-gas 
mapping [69] also need to be tested prospectively 
in childhood. Hyperpolarized 129Xe MRI, feasi-
ble in children unable to perform reliable spirom-
etry, can differentiate cystic fibrosis patients with 
early lung obstruction from age-matched controls 
[70]. The development and validation of novel 
criteria to predict risk, follow the trajectory of 
lung function, and diagnose BOS in pediatric 
HSCT populations are needed [71].

In the absence of obvious, non-pulmonary 
causes of lung dysfunction, bronchoscopy with 
BAL should be considered to distinguish infec-
tious from non-infectious etiologies and to initi-
ate appropriate management. However, this 
remains an area of active debate [72]. 
Complication rates from bronchoscopy proce-
dures in adults were less than 2% in three large 
series [73–75], and similar findings need to be 
replicated in children. The diagnostic yield from 
BAL fluid ranges from 31% to 67% depending 
on the timing post-HSCT of respiratory distress, 
the time elapsed between the onset of symptoms 
and BAL, and the start of antimicrobial therapy 
[74–77]. BAL within 4 days of the appearance of 
pulmonary infiltrates increases the overall diag-
nostic yield [76]. The therapeutic and diagnostic 
impact of lung biopsy in children with pulmo-
nary dysfunction after HSCT has been recently 
reported [78]. The diagnostic utility of serum and 
lung biomarkers in lung injury among HSCT 
recipients with IPS [79, 80] is described in a con-
sensus statement [8].

 Mechanisms of Lung Injury 
Following HSCT
The mechanisms contributing to non-infectious 
pulmonary complications following HSCT are 
complex. The pathophysiology of IPS has been 
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explored in various lines of laboratory investiga-
tion [8, 22] and translational research efforts [79, 
81, 82]. Data from established, pre-clinical mod-
els support a shift in perspective away from sim-
ply viewing the lung as an indirect target of 
collateral damage from systemic inflammation 
and toward a scenario wherein the lung is specifi-
cally vulnerable to two pathways of immune- 
mediated injury, which include the recruitment of 
donor-derived, cytotoxic effector cells and 
inflammatory cytokine release [8, 22]. These dis-
tinct but interrelated pathways involve (1) com-
ponents of the adaptive and innate immune 
responses, (2) synergistic interactions between 
lymphoid [83, 84] and myeloid cells, and (3) 
release of soluble inflammatory chemokines [85–
88] and cytokines including TNF-α [25, 89–92], 
INF-γ [93, 94], and IL-6 [95]. Furthermore, they 
orchestrate the sequential recruitment of donor- 
derived immune cells (T-lymphocytes, macro-
phages, monocytes, and neutrophils) to the lung 
and ultimately contribute to tissue damage and 
dysfunction [8]. Laboratory insights have been 
translated back to the clinic for pediatric patients 
with IPS in the form of novel strategies to miti-
gate the lethal effects of this complication [80, 
81, 96]. Importantly, proteomic studies from 
three human clinical studies revealed striking 
similarities among mechanisms contributing to 
IPS in humans and mice, underscored a role for 
the acute-phase response (TNF-α/IL-6) signaling 
pathway, and illuminated a possible role for pul-
monary vascular endothelial injury in the devel-
opment of lung dysfunction. Endothelial cell 
(EC) damage has been implicated as a direct con-
tributor to the development of several complica-
tions following allogeneic HSCT, including DAH 
and TMA [97–99]. EC activation and injury are 
also observed after clinical and experimental IPS 
[80, 83, 90, 100] and likely contribute other late 
effects after HSCT for pediatric and AYA patients 
[101]. Moreover, the proteomic studies uncov-
ered biomarkers predictive of IPS development 
and response to therapy [82] and identified sev-
eral novel pathways ripe for further exploration 
[81, 82, 95]. Importantly, other investigators 
studying clinical serum and BAL samples have 
been corroborated and extended these observa-

tions by identifying biomarker panels that associ-
ate with IPS [79, 102] and predict respiratory 
failure [103].

As noted above, chronic pulmonary dysfunc-
tion following allogeneic HSCT can manifest as 
either OLD or RLD [22, 23, 40, 42]. The patho-
physiology of lung fibrosis after HSCT is com-
plex and incompletely understood, highlighting 
significant knowledge gaps with respect to the 
biology of and approach to therapy for this spec-
trum of disorders [40, 104, 105]. These limita-
tions stem from the (1) lack of consistent 
approaches to monitor for respiratory compro-
mise and accurately diagnose the cause of lung 
dysfunction; (2) absence of correlative data 
obtained from afflicted HSCT recipients, and, 
until recently, (3) paucity of suitable preclinical 
animal models for either form of chronic lung dis-
ease [40, 106]. Fibrosis refers to the excessive 
deposition of extracellular matrix, primarily 
cross-linked fibrillar collagens, by persistently or 
abnormally activated fibroblasts. Resultant scar-
ring usually causes architectural distortion and 
physiological dysfunction of tissues and organs 
[40, 107, 108]. When developing in the context of 
pulmonary GVHD, fibrosis is thought to involve a 
persistent or recurrent antigenic stimulus, which 
elicits chronic inflammation [22, 23, 40]. In this 
context, a tri-phasic model recently proposed for 
the development of chronic GVHD [40] can be 
applied to the development of chronic pulmonary 
dysfunction after HSCT [23, 40]. This model 
involves acute inflammation, which may be sub-
clinical (Phase I) [8], dysregulated immunity 
(Phase II), along with dysfunctional repair, and 
propagation of chronic inflammation resulting in 
the deposition of collagen and fibrosis (Phase III) 
(Fig. 31.1). When this occurs in and around bron-
chial structures, obliteration of small airways and 
significant, “fixed” OLD ensues. By contrast, 
fibroblast proliferation and intra-septal collagen 
deposition may ultimately result in interstitial 
fibrosis, volume loss, and impaired gas exchange, 
characteristic of severe RLD [40]. Recently, 
murine systems have revealed that dysregulation 
of other factors including aberrant B-cell immu-
nity with associated auto-/allo-antibody produc-
tion [109–113], disruption of the balance of M1/
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Fig. 31.1 Tri-phasic model of non-infectious lung injury 
after allogeneic HSCT.  A tri-phasic model of chronic 
GVHD is proposed for the development of lung dysfunc-
tion after allogeneic HSCT. In Phase I, acute lung injury 
occurs as a consequence of an allogeneic immune 
response and results in the influx of donor immune cells 
into an inflamed pulmonary parenchyma (a). Persistence 
of an inflammatory signal in the setting of dysregulated 
immunity promotes the transition from acute to chronic 
injury in Phase II (b and d). If the inciting injurious event 
predominantly involves bronchiolar epithelial cells, Phase 
II is associated with the development of chronic bronchi-
olitis (b). In the context of aberrant repair, chronic inflam-
mation proceeds to Phase III.  Lung fibroblasts increase 

dramatically in number and contribute to the enhanced 
deposition of collagen and granulation tissue in and 
around bronchial structures, ultimately resulting in com-
plete obliteration of small airways and fixed obstructive 
lung disease (OLD) characteristic of bronchiolitis obliter-
ans (BrOb) (c). If, by contrast, the principal target of 
chronic inflammation is the alveolar epithelium, leuko-
cyte recruitment and matrix deposition during Phase II 
contribute to interstitial pneumonitis (d). Fibroblast pro-
liferation and intra-septal collagen deposition during 
Phase III ultimately results in interstitial thickening, sep-
tal fibrosis, significant volume reduction, and develop-
ment of severe restrictive lung disease (RLD) and 
interstitial fibrosis (e)

M2 macrophage function [114], and release of 
pro-inflammatory cytokines including TNF-α 
[115, 116] may all be operative during the devel-
opment of pulmonary fibrosis [40].

The role of the microbiome in the develop-
ment of lung toxicity after HSCT has been the 
focus of recent investigation. Inflammation and 
injury may result from disturbances in microbe- 
host interaction balance [117]. For example, the 
γ-proteobacterial domination of fecal microbiota 
pre-transplant predicted pulmonary complica-
tions and mortality in a cohort of adults receiving 
allogeneic HSCT [118]. Studies demonstrating 
that genetic variations in bactericidal/
permeability- increasing protein and NOD2/
CARD15 influence the risk of developing airflow 

decline after allogeneic HSCT [119, 120] under-
score the possible effects of the microbiome and 
function of the intestinal barrier on the develop-
ment of BOS.  Hence, interventions to preserve 
the respiratory and gut-lung microbiome axis 
pre- and post-transplant may decrease pulmonary 
risk. Moreover, the impact of the lung microbi-
ome and prior infections as triggers of dysregu-
lated immunity and repair contributing to fibrotic 
lung injury that may appear “non-infectious” in 
etiology at later time points is a topic of active 
investigation [121–124]. Newer methods includ-
ing metagenomic sequencing, gene-expression 
profiling, and proteomics could help clarify these 
relationships and their effects on disease severity 
and lung function in the long term [125].
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 Treatment of Pulmonary Complications 
in Pediatric HSCT Patients
Conducting clinical trials in relatively small, het-
erogeneous, pediatric populations with acute or 
chronic pulmonary complications following 
HSCT is challenging [126]. For example, three 
pediatric reports [27, 28, 127] confirmed that IPS 
remains a serious complication following HSCT 
with high mortality (50–80%) and poor (18–
30%) response to treatment. The use of high-dose 
steroids to pediatric HSCT recipients with non- 
infectious, acute lung injury has produced mixed 
results. The Pediatric Acute Lung Injury 
Consensus Conference (PALICC) recommends 
future studies be completed to identify specific 
populations that might benefit from glucocorti-
coid therapy [128]. To this end, early-phase pro-
spective studies [80, 96] and two retrospective 
reports [129, 130] suggested that treatment of 
IPS with corticosteroids and etanercept, a soluble 
TNF-α binding protein, may improve survival. A 
subsequent multicenter, open-label, Phase II, 
pediatric study found that the administration of 
corticosteroids combined with etanercept was 
safe and resulted in response rates of 71% with 
Day +28- and 1-year survival rates of 89% and 
63%, respectively [81]. Of note, this trial had uni-
form eligibility (excluding age), dosing sched-
ules, and assessments with a parallel Phase III 
IPS study in adults [131]. However, the 1-year 
overall survival for adults was extremely poor 
(<25%) in both arms. Importantly, the pediatric 
trial ended early as an efficacy stopping rule was 
met, whereas the adult trial was terminated early 
for poor accrual; only 34 out of a targeted 120 
patients were randomized, which undoubtedly 
impacted the interpretation of results [131]. 
Despite these advances in pediatric patients with 
IPS [81], not all patients responded to TNF-α 
neutralization. Hence, the utility of cytokine 
analysis and additional targetable protein bio-
markers such as Ang-2 [97, 132] in further opti-
mizing the recognition and treatment of IPS 
requires additional study. For example, a retro-
spective trial revealed that elevated levels of sup-
pression of tumorigenicity/stimulation-2 (ST2), a 
biomarker implicated in acute lung injury and 
GVHD, when combined with elevated levels of 

IL-6 and sTNFR1 were most predictive in diag-
nosing IPS even before clinical signs and symp-
toms were present [79]. These findings were 
recently extended by Rowen and colleagues who 
showed that a biomarker panel including ST2, 
IL-6, and sTNFR1 could, as early as day 7 after 
HSCT, predict respiratory failure and associated 
mortality in a cohort of predominantly pediatric 
HSCT recipients [103]. Hence, pre-emptive, 
combinatorial, anti-cytokine strategies for 
patients at a high risk for IPS and respiratory fail-
ure may have merit.

DAH is associated with mortality as high as 
85% in adult and pediatric HSCT patients [8, 22, 
31]. Studies report minimal benefit with high- 
dose steroids with or without aminocaproic acid 
(Amicar™) therapy; a recent, single-center, ret-
rospective review of 119 adults with DAH treated 
with varying doses of steroids revealed Day +100 
and overall mortality rates of 85% and 95%, 
respectively. Two-thirds of cases were non- 
infectious in origin and could be classified as IPS 
[133]. Anecdotal reports of inhaled recombinant 
Factor VIIa therapy suggest benefit, and this 
approach appears well tolerated despite a risk of 
endotracheal tube occlusion from sudden clot 
formation [134, 135]. Future considerations 
should include combining non-infectious DAH 
and IPS together for inclusion in multi-center 
studies of targetable inflammatory cytokines and 
other novel therapies for pediatric patients. An 
approach to HSCT patients with acute pulmonary 
dysfunction is proposed in Fig. 31.2.

Standard treatments for non-infectious forms 
of OLD and RLD remain suboptimal; no agent or 
combination of agents has been particularly 
effective. However, a number of new therapeutic 
strategies have been employed for BOS [136]. 
The administration of etanercept and combina-
tion therapy with “FAM” (fluticasone, azithro-
mycin, and montelukast) have shown promise in 
improving [137] and potentially stabilizing [138] 
lung function, respectively. Both studies were 
early-phase, open-label trials, and therefore, 
results need to be interpreted in the context of the 
known natural history of BOS, which can include 
stabilization of disease with time [45, 139]. A 
very small, randomized study showed no effect 
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Fig. 31.2 Approach to patients with acute pulmonary 
dysfunction. The comprehensive approach to HSCT 
patients with acute pulmonary dysfunction is complex. It 
requires the completion of a thorough history (including 
recent blood products) and physical exam and the timely 
determination of the severity of respiratory impairment. 
An initial assessment of the need for supplemental oxygen 
support, overall fluid balance, renal function, and cardiac 
output should be followed by radiographic imagining. 
Results of the initial work-up will guide subsequent 
decision- making toward the initiation of empiric antimi-
crobial therapy versus consultation with medical and sur-

gical specialists and consideration of bronchoscopy/
broncho-alveolar lavage to rule out infectious causes of 
lung inflammation. When pulmonary dysfunction is deter-
mined to be non-infectious in origin and immunosuppres-
sive therapy is considered, enrollment on open clinical 
trials is desirable whenever possible. CXR chest X-ray, CT 
computerized tomography, BAL broncho-alveolar lavage, 
IPS idiopathic pneumonia syndrome, DAH diffuse alveo-
lar hemorrhage, TRALI transfusion-related acute lung 
injury, CRRT continuous renal replacement therapy, RVH 
right ventricular hypertrophy, Pulm-TMA pulmonary 
thrombotic microangiopathy
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of FAM over placebo for severe BOS [140, 141]. 
Interestingly, long-term administration of 
azithromycin, a component of FAM, as prophy-
laxis against pulmonary injury was recently 
found to increase the risk of malignant relapse 
[142], and this may be secondary to significant 
immune modulatory effects of the drug [143]. 
The impact of FAM on relapse or the develop-
ment of secondary malignancy when used to treat 
patients with chronic GVHD and BOS remains to 
be fully elucidated [144–146]. By contrast, treat-
ment with formoterol and budesonide may 
improve FEV1 in patients with moderately severe 
BOS when detected early [147].

Laboratory insights currently being translated 
into clinical medicine regarding the role of 
B-cells [111, 148] and JAK pathways [149] may 
pave the way for novel strategies to treat chronic 
pulmonary dysfunction in children and adults as 
agents, including ibrutinib and ruxolitinib, are 
now approved for the treatment of steroid- 
resistant chronic GVHD in individuals as young 
as 12  years. It remains unclear whether estab-
lished pulmonary fibrosis following HSCT in 
childhood is reversible. Accordingly, the anti- 
fibrotic drug nintedanib, FDA-approved for idio-
pathic pulmonary fibrosis, is currently being 
tested in children with fibrosis from multiple 
causes. Normalization of lung function after ini-
tial impairment improves survival to rates com-
parable to long-term HSCT survivors with 
normal baseline PFTs [150], highlighting the 
importance of pulmonary surveillance and early 
intervention.

 Transplant-Associated 
Microangiopathy (TA-TMA)

Transplant-associated thrombotic microangiopa-
thy (TA-TMA) describes multisystem complica-
tions occurring after HSCT that are characterized 
by microangiopathic changes [34]. The diagnosis 
of TA-TMA is based on clinical criteria and the 
relatively acute onset of anemia and thrombocy-
topenia with evidence of RBC fragmentation in 
the peripheral blood smear [34, 35, 151, 152]. 
Concomitant acute renal dysfunction, often asso-

ciated with proteinuria and hypertension, occurs 
in the majority of patients. Neurologic, pulmo-
nary [36] and gastrointestinal symptoms can also 
be observed. In this context, TA-TMA is now 
believed to be a multi-visceral disorder [34]. The 
onset of TA-TMA usually occurs within the first 
100  days after HSCT but has also been recog-
nized months after the procedure. Given the close 
association of TA-TMA with calcineurin inhibi-
tors, GVHD, and infections, the syndrome is 
reported less frequently after autologous HSCT 
(approximately 2.6%) compared with the alloge-
neic setting where the incidence is in the 10–15% 
range and even higher in some recent pediatric 
reports [35, 153].

Damage to the vascular endothelium is central 
to the pathogenesis of TA-TMA, which may rep-
resent a common thread underlying several other 
post-transplant complications [97–99]. 
Approximately 12–18% of patients with 
TA-TMA will have severe disease affecting their 
overall survival. Proteinuria and elevated soluble 
membrane attack complex levels at TA-TMA 
diagnosis are poor prognostic markers that war-
rant prompt consideration for clinical interven-
tions [35]. Unfortunately, there is currently no 
standard treatment for TA-TMA.  There is con-
sensus, however, that rapid withdrawal of poten-
tially offending drugs such as calcineurin 
inhibitors or sirolimus should be the primary 
intervention. Aggressive management of concur-
rent GVHD and infections is also crucial because 
these are common causes of mortality in patients 
with TA-TMA and can be triggers of EC injury. 
Plasma exchange (PE) has demonstrated limited 
efficacy and has not been endorsed as a standard 
treatment; early implementation in pediatric 
patients may rescue some patients with renal fail-
ure, but outcomes remain poor [154]. Recent 
reports have revealed that activation and dysregu-
lation of the alternative pathway of complement 
may contribute to endothelial damage incurred 
during TA-TMA [155]. Indeed, the role of com-
plement activation and associated genetic suscep-
tibility to the development of TMA was 
demonstrated in a prospective study in pediatric 
HSCT recipients [155]. To this end, early inter-
vention with the terminal complement blocking 
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agent eculizumab has been effective in treating 
some, but not all, patients with TMA [156–158]. 
The effectiveness of eculizumab appears to 
depend on precise personalized drug dosing regi-
mens [159]. Other interventions suggested for 
TMA have included agents that stabilize vascular 
endothelial integrity and function [160].

 Veno-Occlusive Disease/Sinusoidal 
Obstruction Syndrome (VOD/SOS)

Veno-occlusive disease/sinusoidal obstruction 
syndrome (VOD/SOS) is another endothelial 
injury complication associated with high-dose 
chemotherapy and HSCT and often includes mul-
tiorgan dysfunction. VOD/SOS results from direct 
injury to sinusoidal endothelium, hepatocytes, 
and the central venules in zone 3 of the liver aci-
nus that ultimately progresses to veno- occlusion 
and sinusoidal obstruction [161–165]. The diag-
nosis of VOD/SOS is based on the classical triad 
of weight gain, painful hepatomegaly, and jaun-
dice as initially characterized by the transplant 
programs at Johns Hopkins and the Fred 
Hutchinson Cancer Research Center. The diag-
nostic criteria were recently updated and expanded 
to include platelet refractory thrombocytopenia, 
which is often seen in pediatric patients, and 
reversal of portal venous flow on Doppler ultra-
sound of the liver [165]. As with TA-TMA, mak-
ing the diagnosis of VOD/SOS can be challenging 
because the signs and symptoms of this condition 
often overlap those of other transplant-related 
complications [165]. The incidence of VOD/SOS 
depends upon several factors, including type of 
transplant (allogeneic > autologous), patient age 
(pediatric > adult), conditioning regimen intensity 
(myeloablative > reduced intensity), pre-existing 
risk factors, and criteria used to make the clinical 
diagnosis. The incidence of VOD/SOS reported in 
the contemporary literature ranges from 10 to 
20% after allogeneic HSCT using myeloablative 
conditioning (and has high as 60% in a subset of 
pediatric patients) to 0 to 10% following reduced-
intensity allogeneic HSCT and as low as 5% fol-
lowing autologous HSCT [165]. The severity of 
VOD/SOS ranges from mild to severe depending 

on the degree of hyperbilirubinemia, amount of 
fluid retention/weight gain, and pace of disease 
progression [166]. New grading criteria that are 
based on the severity of individual symptoms 
associated with VOD/SOS have recently been 
proposed [165].

The pathophysiology of VOD/SOS is complex 
and includes the contribution of dysregulated 
immune and coagulation pathways and under-
scores the importance of endothelial dysfunction 
in the hepatic sinusoids [165]. The inflammatory 
milieu contributes to a prothrombotic and hypofi-
brinolytic state. Microvascular clot formation 
developing from fibrin deposition and platelet 
aggregation, in conjunction with embolization of 
damaged ECs, results in sinusoidal narrowing, 
progressive blockage, and ultimately obstruction. 
This cascade of events culminates in the develop-
ment of symptoms that characterize VOD/SOS 
and is believed to occur well before clinical 
(painful hepatomegaly, ascites, weight gain) and 
laboratory (hyperbilirubinemia and liver enzyme 
elevation) findings are obtained.

The treatment of VOD/SOS is multifaceted. 
The identification of patients at a high risk for 
disease development and careful monitoring 
early post-HSCT allow for early diagnosis and 
timely intervention. The primary goal in the man-
agement of VOD/SOS is to minimize extracellu-
lar fluid overload without worsening intravascular 
volume and renal perfusion. Hence, strict atten-
tion to fluid intake, salt load, urine output, and 
daily weights are the mainstays of supportive 
care. VOD/SOS that evolves to include pulmo-
nary and renal dysfunction is associated with 
unacceptably high mortality rates [165, 167]. 
Those with MODS require a high level of inten-
sive care. Some patients may experience renal 
compromise that leads to volume overload and 
ascites with or without pleural effusion, while 
others can develop pulmonary infiltrates and 
become hypoxemic. Pediatric patients with asci-
tes associated with painful abdominal distention 
or pulmonary compromise may require the place-
ment of a temporary peritoneal drain to facilitate 
serial, controlled, small-volume paracentesis (to 
maintain renal perfusion and adequate lung vol-
umes). Continuous renal replacement therapy 
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(CRRT) is often necessary for patients who expe-
rience renal compromise or require more invasive 
methods to maintain euvolemia during the evolu-
tion of VOD/SOS [168]. Defibrotide is an agent 
approved by the US Food and Drug Administration 
and European Medicines Agency for the treat-
ment of adults and children with VOD/SOS fol-
lowing HSCT with renal or pulmonary 
dysfunction and “severe” SOS/VOD, respec-
tively. When used in this population, about 
40–50% of patients are expected to be alive 
beyond day +100 [165].

 Critical Care Considerations 
for Pediatric HSCT Recipients

Critical care interventions are often necessary for 
pediatric HSCT recipients. The mortality rate of 
patients with pulmonary dysfunction remains 
high [169, 170], particularly those with GVHD 
or requiring mechanical ventilation, inotropic 
support, or CRRT [4, 171, 172]. The benefits of 
non-invasive, positive-pressure ventilation 
(NIPPV) have yet to be fully established [170, 
173]. Similarly, the role of other lung protective 
strategies, including high-frequency oscillatory 
ventilation (HFOV), remains to be determined 
[174]. Increasing weight gain [175] and early 
warning scores [176] may identify HSCT patients 
at risk of respiratory failure and allow increased 
surveillance and early intervention. The impor-
tance of optimizing nutritional support in the 
HSCT patient has been recently recognized 
[177]. Enteral nutrition, which may modulate 
inflammation and minimize lung injury while 
preserving intestinal integrity, improves overall 
survival [178]. The ideal nutritional strategy 
likely includes optimized lipid formulations 
[179] along with supplemental vitamins and min-
erals [180–184]. Finally, the potential impact of 
prone positioning, inhaled nitric oxide, cortico-
steroids, combinatorial anti-cytokine approaches, 
and strategies to protect the pulmonary vascular 
endothelium remains to be investigated [6, 185].

The contribution of cardiac dysfunction to 
pediatric ARDS must also be considered. Right 
heart strain and alterations in pulmonary vascular 

resistance often accompany mechanical ventila-
tion. Routine echocardiography can reveal abnor-
malities in 30% of patients as early as HSCT Day 
+7 with 13% having elevated right ventricular 
pressures. A trend toward decreased survival with 
any echocardiographic abnormality at Day +7 
has been reported [186]. Among HSCT recipients 
requiring admission to the pediatric intensive 
care unit (ICU), one-third were found to have 
elevated right ventricular pressures [187]. 
Additionally, cardiac diastolic dysfunction is 
now being recognized more frequently in pediat-
ric HSCT recipients as is the appreciation of its 
associated impact on outcomes [188].

Fluid overload and acute renal failure are 
associated with worse outcomes among venti-
lated pediatric HSCT recipients [189, 190]. 
ARDSNet fluid management studies demon-
strated that conservative fluid management 
improved lung function and shortened mechani-
cal ventilation and ICU days [189]. The potential 
impact of early CRRT has been recognized in 
pediatric HSCT recipients, [191, 192], specifi-
cally in the context of VOD/SOS [168], but 
remains understudied in PARDS [193]. 
Extracorporeal membrane oxygenation (ECMO) 
is being further explored in pediatric HSCT 
recipients [194, 195]. Recent promising survival 
rates using ECMO in a small subset of HSCT 
patients [196, 197] warrant further evaluation and 
have prompted studies to evaluate ECMO candi-
dacy criteria and ultimately establish consensus 
criteria/recommendations for the use of ECMO 
for pediatric HSCT and cell therapy recipients 
[198, 199].

The suboptimal outcomes among pediatric 
HSCT recipients with ARDS underscore the need 
for early identification and mitigation of risk fac-
tors for critical illness and consideration of non- 
conventional therapies. The first study to match 
patients from two large databases, the Virtual 
Pediatric Systems (VPS, LLC) and the Center for 
International Blood and Marrow Transplant 
Research (CIBMTR), aimed to identify pediatric 
HSCT patients who ultimately required admis-
sion to intensive care units [172]. Five indepen-
dent variables were incorporated into a 
multivariate model to establish quartiles of risk 
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of ICU mortality. The findings underscored the 
value of establishing collaborative efforts 
between pediatric intensive care, HSCT, and 
multiple other subspecialties to identify and fol-
low very high-risk patients.

 Conclusion

Pulmonary dysfunction along with TA-TMA and 
VOD/SOS remain common and life- threatening 
problems for pediatric and AYA HSCT recipi-
ents. While the HSCT field has evolved consider-
ably over the last two decades, several challenges 
and unmet needs remain with respect to optimiz-
ing outcomes for these patients, especially those 
who ultimately require critical care. For example, 
there is a need to build, characterize, and study 
prospective, observational pediatric and AYA 
cohorts of patients. This effort should utilize, 
expand, and link existing databases to (1) develop 
a practical scoring system to assess the risk of 
lung dysfunction, (2) enhance deep phenotyping 
of pulmonary toxicities pre- and post-transplant, 
and (3) establish clinical laboratory bioreposito-
ries from which our understanding of transplant-
related complications can be enhanced. There 
remains a continued need to advance the mecha-
nistic understanding of pulmonary diseases in 
HSCT recipients and bring laboratory observa-
tions back to the clinic to improve outcomes; 
recent translational research efforts highlight the 
value of bench to bedside research through col-
laborative, multicenter, consortium studies [81]. 
The potential role of serum biomarkers, BAL 
findings, and novel imaging technologies to facil-
itate early diagnosis, characterize disease pro-
cesses, and monitor the progression of pulmonary 
disease require further study. The complexity of 
advanced supportive care needs in patients who 
have progressed to MODS highlights the impor-
tance of a coordinated, multidisciplinary 
approach to care among pediatric HSCT and ICU 
teams along with medical and surgical subspe-
cialists. Moreover, a team approach to research 
and clinical care, involving basic, translational, 
and clinician scientists, is essential to overcome 
existing clinical management challenges and 

improve outcomes for children and AYA patients 
requiring HSCT.
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32CAR T-Cell Therapy and Critical 
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 Introduction

Immunotherapy has revolutionized oncological 
care and improved the prognosis of many refrac-
tory malignancies. As these therapies evolved and 
became widely used, a new range of complica-
tions that has made intensive care unit (ICU) staff 
rethink the way we diagnose, treat and think about 
the prognosis of critically ill cancer patients. 
Since the first trials of chimeric antigen receptor 
(CAR) cell therapy showing significant response 
rates, five CAR T-cell products have been 
approved for the treatment of refractory B-cell 
malignancies, such as acute lymphoblastic leu-
kaemia (ALL), B-cell lymphoma and multiple 
myeloma [1–6]. About 50% to 80% of patients 
achieve remission after CAR T-cell therapy, with 
as many as 50–60% being free of disease at 
12  months [1–6]. While these outcomes are 

impressive, it is important for the non-oncologist, 
and specifically for ICU staff, to understand the 
complications associated with these treatments 
and the prognosis they carry. Complications such 
as cytokine release syndrome (CRS), immune 
effector cell-associated neurotoxicity syndrome 
(ICANS) and hemophagocytic lymphohistiocyto-
sis (HLH) are unique, relatively common and 
require staff to have an acute awareness to initiate 
rapid treatment (Fig. 32.1).

The objective of this chapter is to review the 
most common short- and long-term complica-
tions of CAR therapy that can lead to ICU admis-
sion or have implications when a patient is 
admitted to the ICU following the post-infusion 
phase. A better understanding of these complica-
tions can lead to better support and care of these 
patients who are known to have an excellent 
prognosis.
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Infections        ________________________________________________________________

Pancytopenia  __________________________________   _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ *

CRS                                        ____________________

ICANS                                    ________        _________        

HLH _____________________

Induction to Day 0** Day 0-Day 30 Day 30-6 months 6 months – 1 year

Fig. 32.1 Complications of CAR-T therapy according to 
the timing of treatment. *with as many as 90% of patients 
having haematological toxicity after day 30. ** Day 0: 

day of CAR infusion. CRS cytokine release syndrome, 
ICANS immune effector cell-associated neurotoxicity 
syndrome, HLH hemophagocytic lymphohistiocytosis

 Overview of CAR Therapy

 Types of CAR, Indications and FDA 
Approval

Chimeric antigen receptor (CAR) T-cells are 
genetically modified T-cells that contain fusion 
proteins composed of an antigen-binding extra-
cellular portion and an intracellular signalling 
portion derived from T-cell signalling proteins 
[7]. The CAR constructs contain additional vary-
ing costimulatory domains, such as CD28 and 
4-1BB, and they can be produced from either 
patient-derived (autologous) or donor-derived 
(allogeneic) cytotoxic T-cells.

Autologous CD19 CAR T-cell therapy has 
yielded ground-breaking results in the field of 
haemato-oncology, providing durable remissions 
for many patients who had previously faced dis-
mal prognosis. In 2017, axicabtagene ciloleucel 
became the first CAR T-cell approved by the 
FDA for clinical use, based on the results of the 
ZUMA-1 trial, which enrolled 111 patients with 
relapsed/refractory large B-cell lymphoma [1]. 
Subsequently, two other CAR-T therapies were 
approved by the FDA for several types of non- 
Hodgkin’s lymphoma. Then, tisagenlecleucel 
and lisocabtagene maraleucel were also approved, 
following the JULIET and the TRANSCEND 
NHL001 trials, respectively [2, 4].

Tisagenlecleucel was the first CAR T-cell 
approved for B-cell acute lymphoblastic leukae-
mia (B-ALL) by the FDA, following the results 
of the phase II ELIANA trial, which included 
children and young adults [6]. The second CAR 
T-cell to be granted approval by the FDA for ALL 
was brexucabtagene autoleucel, based on results 
of the ZUMA-3 trial in adult patients [8]. 
Idecabtagene vicleucel is the first cellular therapy 
that received FDA approval for patients with 
multiple myeloma, following the positive results 
observed in the KarMMa trial [3].

 Cell Preparation, Apheresis, 
Lymphodepletion and Cell Infusion

The process of manufacturing autologous CAR 
T-cells begins with the collection of the patient’s 
leukocytes through leukapheresis to obtain 
mononuclear cells (MNCs) [9]. Next, the col-
lected cells are filtered to isolate specific T-cell 
subpopulations of interest and remove contami-
nants. The T-cells are then activated, and the 
CAR is inserted into the genome of the T-cells, 
usually via viral transduction [10]. The CAR 
product is then expanded using cell culture prop-
agation. Finally, the CAR T-cells are washed, 
concentrated and cryopreserved in infusible cry-
omedia. The CAR T-cell is then delivered to the 
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medical institute, thawed and infused to the 
patient following a lymphodepleting preparative 
regimen. Lymphodepletion with a combination 
of fludarabine and cyclophosphamide is consid-
ered to be optimal to enhance in vivo CAR T-cell 
expansion and persistence [11–13].

 Institutional Considerations

When implementing a CAR program within an 
institution, there are important aspects to con-
sider. First, education of staff is one of the pillars 
of a successful CAR T-cell program [14]. The 
complications associated with this therapy and 
their clinical presentations can mimic common 
pathologies observed in cancer patients but 
require a unique approach and treatment. Quick 
recognition of these toxicities, early escalation of 
care and immediate treatment is extremely 
important to avoid worsening morbidity and mor-
tality. Many subspecialties (e.g. neurology, cardi-
ology and infectious diseases) and hospital areas 
(emergency rooms, ICUs, floors and step-down 
units) will support these patients; therefore, edu-
cation and knowledge of when these patients 
receive treatment will ensure adequate care once 
complications arise. While staffing will depend 
on each institution, an initial core group to treat 
this patient population can be beneficial. As staff 
becomes more comfortable with treating these 
patients, the staffing and number of patients can 
expand. A slow approach can help the institution 
grow the program in a safe manner. Lastly, guide-
lines on how to monitor and treat these patients 
are extremely important to streamline their care 
[14–18]. High-risk patients, such as those with 
cardiac comorbidities, high disease burden and 
central nervous system (CNS) involvement, can 
be considered for telemetry beds [14, 17]. Lastly, 
published scores using common routine labora-
tory tests could help predict those patients who 
will develop severe toxicities and assist with tri-
aging [19]. Close communication with the 
Intensive Care Unit (ICU) staff will be important 
as many as 40% of patients can require ICU 

admission due to severe toxicities after CAR 
infusion [20, 21].

 Acute Complications Post-Infusion

 Cytokine Release Syndrome

One of the most common complications post- 
CAR infusion is cytokine release syndrome, 
which presents as fever associated with either 
hypotension or hypoxemia [16] (Table  32.1). 
CRS is an inflammatory response led by the acti-
vation of CAR T-cells after recognition of the 
tumoral antigen. As CARs become activated and 
replicate, this leads to the activation of other 
inflammatory cells, such as macrophages, B-cells 
and T-cells, and a release of cytokines (IL-10, 
IL-6, IFNɣ, TNFα, IL-1β) [16, 22, 23]. This 
exaggerated inflammatory response causes endo-
thelial dysfunction and capillary leak syndrome 
and, if left untreated, can lead to multi-organ fail-
ure. While the clinical presentation and onset is 
similar within products (3–7 days post-infusion), 
its incidence and severity can vary [1, 3, 5, 17]. 
With axicabtagene, one of the first FDA-approved 
products, CRS occurs in as many as 90% of 
patients, and Grade 3 and 4 toxicity (hypotension 
that requires vasopressor support or hypoxemia 
requiring high-flow or invasive mechanical venti-
lation) is observed in 17% of patients [1]. 
Guidelines recommend all cases of Grade ≥  3 
toxicity to be admitted to the ICU; however high- 
risk patients could be admitted earlier for close 
monitoring [14, 15, 17]. Despite the relatively 
high incidence of shock, recent data suggest that 
the requirement of vasopressors is usually short 
(median of 1 day), with 80% of patients requiring 
only one vasopressor [20]. Respiratory failure 
associated with CRS is rare, with less than 15% 
of patients requiring mechanical ventilation, 
high-flow nasal cannula or BiPAP [20]. Other 
organ toxicities that have been described with 
CRS include renal failure, electrolyte imbal-
ances, non-ischemic cardiomyopathies, arrhyth-
mias, liver dysfunction and coagulopathy [14, 24, 
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Table 32.1 CRS grading as per ASTCT guidelines

Grade 1 Grade 2 Grade 3 Grade 4
CRS parameter
Fevera Temperature ≥ 38 °C Temperature ≥ 38 °C Temperature ≥ 38 °C Temperature ≥ 38 °C
With
hypotension None Not requiring 

vasopressors
Requiring a 
vasopressor ± 
vasopressin

Requiring multiple 
vasopressors 
(excluding 
vasopressin)

And/orb

hypoxia None Requiring low-flow 
nasal cannula (≤6 L/
min) or blow-by

Requiring high-flow 
nasal cannula (>6 L/
min), facemask, 
non- rebreather mask 
or venturi mask

Requiring positive 
pressure (e.g. CPAP, 
BiPAP, intubation and 
mechanical ventilation)

BiPAP bilevel positive airway pressure, CPAP continuous positive airway pressure, CRS cytokine release syndrome, 
ASTCT American Society for Transplantation and Cellular Therapy
Lee et al. Biol Blood Marrow Transplant 2019 (25):625–638
aFever may be absent in patients who have received tocilizumab and/or corticosteroids
bCRS grade is determined by the more severe event: hypotension or hypoxia

25]. The incidence of these complications is usu-
ally low, and they do not require invasive or life- 
saving interventions and resolve relatively 
quickly [20].

Treatment for CRS includes organ support, 
workup for infectious causes of fever and hypo-
tension and immunomodulatory therapy. The 
first line of treatment for any grade of CRS is 
tocilizumab, a blocking interleukin-6 (IL-6) 
receptor monoclonal antibody. Earlier studies 
showed an early elevation of IL-6  in patients 
with CRS and that blockade of IL-6 leads to the 
resolution of CRS [26]. Corticosteroids, includ-
ing dexamethasone or methylprednisolone, are 
reserved for patients with Grade 2–4 toxicities 
[17]. Initiation, dose, duration, and tapering rec-
ommendations can vary according to each CAR 
product [17, 27]. However, an approach that 
involves tapering and observation of the patient’s 
clinical status is preferable. For rare refractory 
CRS, anakinra, an IL-1 receptor antagonist, has 
been utilized; however, data supporting its use 
are lacking [28]. ICU support is important for 
those patients who develop respiratory failure, 
shock and  multi- organ failure, and most of these 
patients improve within 1 week of ICU admis-
sion [20]. However, if no improvement is seen in 
patients with severe CRS after corticosteroids 
and tocilizumab, sepsis needs to be considered 

as a cause for the ongoing organ failure [17]. 
Current interventions in the ICU are based on 
observations on other critically ill patients, and 
data specific to this patient population are still 
limited [20, 29].

 Immune Effector Cell-Associated 
Neurotoxicity Syndrome

The pathophysiology of ICANS is not as well 
understood as that of CRS; however a shared 
inflammatory process is thought to play a role. 
The initial inflammatory process led by CAR 
proliferation leads to endothelial dysfunction, 
increased permeability of the blood-brain bar-
rier, and migration of inflammatory cells 
(including CARs) and cytokines into the central 
nervous system while activating local inflam-
matory cells such as microglia and astrocytes 
[17, 30–32]. The presentation of ICANS is 
unique and usually occurs on day 7 post-infu-
sion, many times concomitantly with CRS [16] 
(Table 32.2). A second delayed presentation of 
ICANS, which usually presents alone, has also 
been described and occurs after 10 days of infu-
sion. The prevalence of ICANS varies depend-
ing on the product, with some presenting in as 
many as 64% of patients (30% Grade ≥ 3) [1]. 
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Table 32.2 ICANS grading as per ASTCT guidelines

Neurotoxicity 
domaina Grade 1 Grade 2 Grade 3 Grade 4
ICE score 7–9 3–6 0–2 0 (unarousable and unable to 

perform ICE)
Depressed level 
of 
consciousness

Awakens 
spontaneously

Awakens 
to voice

Awakens only to tactile 
stimulus

Unarousable or requiring 
vigorous or repetitive tactile 
stimuli to be aroused. Stupor or 
coma

Seizure N/A N/A Any clinical seizure focal or 
generalized that resolves 
rapidly or nonconvulsive 
seizures on EEG that resolve 
with intervention

Life-threatening prolonged 
seizure (<5 min) or repetitive 
clinical or electrical seizures 
without returning to baseline in 
between

Motor findings N/A N/A N/A Deep focal motor weakness 
such as hemiparesis or 
paraparesis

Elevated ICP/
cerebral oedema

N/A N/A Focal/local oedema on 
neuroimaging

Diffuse cerebral oedema on 
neuroimaging; decerebrate or 
decorticate posturing; or cranial 
nerve VI palsy; or papilledema; 
or Cushing’s triad

ICANS immune effector cell-associated neurotoxicity syndrome, ASTCT American Society for Transplantation and 
Cellular Therapy, EEG electroencephalogram, ICE immune effector cell-associated encephalopathy, ICP intracranial 
pressure, N/A not applicable
Lee et al. Biol Blood Marrow Transplant 2019 (25):625–638
aICANS grade is determined by the most severe event in the neurotoxicity domain

Patients with mild ICANS present with aphasia, 
headache, delirium, tremor and agraphia [16]. 
As the syndrome evolves, patients can develop 
global aphasia, seizures (non-convulsive are 
more common), status epilepticus, altered sen-
sorium, and, in rare cases, motor deficits [16]. 
Cerebral edema has also been described in 
these patients. Focal edema is common in the 
basal ganglia, thalamus and brainstem, but 
cases of severe global cerebral edema leading 
to death have been reported [30, 32, 33]. 
Workup and supportive care in the ICU are 
important for patients with Grade 3 and 4 
ICANS. Imaging, either CT or brain MRI, can 
be useful, especially to evaluate the severity of 
cerebral edema and to rule out other patholo-
gies such as ischemic and haemorrhagic strokes. 
The role of lumbar puncture is limited but can 
be considered in those patients who are not 
improving or in those in whom concomitant 
infections are suspected. As with CRS, the 
treatment of ICANS focuses on organ support 
and immunomodulation with corticosteroids 
[17]. A slow taper observing the patient’s clini-

cal response to such treatments is recom-
mended. The use of anti-IL-6 therapy is not 
recommended, and while anakinra can be con-
sidered for refractory cases, studies evaluating 
its efficacy are still needed [17, 34].

 Hemophagocytic 
Lymphohistiocytosis

While initially HLH was considered a rare 
complication in lymphoma patients treated with 
CD19 CARs, other products for the treatment 
of multiple myeloma and acute lymphoblastic 
leukaemia, have described higher incidences 
(15–30%) of this complication [3, 35, 36]. In 
the setting of CAR therapy, HLH presents as a 
spectrum of a prolonged and exaggerated 
inflammatory response after CRS occurs. Its 
clinical presentation and diagnostic profile are 
similar to malignancy-related HLH.  Multi-
organ failure, specifically liver failure and 
sometimes altered mentation, in the setting of 
elevated ferritin and triglyceride levels, liver 
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function tests, coagulopathy, and rarely hemo-
phagocytosis in bone marrow biopsy has been 
described [35, 36]. While infections should be 
considered during work-up, they are not a com-
mon cause of HLH in this patient population 
[35]. The pathophysiology of CAR-related 
HLH is thought to be related to a dysregulation 
between the ratio of NK, CAR and CD8 T-cells 
after CAR T-cell activation [36]. Response to 
therapy is variable, and treatment includes 
cytokine blockade with tocilizumab and 
anakinra, corticosteroids, and, in refractory 
cases, ruxolitinib and etoposide [37, 14, 17]. 
Risk factors still need to be identified, and clear 
diagnostic and treatment guidelines need to be 
created in this patient population, as their mor-
tality continues to be high.

 Infectious Complications

Infectious complications after CAR therapy are 
common and can have a significant impact on 
patients’ outcomes. While mortality due to CRS 
and ICANS is low (<1.5%), in the acute phase 
after CAR infusion, inpatient mortality is mainly 
due to infectious complications and progression 
of disease [20]. Due to the great similarity 
between CRS and sepsis, it is recommended to 
work up and treat patients for neutropenic sepsis 
once fever appears. Unfortunately, common 
markers used to guide antibiotic therapy such as 
CRP and pro-calcitonin may not be useful in this 
patient population [38]. Data regarding the valid-
ity of cytokine profiles to predict sepsis over CRS 
are scarce [39]. Most infections occur within 
28 days after CAR T-cell infusion, of which more 
than 80% occur within 10 days [40, 41]. Some of 
the most common infections observed in the 
acute period after CAR infusion are bacteraemia 
and viral infections, while fungal infections are 
rare [40, 41]. Fortunately, life-threatening infec-
tions have been reported in only 2% of patients 
[40]. Risk factors associated with increased 
infectious complications include Grade ≥ 3 tox-
icities, prior haematopoietic stem cell transplant, 
corticosteroids, and an ANC < 500 cells/μL [38, 
40, 41].

 Other Reasons for ICU Admission, 
Considerations and Resource 
Utilization

While mortality due to CRS and ICANS in the 
ICU is low, other reasons for ICU admission 
could carry a different prognosis [29]. CAR 
patients with critical illness can have underly-
ing sepsis, multi-organ failure in the setting of 
disease progression, cardiac arrest, and tumour 
lysis, which can carry a significant morbidity 
and mortality [20, 29]. Close communication 
with the oncologist is necessary when evaluat-
ing the patient’s cause of multi-organ failure to 
better guide treatment, workup and possibly 
discussion of goals of care.

Taking into consideration current staffing 
shortage and bed restriction in hospitals world-
wide due to the COVID-19 pandemic, attention 
to bed utilization will be important when creat-
ing a new CAR T-cell program. Depending on 
the type of CAR product, their incidence of 
severe complications and the learning curve 
that occurs when first treating patients can help 
ICU staff prepare for an increase in ICU admis-
sions. These patients, however, improve rela-
tively quickly, have short ICU stays and require 
low organ support [20]. Creating a high-acuity 
step- down or specialized unit for CAR patients 
could also be considered to ease bed burden in 
the ICU.

 Long-Term Complications 
and Considerations Post CAR T-Cell 
Therapy

 Prolonged Cytopenias, 
Haematopoietic Failure and B-Cell 
Aplasia

Haematological toxicity is a common side effect 
of CAR T-cell therapy and can occasionally man-
ifest as prolonged cytopenias. In one report, 93% 
of patients had haematological toxicity beyond 
day 21 [42]. The rates of late severe neutropenia 
(neutrophil count lower than 500/μL) and throm-
bocytopenia (platelet count lower than 50 × 103/
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μL) were 34% and 21%, respectively [42]. The 
CAR-HEMATOTOX model identifies patients at 
risk for prolonged cytopenias after CAR T-cell 
according to baseline haematological reserve 
(neutrophil, haemoglobin and platelet counts) 
and inflammatory markers (C-reactive protein 
and ferritin) [43]. Additionally, almost 90% of 
patients have B-cell aplasia at 1 month after infu-
sion, and in 40%, it persists for at least 1 year 
[44]. As observed by Logue et al., immunoglobu-
lin G levels decrease to a nadir at 6 months post- 
CAR infusion, and median CD4 levels remain 
low at 1 year, further highlighting the delayed 
immune reconstitution in treated patients. The 
contributing factors to immunosuppression in 
these patients may include tumour-related effects, 
lymphodepletion chemotherapy, use of cortico-
steroids and cytokine effects. Such consider-
ations of chronic immunosuppression are 
important for those patients admitted to the ICU 
with severe infections to further guide empiric 
therapy.

 Infectious Considerations 
and Prophylaxis

As described above, patients treated with CAR T 
for haematological malignancies face a pro-
longed period of immunosuppression, with atten-
uation of both the humoral and cellular arms of 
the immune system. In one study depicting infec-
tions in the real-world setting, 63% of patients 
experienced an infection in the first year after 
CAR T infusion. Bacteria were the most common 
pathogen identified, especially during the first 
month, followed by viral infections [38]. 
Approximately 30% of patients had severe bacte-
rial infections, similar to results reported in the 
registration studies [1, 2]. Therefore, pre-emptive 
measures to avoid infections are widely 
employed.

Pretreatment screening for HIV and  
hepatitis B and C is recommended, with addi-
tional studies considered per medical facility 
preference and patient characteristics [45]. 
Recommendations regarding the use of antimi-
crobial prophylaxis are based largely on institu-

tional preference and derived from experience 
in patients undergoing haematopoietic stem cell 
transplant (HSCT). Some centres initiate fluoro-
quinolone antibacterial prophylaxis when 
patients are severely neutropenic, although 
recent Spanish guidelines do not recommend 
routine use of antibacterial prophylaxis [45, 46]. 
The use of antiviral (acyclovir or valacyclovir), 
anti-Pneumocystis jiroveci pneumonia (PJP), 
and antifungal (such as fluconazole) prophy-
laxis agents is preferred [45, 46]. One should 
note that the Spanish guidelines recommend the 
use of antiviral agents only if the CAR T-cell 
recipient is herpes simplex virus (HSV) sero-
positive. The need for repeating basic immuni-
zations following CAR T therapy is currently 
under investigation.

 Role of Haematopoietic Stem Cell 
Transplant After CAR Therapy

Although CAR T-cell therapy has provided 
remarkable response rates in B-ALL and B-cell 
lymphomas, remissions are often short-lived, 
and the role of allogeneic HSCT (allo-HSCT) 
for the consolidation of responses achieved by 
CAR therapy is an area of ongoing debate. 
Most data on the subject are derived from small 
numbers of patients who participated in the 
major CAR T registration studies and from ret-
rospective reports. Nonetheless, for patients 
with B-ALL, most data suggest benefit of post-
CAR T allo- HSCT, especially in paediatric 
patients who achieve MRD-negative complete 
remission [6, 47]. In adults the data have been 
more conflicting: Some reports suggest 
improved event-free survival with transplant 
consolidation, yet other analyses have not 
shown this outcome benefit [8, 48, 49]. For 
patients with B-cell lymphoma, there is even 
less long-term data, and recommendations 
published by the American Society for 
Transplantation and Cellular Therapy (ASTCT) 
state that for patients who achieve complete 
remission after CAR T, active surveillance is 
recommended, though allo-HSCT can be 
considered on an individual basis [50].

32 CAR T-Cell Therapy and Critical Care Considerations



434

 Conclusion

The causes for ICU admission in patients after 
CAR T-cell therapy can vary according to the 
time lapsed from cell infusion. Acute complica-
tions include CRS and ICANS both with excel-
lent outcomes, while infectious complications 
and HLH can have worse prognosis especially if 
they present with multi-organ failure. Prolonged 
cytopenias and B-cell aplasia make this patient 
population prone to infections, and therefore, a 
wide differential of infectious complications 
needs to be considered even 1  year after CAR 
infusion. As cell therapies continue to evolve and 
be widely utilized, the need for ICU support for 
this patient population will continue to be of 
extreme importance.
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 Introduction

 Haematopoietic Stem Cell 
Transplantation

Haematopoietic stem cell transplantation (HSCT) 
is a standard therapy for malignant and non- 
malignant haematological diseases [1]. Patients 
undergoing allogeneic HSCT receive stem cells 
from related or unrelated donors, while those 
undergoing autologous HSCT receive their own 
stem cells [2]. Before stem cell infusion, recipi-
ents receive a conditioning regimen that includes 
combinations of chemotherapy, radiotherapy 
and/or immunotherapy with the aim of eradicat-
ing the underlying disease, creating space for cell 
engraftment and providing immunosuppression 
[3]. Following this conditioning regimen, patients 
risk developing insidious complications affecting 
body organs and tissues due to antineoplastic 
agent toxicity; these complications include gas-
trointestinal mucositis, sinusoidal obstruction 
syndrome, or other endothelial cell damage- 
related complications and renal insufficiency. 

After stem cell infusion, patients experience pan-
cytopenia for 2 to 4 weeks, which puts them at a 
high risk of bacterial, viral and fungal infections 
as well as bleeding complications. After the cell 
engraftment, haematopoietic activity resumes. 
However, long-term immunosuppressive therapy 
to prevent and control graft-versus-host disease 
(GvHD) in allogeneic grafts is needed. GvHD is 
a transplant-related complication caused by the 
donor’s lymphocyte-mediated immunological 
aggression of the recipient’s tissues due to self- 
recognition failure [4]. It may lead to organ dam-
age involving the skin, liver and bowel during the 
first 100 days post-transplant (acute-GvHD) and 
various other tissues, including mucous mem-
branes, lungs, eyes, joints and genitalia after day 
+100 (chronic-GvHD). Several viral infections, 
such as cytomegalovirus (CMV), Epstein-Barr 
virus (EBV) and herpetic viruses [5], can affect 
the patients during the late post-transplant period 
due to immune recovery delay and the effects of 
the immunosuppressive therapy. In addition, a 
bidirectional relationship between the develop-
ment of GvHD and CMV reactivation is posed 
[6]. In recent years, various factors, such as the 
improvements in antifungal prophylaxis and 
treatment, the introduction of the polymerase 
chain reaction (PCR) for CMV and Epstein-Barr 
virus (EBV) infection monitoring, the use of 
reduced-intensity or reduced-toxicity condition-
ing regimens and the introduction of alternative 
blood stem cell donors have made it possible to 
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extend the transplantation option to older recipi-
ents, to increase the number of transplants per-
formed and to achieve better outcomes [7]. 
However, although HSCT yields improved long- 
term survival in patients with high-risk malignan-
cies, it is still associated with high morbidity and 
mortality rates, and both patients and healthcare 
professionals (HCPs) consider it one of the most 
invasive and aggressive treatments provided in 
the haematology setting [5].

 ICU Admission of HSCT Patients

All the above conditioning- and /or transplant- 
related complications lead to severe or life- 
threatening conditions that require intensive care 
in 10–50% of cases [8]. While patients receiving 
autologous HSCT are no longer considered at a 
higher risk than the general ICU population, the 
ICU admission of allogeneic graft patients is still 
associated with higher mortality and morbidity 
rates [9, 10]. Pulmonary complications are the 
leading issue requiring intensive care (40–60% of 
ICU admissions) [11], followed by infectious 
complications such as sepsis or septic shock 
(30%) [12], neurological failure and renal insuf-
ficiency (15% each) [13, 14], while cardiac, 
hepatic and bleeding disorders and other condi-
tions together cause less than 5% of ICU admis-
sions [8]. Patients undergoing ICU life-sustaining 
therapies have high mortality rates: 21–72% of 
patients receive mechanical ventilation (MV), 
which is associated with 87% of deaths, increas-
ing to 93% after 10  days. Renal replacement 
through haemodialysis (22–41%) and the use of 
vasopressors during sepsis (47–68%) are associ-
ated with 94% and 91% of deaths, respectively 
[8, 15, 16]. Multiple organ dysfunction (MOD) 
(especially when associated with MV), unre-
sponsive GvHD, liver failure and renal insuffi-
ciency are other significant prognostic factors in 
both adult and paediatric patients [8, 17].

In addition to these aspects, it is essential to 
consider that the conditions of HSCT patients 
needing ICU and their organ dysfunctions are 
frequently determined by a combination of fac-
tors [5]. Furthermore, the mortality rate of 

patients admitted to ICU in the early post- 
transplant period appears to be similar to those 
admitted after HSCT unit discharge [16].

In the past, HCPs considered ICU admission 
of HSCT patients futile due to the high mortality 
rate [18, 19]. However, a progressive ameliora-
tion of outcomes in this setting has been observed 
over the last two decades, leading the scientific 
community to reflect on these themes [5]. This 
was primarily due to various factors, including 
the advances in transplant techniques detailed 
above, improvements in patient selection [20, 
21], implementation of new ICU approaches 
such as early ICU management strategies and 
increased use of non-invasive ventilation [8]. 
Delays in ICU admission are due to various fac-
tors, including inadequate assessment and diag-
nostic issues, and are correlated both to a sudden 
evolution of the patient’s clinical condition and to 
these patients’ worse outcomes [22, 23]. The util-
ity of ICU treatments for these patients could be 
perceived as uncertain because the mortality rate 
is high, especially in patients with impaired con-
ditions and comorbidities. However, the improve-
ments in transplantation and ICU techniques over 
the last few decades have demonstrated that these 
treatments are not futile [24]. The literature pro-
vides some decision-making protocols to transfer 
HSCT patients to the ICU [25–27], and some 
guideline recommendations on ICU admission of 
cancer patients are now available [28]. However, 
the proposed protocols were based on different 
strategies, and the available recommendations 
regard general cancer patients. This means that 
there is still no shared consensus among the sci-
entific community concerning the strategies lead-
ing to HSCT patients’ ICU admission [8].

 Collaboration Between Transplant 
and ICU HCPs

The latest edition of the FACT-JACIE 
International Standards [29] that assess the qual-
ity of haematopoietic cellular therapy processes 
requires that each transplant program have a 
readily accessible ICU or equivalent coverage 
for its patients, when needed. In addition, in 
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order to facilitate clear communication between 
the transplant HCPs and intensivists, standard 
operating procedures (SOPs) on communication, 
patient monitoring, triage and decision-making 
for ICU transfer must be available. The ICUs 
collaborating with transplant programs are sub-
ject to inspection visit procedures, including 
SOP review, ICU HCP interviews and perfor-
mance and quality parameter evaluations (e.g. 
how quickly the recipients are transferred to the 
ICU). A fundamental challenge for HSCT HCPs 
is the early involvement of other specialists in 
order to assess and manage the patients in a mul-
tidisciplinary manner [30]; various specialists, 
such as nephrologists, infectious disease special-
ists, pulmonologists, neurologists, psycholo-
gists, dietitians and nurse specialists, may 
together manage HSCT patients [31, 32], gener-
ally before intensive care HCPs are involved. 
This means that all the professionals involved 
should collaborate to assure the patient’s safety 
by means of early recognition of organ dysfunc-
tion to avoid the patient’s condition from wors-
ening, resulting in unresponsive ICU conditions 
[10]. Timely and effective communication 
between the HCPs involved in the clinical path-
way is fundamental, as is the planning of multi-
professional meetings to discuss and prioritize 
the treatment and care strategies [25, 33]. The 
collaboration between transplant and ICU nurses 
is essential [31, 32]; HSCT patient characteris-
tics, such as immunosuppression, GvHD and 
specific conditioning- related toxicities, and the 
frequent need to begin intensive care techniques 
(e.g. non-invasive ventilation) before the 
patient’s ICU transfer demand that these two 
areas of specialized nursing care share their 
respective knowledge and acquire new skills 
typical of each area.

The specificity of transplant-generated needs 
requires advanced skills to manage HSCT 
patients; these become fundamental during care 
transitions due to the patient’s increased vulner-
ability [33]. Coordinated care and the develop-
ment of adequate communication systems make 
it possible to clarify the objectives and improve 
both the continuity of care and the quality of the 
collaborative relationship [34]. The main topics 

for which shared ICU and HSCT nursing proto-
cols should be adopted are as follows:

• Chemotherapy and immunotherapy 
administration

• Immunosuppressive medication 
administration

• Oral mucositis management
• Skin GvHD management
• Infection control and protective isolation 

management
• Non-invasive ventilation techniques
• Psychosocial support
• Patient and family education
• Palliative and end-of-life care

 Multidirectional Learning Process

Information-education and training processes 
have become fundamental: they make an ade-
quate transition between the transplant ward and 
the ICU possible, they may limit patient and fam-
ily anxiety, and they ensure patient safety. 
Information-educational processes involving the 
patients and their families should be put in place, 
and their outcomes should be assessed constantly. 
Training events for HSCT and ICU nurses should 
be planned regularly to maintain the acquired 
crossover skills. Scheduled meetings, journal 
clubs, lectures, educational programs and the 
shared implementation of research projects can 
support this.

ICU nurses do not receive training on the vari-
ous care activities HSCT nurses typically provide 
to patients, for example, the use of strict protec-
tive isolation measures, the management and 
treatment of GvHD-related conditions and the 
administration of anticancer drugs. By the same 
token, HSCT nurses do not have enough skills 
regarding intensive care techniques, such as the 
management of non-invasive ventilation or the 
use of vasopressors. However, in real life, inten-
sive care support of HSCT patients can begin 
before they are transferred to the ICU [35].

Other nursing activities may require collabor-
ative decision-making to establish the goals and 
priorities of care. For example, oral hygiene prac-

33 Critical Care Nursing of Haematopoietic Stem Cell Transplantation Patients



440

tices for the prevention of ventilator-associated 
pneumonia (VAP) may not be adequate for the 
management of oral mucositis in HSCT patients 
undergoing orotracheal intubation.

Patients and their families must be adequately 
informed on the underlying malignant disease 
and its consequences, including treatment-related 
complications and care strategies. Information- 
education interventions should be carried out 
continuously during the HSCT patient’s pathway 
[36].

 Nursing Management of HSCT 
Patients

Despite the continuous progress in the manage-
ment of HSCT patients and the improvement in 
the standards of care, HSCT is a complex proce-
dure with a high risk of mortality and morbidity. 
These patients’ frailty and their immune impair-
ments can result in various insidious clinical sce-
narios, which in turn determine the quantity and 
complexity of nursing care [37, 38]. Specific 
approaches to care, such as the application of 
dietary restrictions, isolation techniques and 
environmental hygiene practices [33], are thus 
fundamental to achieving good outcomes [39].

HSCT patients generally undergo strict moni-
toring protocols due to the consequences of both 
conditioning regimen and allograft. Nursing care 
during the various phases of the patient’s path-
way (pre-transplant risk assessment, condition-
ing regimen, transplant, early and late 
post-transplant periods) mainly focuses on infec-
tion prevention and control, conditioning and 
supportive therapy administration and manage-
ment of toxic effects, adverse events and compli-
cations. In addition, nurses play a fundamental 
role in the information-educational process and 
in supporting patients with psychosocial issues 
[39].

A thorough pre-admission risk assessment 
and frequent monitoring during hospital stay 
are the basis for a proactive approach to 
patients’ needs [40]. Early recognition of signs 
and symptoms through clinical observation, use 
of assessment tools and modulation of monitor-

ing strategies according to a patient’s risk and 
its evolution should be mandatory to intercept 
emerging complications and to ensure early 
access to ICU treatment [41]. HSCT patients 
should be transferred to the ICU promptly. 
However, depending on hospital policies, some 
ICU-supportive techniques, such as non-inva-
sive ventilation (NIV), continuous vital signs 
monitoring, artery catheterization, tracheos-
tomy and external drainage management, may 
be started while waiting for ICU transfer. This 
means that HSCT nurses must acquire and 
maintain the needed skills. HSCT nurses should 
be trained in the systematic use of tools evaluat-
ing patient’s clinical evolution, such as early 
warning scores (Modified Early Warning 
Score—MEWS; Paediatric Early Warning 
Score—PEWS) [26]; the implementation of 
specific algorithms for ICU condition identifi-
cation, such as the clinical criteria for sepsis 
and septic shock, based on the Sequential Organ 
Failure Assessment tool (SOFA) and its quick 
version [27]; and scoring systems with prog-
nostic value, such as the European Blood and 
Marrow Transplantation (EBMT) severity grad-
ing of suspected sinusoidal obstruction syn-
drome (SOS) [42].

 Nursing Management of HSCT 
Patients in the ICU

The ICU requires skills to administer life- 
sustaining therapies to patients with deteriorating 
clinical conditions as well as to provide advanced 
support and monitoring using special equipment, 
such as telemetry, mechanical ventilator, arterial 
line transducer and pulmonary artery catheter, 
and aphaeretic procedures, including haemodial-
ysis [33]. ICU admission is indicated for patients 
who have developed complications that can lead 
to organ failure [43].

Aside from the above-described issue of 
mortality, organ damage, its associated 
symptoms and the consequences of ICU-related 
cognitive (delirium, posttraumatic stress, 
depression) and physical (pain, immobility con-
sequences) impairments may put the patient at a 
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high risk of long- term disability [44]. Disability 
associated with ICU care and hospitalization is 
an unfortunately common occurrence, with sig-
nificant consequences for patients and their 
caregivers [45].

Therefore, the presence of experienced inten-
sive care professionals is essential, and the avail-
ability of facilities suitable for receiving 
transplant patients, with joint care provided by 
haematology and intensive care HCPs, and the 
development of SOPs for the management of the 
most frequent conditions (e.g. pulmonary insuf-
ficiency or hepato-renal impairment) are recom-
mended [28]. A multi-professional team should 
guide HCPs with the aim of providing the right 
mix of evidence-based actions and personalized 
care, for example, by thinking about how to best 
reduce a patient’s anxiety or discomfort during 
NIV management [46].

The ABCDEF bundle represents an evidence- 
based model to guide physicians and nurses to 
optimizing ICU patient recovery and outcomes. 
The ABCDEF bundle stands for Assess, prevent 
and manage pain; Both spontaneous awakening 
trials (SAT) and spontaneous breathing trials 
(SBT); Choice of analgesia and sedation; 
Delirium assessment, prevention and manage-
ment; Early mobility and exercise; and Family 
engagement and empowerment [47].

It may help HCPs adopt multidisciplinary 
approaches to care during a patient’s ICU stay, 
thereby contributing to resource optimization and 
well-rounded patient care starting from the very 
beginning of the ICU pathway. The application of 
the bundle has been associated with reduced mor-
tality and more ICU days without coma or delir-
ium in a large “pre-post” cohort study [48]. The 
implementation and dissemination of the bundle 
and the best practices to conduct interprofes-
sional team rounds are ongoing worldwide [49, 
50].

This tool offers a new challenging paradigm to 
ICU nurses, providing them a modern vision of 
care management no longer based on a single 
(and frequently poorly linked) intervention or 
evaluation but on integrating nurses’ experience, 
technical skills and competences in the use of 
assessment tools.

 The ABCDEF Bundle at the Bedside 
of the HSCT Patient: Implications 
for Nursing

 Assess, Prevent and Manage Pain

Pain is considered the major clinical symptom 
that requires a systematic approach to diagnosis 
and treatment in ICU patients [51]. It must be 
assessed regularly and as needed (e.g. prior to 
invasive procedures) using validated scoring 
systems; the tool used must be suitable to the 
patient’s clinical condition. The Numerical 
Rating Scale (NRS) is considered the gold stan-
dard for pain self-reporting [52]. In patients 
with consciousness impairment, behavioural 
pain scales such as the Behavioral Pain Scale 
(BPS) and the Critical Care Pain Observation 
Tool (CPOT) may be used. Both scales provide 
guidance for pain treatment and the evaluation 
of its effectiveness [53, 54]. Opioids are the 
first-line therapy to control non-neuropathic 
pain in these patients [55]. Antiplatelet activity 
of analgesics such as non-steroidal anti-inflam-
matory drugs (NSAID) should be considered 
with caution prior to their use in HSCT patients; 
other drug-related adverse effects, such as opi-
oid tolerance and the need for dose escalation 
over time, should be managed by nurses. Non-
pharmacological interventions, such as mobili-
zation and the use of heat or cold applications, 
could be useful to improve the patient’s com-
fort [56].

 Both Spontaneous Awakening Trials 
(SAT) and Spontaneous Breathing 
Trials (SBT)

Practices such as daily SAT, minimization of sed-
ative use and their titrating are associated with 
shorter duration of mechanical ventilation, 
shorter ICU stay and lower mortality [57]. Daily 
SBT associated with SAT seems to increase the 
time of spontaneous breathing, thereby reducing 
ventilator dependency as well as ICU and hospi-
tal stay [58]. ICU nurses are actively involved in 
these processes.
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In addition, nurses are responsible for various 
activities that support patient’s breathing and cir-
culation. The evaluation of consciousness 
through the Glasgow Coma Scale (GCS) and the 
assessment of sedation status through the 
Richmond Agitation Sedation Scale (RASS) are 
recommended [55]. Nursing activities to check 
patients’ natural and artificial airways, prevent 
CO2 issues, manage tracheal aspiration and 
assure oral hygiene to prevent VAP contribute to 
airway patency. Respiratory dynamic monitor-
ing, collection of respiratory parameters such as 
tissue oxygenation and blood gas tests, manage-
ment of non-invasive and invasive ventilation 
methods, postural intervention and management 
of oxygen humidification are nursing actions that 
support patients’ breathing. Nursing activities to 
support circulation include (1) assessment of cir-
culation parameters, such as pulse and tissue/
organ perfusion; (2) continuous monitoring of 
vital signs, including arterial pressure, mean arte-
rial pressure, central venous pressure and electro-
cardiogram; (3) hemodynamic monitoring, 
including oxygen transport and cardiac output; 
(4) management of transduction circuits and vas-
cular accesses; (5) management of vasoactive 
drug infusion, electrolyte and fluid balance, arti-
ficial nutrition and blood transfusions; (6) bleed-
ing; (7) blood test sampling; and (8) other 
complex activities requiring advanced skills, 
such as continuous renal replacement treatment 
(CRRT), extracorporeal membrane oxygenation 
(ECMO) and intra-aortic balloon pump (IABP) 
monitoring.

 Choice of Analgesia and Sedation

As described above for pain management, the 
level of sedation, type of sedatives used, their 
dosage, blood concentration and subsequent dis-
continuation correlate with improved outcomes 
[59].

Nurses need to closely monitor patients’ seda-
tion level (RASS scale), train-of-four if on neuro-
muscular blocking agents, consciousness (GCS), 
cough reflex, pain, pupillary response and muscle 
strength and deficit. Compliance with endotra-

cheal tube and nasogastric, vesical and faecal 
drainage catheters should be assured.

 Delirium Assessment, Prevention 
and Management

Severely ill patients admitted to the ICU are at a 
high risk of developing delirium, which corre-
lates with poor outcomes such as longer hospital 
stay and increased morbidity and mortality [60, 
61]. Delirium is frequently underrecognized by 
hospitals, and evidence on delirium prevention 
and treatment are poor and conflicting [62]. The 
few strategies suggested in the guidelines consist 
in preventing sleep disruption and the use of early 
and progressive mobilization [55]. However, rou-
tine delirium screening by the nursing staff is fea-
sible using validated scales such as the Confusion 
Assessment Method for the Intensive Care Unit 
(CAM-ICU) and the Intensive Care Delirium 
Screening Checklist (ICDSC).

 Early Mobility and Exercise

Muscle weakness and weight loss due to immo-
bility begin from the very first days in the ICU, 
resulting in short- and long-term disabilities and 
affecting primary outcomes [63, 64]. Nurses can 
assess muscle weakness using tools such as the 
Medical Research Council Scale for Muscle 
Strength [65]. Implementing a rehabilitation pro-
gram for all ICU patients from their first days in 
the ICU appears to be safe and effective in mini-
mizing disabilities due to prolonged immobility 
[66]. To optimize its positive effects on functional 
status and to define the best rehabilitation strat-
egy during the ICU stay and after discharge, 
nurses, physiotherapists, and family caregivers 
must collaborate effectively [67]. During the 
patient’s ICU stay, the nurses’ role is fundamen-
tal to preventing postural lesions and pressure 
ulcers. Furthermore, nurses should receive wound 
care skills and training to be able to provide 
appropriate treatment of surgical wounds, drain-
age and vascular access insertion sites. The 
implementation of collaborative protocols to 
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manage patients with extensive skin GvHD is 
mandatory, as is the involvement of specialists 
such as dermatologists and wound care nurses.

 Family Engagement 
and Empowerment

Decision-making regarding the most effective 
treatment plan may be very complex for clini-
cians responsible for HSCT patients in the 
ICU. Involving the patient (when feasible), fam-
ily members or other authorized relatives is fun-
damental to reduce any misunderstanding 
concerning the patient’s preferences and expecta-
tions and any family anxiety and conflicts as well 
as to provide clinicians with correct input [68]. 
Nurses are involved in the patient and family 
education process; they ensure safe ICU access to 
family members, recognize information gaps, 
manage relationship issues and assess the need 
for psychological support or cultural mediation.
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34Nutritional Considerations of 
Critically Ill Hematopoietic Cell 
Transplantation Patients

Shigeo Fuji and Jessica Cheng

 Introduction

Patients after allogeneic hematopoietic cell trans-
plantation (HCT) are at risk for severe complica-
tions requiring intensive care and prolonged 
nutritional support [1]. In such a situation, there 
is no doubt that patients require sophisticated 
nutritional support provided by a multidisci-
plinary nutritional support team to maintain their 
nutritional status [2]. Although there is no estab-
lished specific nutritional support for allogeneic 
HCT recipients in the intensive care unit (ICU), 
we would like to summarize the relevant infor-
mation on nutritional support for critically ill 
patients after allogeneic HCT.

 Nutritional Issues in Allogeneic HCT 
Recipients in General

Allogeneic HCT recipients are at a high risk for 
malnutrition [3]. Notably, during the early period 
after allogeneic HCT, patients suffer from gastro-
intestinal complications such as mucositis and 
diarrhea. Therefore, patients require sophisticated 
nutritional support [4]. Enteral nutrition is a pre-
ferred route of nutritional support, but in patients 
with severe gastrointestinal complications, enteral 
nutrition (EN) could be difficult to achieve the tar-
get caloric intake [5]. In that case, parenteral 
nutrition (PN) is used as a route of nutritional sup-
port. The superiority of EN over PN has not yet 
been confirmed by a randomized controlled trial 
in this field [6, 7]. Patients after allogeneic HCT 
receive multiple drugs that are associated with 
hyperglycemia such as calcineurin inhibitors and 
corticosteroids. PN is also a risk factor for hyper-
glycemia. Thus, in patients who receive PN as 
nutritional support, it is mandatory to monitor the 
glucose level after allogeneic HCT. Additionally, 
further studies are needed to optimize nutritional 
support in the field of allogeneic HCT [8].
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 Nutritional Support in Critically Ill 
HSCT Recipients

Critically ill patients after allogeneic HCT are 
almost always at a high risk for malnutrition [9]. 
Thus, it is reasonable to apply nutritional support 
for all patients in the ICU after allogeneic HCT 
(Table 34.1).

 Assessment of Nutritional Status

There is no established tool to assess the nutri-
tional status in critically ill patients after alloge-
neic HCT. The clinical staff have to be careful in 
using laboratory tools to evaluate the nutritional 
status in critically ill patients, as the presence of 
inflammation could lead to the dynamic change 
in parameters such as albumin and pre-albumin 
levels: albumin and pre-albumin levels could be 
low values being a response to the inflammatory 
status [2]. In terms of the scores to assess the 
nutritional status, commonly used tools such as 
the subjective global assessment (SGA), mini- 
nutrition assessment (NMA), malnutrition 
screening tool (MST), or nutritional risk screen-
ing (NRS) 2002 could be used in critically ill 
patients, but there is no gold standard score to 
define patients at risk for malnutrition [9]. In gen-

eral, all critically ill patients after allogeneic 
HCT are treated as being at a high risk for 
malnutrition.

 Target Caloric Intake

Before administering nutrition in critically ill 
patients, it is crucial to assess the risk of refeed-
ing syndrome (RFS), as patients in the ICU are at 
a high risk for RFS [10–12]. In the presence of 
severe underweight or weight loss and a pro-
longed fasting period before admission to ICU, 
the risk of RFS is particularly high [11]. In 
patients at a high risk for RFS, it is recommended 
to set initial target caloric intake at a low level 
such as 10 kcal/kg/day in high-risk cases or even 
lower such as 5 kcal/kg/day in extremely high- 
risk cases. Electrolytes including potassium, 
phosphate, and magnesium have to be closely 
monitored, and the target caloric intake could be 
slowly increased to meet the usual caloric intake 
in patients at a high risk for RFS. Clinicians also 
have to be aware of the risk of deficiency of nutri-
ents such as thiamin or other vitamins. Thiamine 
deficiency is associated with the development of 
Wernicke’s encephalopathy/Korsakoff psychosis. 
When patients are at a high risk for thiamine defi-
ciency, thiamine supplementation should be 
considered.

When the risk of RFS is revealed to be low at 
admission or becomes low after the admission, 
the standard target caloric intake should be 
administered. It is recommended to gradually 
increase the administered dose of calorie in criti-
cally ill patients. The target caloric intake could 
be determined using simplistic formulae (25–
30  kcal/kg/day), some predictive equations, or 
indirect calorimetry when available, although 
predictive equations were reported to be associ-
ated with significant inaccuracy [13]. Recent 
guidelines emphasized the importance of protein 
intake as several retrospective studies revealed 
that low protein intake was associated with higher 
ICU and in-hospital mortality [13]. The recom-
mended protein intake is in general 1.5–2.0 g/kg/
day [13].

Table 34.1 Summary of nutritional support

Estimation of 
caloric needs

Simplistic formulae (25–30 kcal/
kg/day) can be used to estimate the 
caloric needs. Other formulas such 
as Harris Benedict formula or 
BASA-ROT table are also 
appropriate
In patients at a high risk for 
refeeding syndrome, caloric intake 
has to be gradually increased

Estimation of 
protein needs

Generally, 1.5–2.0 g/kg/day is 
recommended

Route of 
nutritional 
support

Oral intake>enteral 
nutrition>parenteral nutrition

Micronutrients Vitamin and trace elements are 
generally recommended

Glucose control Glucose level should be routinely 
monitored
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 Route of Nutritional Support

Oral diet is the best route of nutritional support, 
when possible, even in critically ill patients. 
Although critically ill patients are not able to eat 
often, it is recommended to assess whether the 
patients tolerate oral diet or not. As the EFFORT 
trial demonstrated in medical inpatients, supple-
mental nutritional support using an oral supple-
ment is highly beneficial [14]. In non-intubated 
patients not reaching the energy target with an 
oral diet, oral nutritional supplements should be 
considered first [9].

If oral intake is not possible, early EN in criti-
cally ill patients is generally recommended [15, 
16]. Multiple meta-analyses of randomized con-
trolled trials showed that early EN compared 
with late EN was associated with reduced infec-
tious morbidity in ICU patients [17, 18]. Early 
EN is believed to prevent intestinal villi atrophy, 
enterocyte apoptosis, inflammatory infiltration, 
and dysbiosis [19]. An ancillary study of the 
NUTRIREA-2 trial which assessed the effect of 
the route of nutrition on the markers of entero-
cyte damage suggested that early EN was associ-
ated with a more rapid restoration of enterocyte 
than early PN [20]. However, the recommenda-
tion of early EN is under discussion as most stud-
ies were performed decades ago, and the design 
of trials had methodological limitations. Recent 
trials which assessed early EN vs. early PN did 
not show any difference in the rate of infectious 
diseases [21, 22]. Albeit such limitations, early 
EN is currently a standard of care in most coun-
tries when early EN is tolerable. At least, trophic 
EN should be started as early as possible. There 
are some cases when early EN should be care-
fully implemented. First, in critically ill patients 
after allogeneic HCT, intolerance could be a bar-
rier to applying early EN.  For instance, alloge-
neic HCT recipients sometimes have severe gut 
acute GVHD or gastroenteritis caused by bacte-
ria such as clostridium difficile or viral infection 
such as cytomegalovirus. In such cases, it is rea-
sonable to wait until the symptoms of diarrhea 
improve. Second, patients requiring vasopressor 
agents are at a high risk of gastrointestinal com-
plications such as bowel ischemia. Thus, the cli-

nicians have to carefully implement EN and 
slowly increase the dose of EN in patients requir-
ing vasopressors. Other situations when EN 
should be delayed are reviewed elsewhere [9].

In case of contraindications to both oral nutri-
tion and EN, PN should be implemented. PN is 
usually started within 3 to 7 days when oral diet 
or EN is not implemented [23]. As described 
above, EN is preferred over PN based on meta- 
analyses showing reduced infectious complica-
tions [9]. However, recent data from RCTs 
suggest that the addition of supplemental PN to 
EN does not necessarily result in increased rates 
of infectious complications [24, 25]. Thus, in 
patients who do not tolerate EN to meet the 
caloric intake, PN should not be withheld for a 
long duration [9].

 Special Considerations in Patients 
After Allogeneic HCT

Basically, the recommended nutrition support in 
critically ill patients is similar across the board 
[9]. However, some special considerations need 
to be taken into account for those patients who 
are acutely ill in ICU post-allogeneic HCT.

Post-allogeneic HCT patients are at a high risk 
for complications associated with PN.  First, 
patients are at an increased risk for hyperglyce-
mia after allogeneic HCT [2, 26–29]. There are 
various causes of hyperglycemia after allogeneic 
HCT as reviewed previously [28], such as the use 
of immunosuppressive drugs including systemic 
corticosteroid and calcineurin inhibitors.

In patients post-allogeneic HCT, they might 
have a complication relating to acute GVHD: 
skin rash, diarrhea, liver dysfunction. For 
instance, patients with acute GVHD of the gas-
trointestinal tract are intolerant to EN.  In such 
cases, PN could be a realistic choice for nutri-
tional support [30]. Patients with acute GVHD of 
the liver are at a high risk of liver failure. Thus, as 
recommended for patients with liver failure, EN 
is a preferred nutritional support [31].

Clinical evidence which suggests the rele-
vance of microbiota in the field of allogeneic 
HCT is emerging [32–36]. Thus, intervention 

34 Nutritional Considerations of Critically Ill Hematopoietic Cell Transplantation Patients



452

strategies targeting the intestinal microbiota, 
including the choice of antibiotics, use of prebi-
otics and probiotics, and fecal microbiota 
 transplantation, are new potential options of 
nutritional support in patients post-allogeneic 
HCT.

 Conclusion

Critically ill patients post-allogeneic HCT are at 
a high risk for malnutrition. In such cases, sophis-
ticated nutritional support by a multidisciplinary 
nutritional support care team is mandatory to 
mitigate the risk of malnutrition.
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35Critically Ill Hematopoietic Stem 
Cell Transplantation Patient: 
Provider Burnout and Support

Nancy Cruz Sitner, Caroll C. Tipian, 
Ann A. Jakubowski, and Stephen M. Pastores

 Introduction

Burnout among healthcare professionals is 
widely recognized as an organizational problem 
in health care that needs to be addressed [1]. The 
US Surgeon General has identified this as an 
urgent issue because of the increased demand for 
healthcare providers to meet the needs of an 
aging population [2]. Burnout was initially 
described as a manifestation of physical, mental, 
and emotional exhaustion [3]. Although defini-
tions of burnout have varied over the years, espe-
cially in oncology, Maslach and Jackson, experts 
in this area who have conducted studies since 
1973, defined burnout as “a syndrome of emo-
tional exhaustion and cynicism that frequently 
occurs among individuals who do people-work of 
some kind” [4]. Three domains have traditionally 
characterized the burnout syndrome: depersonal-

ization (callous, seeing others as objects), ineffi-
cacy or moral distress (diminished sense of 
accomplishment), and emotional exhaustion 
(overwhelmed, drained, and unable to meet 
demands) (Fig.  35.1). The Maslach Burnout 
Inventory (MBI) [4, 5] is a 22-item questionnaire 
considered the “gold standard for measuring 
burnout.” In a recent systematic review and meta- 
analysis by Ahola et al. [6], the MBI was the most 
utilized burnout measurement tool.

These three dimensions of burnout exist along 
a spectrum in which emotional exhaustion may 
trigger cynicism and detachment, leading to 
decreased professional performance [7]. Burnout 
is distinguishable from compassion fatigue. It is 
distinctly associated with a person’s relationship 
to work [8], primarily recognized as an 
occupational- related condition by the World 
Health Organization [9]. Compassion fatigue can 
occur concurrently with burnout in the work set-
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ting, with a more rapid onset and inability to feel 
empathy due to secondary trauma from stressful 
patient events. Burnout, in contrast, is a compre-
hensive concept with a slow onset and can result 
from numerous stressors [10]. Burnout contrib-
utes to turnover intention and patient dissatisfac-
tion [11]. Therefore, it is imperative to understand 
job-related outcomes and the factors contributing 
to burnout.

There is a high prevalence of burnout in oncol-
ogy. Specifically, in hematopoietic stem cell 
transplantation (HSCT), the overall prevalence of 
burnout in HSCT health professionals, including 
nurse practitioners (NPs) and physician assistants 
(PAs), also known as advanced practice providers 
(APPs), nurses, physicians, and pharmacists, was 
reported as 40% [12]. This chapter describes the 
causes of burnout, the signs and symptoms, and 
individual and possible organizational interven-
tions to potentially mitigate burnout among pro-
viders of critically ill HSCT patients.

 Background

To address burnout of providers caring for 
critically ill HSCT patients and its impact on 
care, one needs to understand the care and 
complications associated with this treatment. 
HSCT is a uniquely challenging targeted inter-
vention for a range of complex conditions 
associated with high mortality in high-risk 
patients. Patients who receive HSCT undergo 
a rigorous treatment course that can span 
months, transitioning between inpatient and 
outpatient settings during the many phases of 
transplant (pre-transplant workup, condition-
ing chemotherapy, inpatient admission/trans-
plant/engraftment, outpatient recovery, and 
readmission complications). The conse-
quences of these phases of HSCT can lead to 
significant stressors for the patients, caregiv-
ers, and healthcare providers.

Conditioning therapy to treat residual disease 
with consequent bone marrow and immune sup-
pression renders patients susceptible to develop-
ing critical illness [13]. Over the past few 
decades, HSCT outcomes (mainly transplant- 

related mortality [TRM] and overall survival) 
have substantially improved due to reduced- 
intensity conditioning therapy and improved pro-
phylactic, diagnostic, and therapeutic 
management of infectious complications [14]. 
However, more intensive myeloablative trans-
plants with increased risks of complications have 
continued in specific disease settings. The 
increasing number of older adults with a more 
significant number of comorbidities continues to 
place patients at risk of critical illness.

HSCT is associated with complications that 
may require admission to an intensive care unit 
(ICU) [15–17]. The early complications of HSCT 
(Day 30–100) are predominantly infectious in 
nature with or without graft-versus-host disease 
(GVHD). Saillard et  al. reported that approxi-
mately 15% of post-HSCT patients require criti-
cal care [16]. The most common reasons for ICU 
admission after HSCT are respiratory failure and 
septic shock [17]. Even though ICU outcomes 
have improved over the last few decades, ICU 
admission after an HSCT continues to be associ-
ated with poor prognosis with an average mortal-
ity rate of 50% [16, 17].

In addition, HSCT patients can have pro-
longed hospitalizations, adding to providers’ 
chronicity burden. A recent study of patients 
undergoing allogeneic HSCT from 2002 to 2015 
showed that infections, acute GVHD, acute kid-
ney injury (AKI), and the use of total body irra-
diation (TBI) in conditioning therapy were 
predictors for longer hospital length of stay 
(LOS) [18]. The median LOS in the entire cohort 
was 25.8  days. The median age was 50  years, 
with 37% of the patients falling into the age 
group of 18–45 years; 54%, 45–65 years; and 
then 9%, >65 years. Cohorts by stem-cell source 
were peripheral blood (PB; 80%), bone marrow 
(BM; 15%), and cord blood (CB; 5%). The oldest 
age group (>65 years) had a shorter LOS than the 
18–65-year age group. This variation could be 
due to the type of stem-cell source used, intensity 
of the preparative regimen (greater use of 
reduced-intensity and non myeloablative regi-
mens in older adults), or subsequent risk for com-
plications. Additionally, increased LOS is 
directly associated with increased mortality. 
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Approximately 10% of patients who underwent 
HSCT had a LOS of greater than 50 days [18].

Acute and chronic GVHD is an immunologi-
cally mediated disease caused by donor-origin 
T-cells recognizing recipient tissues as foreign 
and instigating an immune response against the 
recipient. Acute GVHD frequently occurs within 
the first 100 days after transplant and can affect 
the skin, mucosa, intestinal tract, and liver. It 
often occurs during the transplant hospitalization 
and can contribute to prolonged LOS. Grading is 
based on the severity of clinical symptoms. A 
conceptual model proposed by the National 
Institutes of Health Chronic GVHD workgroup 
divides the pathophysiology of chronic GVHD 
into three phases: early inflammation (phase 1), 
followed by chronic inflammation and dysregu-
lated B-cell and T-cell immunity (phase 2), and 
then tissue repair with fibrosis (phase 3) [19]. The 
consequences of fibrosis in the skin, musculo-
skeletal system, and lungs can be quite debilitat-
ing. Chronic immunosuppression results in 
frequent infections. The course and potential 
lengthy treatment of acute and chronic GVHD, 
with the need for frequent follow-up visits and 
changes in therapy, can cause feelings of frustra-
tion and helplessness in patients, caregivers, and 
healthcare providers. While GVHD can often be 
effectively treated, it can be lethal on occasion.

Disease relapse remains the most significant 
cause of mortality following HSCT.  Significant 
early and late TRM may occur depending on the 
status of the disease, comorbidities, and patient 
age. Relapse, infections, toxicity, and GVHD are 
the leading causes of death. Nearly 50% of mortal-
ity cases following HSCT occur within the first 
6 months after transplant [20]. A critical factor in 
HSCT end-of-life care patterns is the ambiguity of 
predicting timeframes for patients and caregivers.

Patients undergoing HSCT and their families 
are exposed to significant physical and psycho-
logical stressors during this potentially life- 
threatening treatment. The burden of unmet 
psychological needs such as anxiety, depression, 
psychological distress (including worry, uncer-
tainty, and fear of recurrence), post-traumatic 
stress disorder, treatment-related financial burden, 
and cognitive impairment remains high [21–23]. 

The feelings of disappointment, frustrations, and 
helplessness of the critically ill patients and their 
caregivers, who entered the transplant with the 
intention of cure, contribute significantly to the 
stress and burnout of the healthcare providers.

 HSCT and Provider Burnout

The clinical team composed of APPs, nurses, 
physicians, pharmacists, and social workers plays 
a crucial role in the HSCT setting. Their respon-
sibilities include supporting patients and families 
throughout the procedure and the recovery phase, 
monitoring changes in the patients’ condition and 
any developing complications, and managing and 
planning a range of therapeutic interventions. 
HSCT providers must have highly skilled critical 
thinking, clinical judgment, and superior knowl-
edge as comprehensive assessment and rapid 
management of complications are critical to 
ensuring the success of HSCT. Caring for HSCT 
patients demands that healthcare providers also 
be competent in providing emotional comfort, 
especially in end-of-life situations [12], in addi-
tion to clinical care.

Burnout among HSCT providers is a multifac-
torial and multilayered paradigm. The critical 
complexity of patients can lead to stress, burnout, 
and, ultimately, poor staff retention. Critical ill-
ness or acuity of patients was reported as the most 
stressful factor for HSCT clinicians [24]. The 
intense focus on cure and survival that patients 
and caregivers have when entering the HSCT pro-
cess extends the lengths to which HSCT providers 
might go to prolong life. This can displace atten-
tion on other important outcomes, such as symp-
tom control and preparation for the end of life 
[25]. The failure of treatment and the loss of 
patients can be complicated for providers to man-
age. In addition, HSCT providers are often faced 
with challenges in recognizing ethically appropri-
ate decisions related to end-of- life care. For 
example, the ethical basis of clinical decision-
making such as introducing multiple lines of ther-
apies for severe GVHD that is not responding, 
more chemotherapy treatments in the setting of 
relapsed disease, or when to stop blood transfu-
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sions for patients who endured critical illness but 
whose condition has declined can lead to feelings 
of moral distress among providers.

There are organizational factors that contrib-
ute to burnout among HSCT providers. There is a 
growing demand from institutions, payors, and 
patients to deliver high-quality, cost-effective 
care. Additional factors such as heavy workloads 
[26], role ambiguity [27], and lack of autonomy 
[28] contribute to the high levels of burnout that 
are being reported separately in recent studies of 
physicians [29], nurses [6], and NPs [30].

While the burnout rate has increased nation-
ally across various clinical specialties and prac-
tice settings, there is a scarcity of studies about 
burnout among HSCT providers. Therefore, data 
showing high levels of burnout among oncology 
and critical care providers can be extrapolated to 
HSCT. In the most extensive study of burnout in 
oncologists conducted in the United States, 
44.7% of oncologists were found to experience 
symptoms of burnout before the COVID-19 pan-
demic [31]. A few critical components identified 
for causes of burnout included teamwork and 
organizational leadership deficiencies. These fac-
tors are at the core of developing successful mul-
tidisciplinary team collaboration in oncology and 
place providers at a higher risk of developing 
burnout [32]. One study found that approxi-
mately 35% of oncology PAs and 31% of oncol-
ogy NPs reported burnout [33].

In 2018, Neumann and colleagues published 
the first study that specifically evaluated the prev-
alence of and factors contributing to work-related 
distress, namely, burnout and moral distress, in 
HSCT healthcare professionals [12]. Emotional 
exhaustion appeared to be the prevalent cause of 
burnout across disciplines. Pharmacists had the 
highest level of burnout, with 53% self- 
identifying as having symptoms of burnout. 
When the subscales of the MBI were examined, 
APPs had an overall prevalence of 45%, followed 
by physicians with a rate of 41%. Moreover, 
about 38% of nurse respondents reported experi-
encing burnout, and 30% of social workers felt 
symptoms of burnout. This study was pivotal in 
determining the contributors to burnout among 
HSCT providers at a multidiscipline level, such 

as decreased work-life balance and career satis-
faction for all disciplines.

It is challenging to gauge how much burnout 
affects patient care. Multiple studies have linked 
burnout to lower quality of care [34]. However, 
many of those studies mainly relied on subjective 
measures, such as patient surveys and self- 
reporting by nurses and physicians, making it dif-
ficult to draw a cause-and-effect relationship. 
Nevertheless, burnout has been associated with 
increased patient safety incidents, including 
medical errors, reduced patient satisfaction, and 
poorer safety and quality ratings [1].

 Signs and Symptoms

The signs and effects of burnout may build grad-
ually over time, making it harder for an individ-
ual to recognize them when present [7]. The 
literature shows that even indirect exposure to 
trauma and suffering creates risks of significant 
emotional, cognitive, and behavioral changes in 
the clinician [35]. There are many degrees of 
burnout, and they may be different for everyone. 
Burnout may appear in physical, mental, or emo-
tional ways. The physical signs and symptoms 
observed may be headaches, muscle tension, 
lowered immunity, feeling sick, appetite changes, 
sleep patterns, chest pain, shortness of breath, or 
palpitations. Emotional signs and symptoms may 
include feeling overwhelmed and cynical, frus-
trated, and unfulfilled with any experience, 
“Sunday night blues” before work, sense of apa-
thy or “over complaining,” feeling depleted after 
work, irritability, decreased satisfaction, and 
decreased sense of accomplishment. The com-
plexity of these symptoms of burnout may exist 
along a continuum with the progression of dis-
tinctly unique symptoms or overlap of symptoms, 
hindering the ability to recognize burnout.

 Interventions

Evidence-based domains and promising prac-
tices may decrease clinician burnout across 
multi-center guided interventions. Burnout 
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 interventions may be focused at the individual or 
organizational level. Identifying the root causes 
of burnout and recognizing its signs is the first 
step to addressing and managing the symptoms 
and promoting resilience. The ramifications of 
feelings of burnout may lead to potential medical 
errors, increased turnover, poor workplace envi-
ronment, lack of teamwork, and lack of commit-
ment [26]. Institutions can use these metrics to 
begin measuring the potential magnitude of burn-
out in their organization. With the metrics in 
hand, it becomes imperative that healthcare orga-
nizations develop innovative methods to help 
HSCT and critical care clinicians cope with the 
day-to-day challenges of caring for these com-
plex patients. Many groups and organizations 
have taken up the call to address burnout among 
healthcare professionals [1] through burnout sur-
veys and the creation of employee wellness 
committees.

Organizational interventions have focused on 
improving the practice environment, increasing 
professional engagement, and team building 
[12]. Adopting well-being as an organizational 
value can normalize and support expressions of 
wellness-promoting behaviors [36]. The Mayo 
Clinic produced a detailed guide for implement-
ing organizational strategies to prevent and 
reduce burnout by addressing individual, work 
unit, organizational, and national factors across 
seven domains [26]. These domains involve 
workload and job demands, efficiency and 
resources, meaning in work, culture and values, 
control and flexibility, social support and com-
munity at work, and work-life integration. Within 
the ICU setting, prospective analyses of interven-
tions to decrease burnout among physicians and 
APPs are limited and focus primarily on novel 
approaches to staffing such as expanded roles for 
APPs and night coverage; strategies for handling 
ICU surge in volume and acuity; optimization of 
team culture, collaboration, and communication; 
addressing causes of moral distress; and enhance-
ment of personal resilience and emotional intel-
ligence [37].

Committing to a transformational leadership 
culture through the organizations’ strategic plan-
ning can improve and sustain professional well- 

being [38]. Adopting team-based care through 
an interprofessional approach is now advocated 
and could help burnout. There is also some evi-
dence suggesting that models where the pallia-
tive care specialist is integrated into the HSCT 
team could also increase the capacity of non-
palliative specialist team members to offer inter-
ventions such as goals of care discussions [39]. 
Practice standards can help organizations in a 
stepwise approach to selecting and implement-
ing interventions to improve clinician well-being 
[38]. Some of the recommended practice stan-
dards include (1) organization assessment of 
burnout; (2) identification of interventions 
through a quality improvement project that 
aligns with organizations’ mission, vision, and 
strategic plan; (3) engagement of clinicians; (4) 
piloting of interventions; and (5) evaluation of 
metrics and objectives to evaluate the effective-
ness of interventions.

Several strategies have been developed to 
combat burnout at an individual level, such as 
identifying the cause, creating balanced emo-
tional intelligence, and being active in self- 
awareness, self-regulation, motivation, and 
empathy [40]. Following Maslow’s Hierarchy 
of Needs, basic requirements such as rest and 
security must be met before a person can move 
on to addressing the psychological, relation-
ship, and self-esteem needs, and ultimately 
self- fulfillment. Individuals with higher levels 
of well-being have enhanced outlook on life, 
live longer, perceive themselves to be in a bet-
ter health, engage in healthy behaviors, have 
fewer mental and physical illnesses, feel more 
socially connected, and are more productive at 
work and home [41]. Furthermore, strengthen-
ing workforce relationships, optimizing work-
load, practicing autonomy, and improving 
physical health with sleep and physical activity 
have also been applied. Communication skills 
training has been an effective mechanism for 
communicating feelings of frustration, anger, 
sadness, and grief to avoid the buildup of these 
emotions [42].

It is noteworthy that burnout symptoms were 
not systematically alleviated by individually 
focused interventions, which are the type that 
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have most often been evaluated [6]. Because 
most known risk factors for burnout occur at the 
organization level, it is not surprising that a pre- 
pandemic meta-analysis of interventions for 
physicians found that organizational interven-
tions were more effective than individual inter-
ventions [43]. Neumann et  al. emphasized that 
addressing burnout entails a multifaceted 
approach that integrates the provider, the institu-
tion, and the support of professional organiza-
tions [12]. For example, A Well-Being Task 
Force within the American Society of Oncology 
was created to guide committees, initiatives, 
members, and the cancer organization to address 
oncology burnout [42]. Its mission is to improve 
the quality, safety, and value of cancer care by 
enhancing oncology clinician well-being and 
practice sustainability within oncology clini-
cians and cancer organizations. Table 35.1 lists 
the burnout domains and selected individual and 
organizational interventions focused on improv-
ing provider well-being.

 Impact of COVID-19 on HSCT 
Providers

Before the coronavirus disease 2019 (COVID- 19) 
pandemic, oncology clinicians were at risk of 
burnout due to the increasing demands on clinical 
time, productivity, and evolving medical land-
scape with limited control over daily responsi-
bilities and endless electronic documentation. 
Research on the mental health implications 
among healthcare workers during the COVID-19 
response is still emerging. However, the pan-
demic exacerbated underlying oncologist burn-
out, creating stress associated with disruptions in 
care, education, research, financial practice, per-
sonal health, and telemedicine [42].

Between May 28 and Oct. 1, 2020, using 
the AMA Coping with COVID- 19 for Caregivers 
Survey, 42 healthcare organizations across the 
United States assessed their healthcare workers’ 
stress during the pandemic [44]. This survey 
revealed a 55% prevalence of burnout across 
multiple disciplines (physicians, APPs, nurses, 
social workers, and rehabilitation therapists) in 
healthcare. The survey revealed that 61% felt 
intense fear of exposing themselves or their fami-
lies to COVID-19, while 38% self-reported expe-
riencing anxiety or depression. Data from 
multiple surveys showed that healthcare workers 
responsible for providing direct care to 
COVID- 19 patients are more likely to have 
depression, anxiety, and mental distress. These 
mental health issues may be related to psycho-
logical distress from witnessing COVID-19- 
related deaths, extra-long work hours, and 
work-life imbalance.

Risk factors for burnout have been multifacto-
rial throughout the COVID-19 pandemic, with 
isolation, loss of safety net services, family 
stressors and trauma, and deferred care and ser-
vices compounding this issue across communi-
ties worldwide. Furthermore, it has been 
magnified by high demands, lack of control, 
resource scarcity, and ethical dilemmas. Among 
HSCT providers, burnout was further heightened 
by concerns about the high susceptibility to 
opportunistic and community-acquired infec-
tions and the increased mortality rate in this 

Table 35.1 Burnout domains and the individual and 
organization-level interventions

Burnout domains
Individual 
interventions

Organization-level 
interventions

Critical illness 
and complexity 
of patients

Ongoing 
education, 
training, 
workshops

Promoting 
mentorship

Challenging 
end-of-life and 
ethical 
situations

Creation of 
balanced 
emotional 
intelligence 
and coping 
mechanisms

Structural 
psychosocial 
promoting 
behaviors

Emotional 
burden of 
patient care

Wellness- 
promoting 
behaviors

Fostering an 
environment of 
self-awareness

Heavy 
workloads

Optimizing 
autonomy

Optimizing 
workload

Deficiencies in 
teamwork

Enhancing 
work 
relationships

Team building 
activities and 
building of team 
structures

Lack of 
organizational 
leadership and 
support

Increasing 
professional 
engagement 
and job 
satisfaction

Transformational 
leadership 
framework
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unique population [45]. The COVID-19 mortal-
ity in HSCT patients was 19%, significantly 
higher than the observed case fatality ratio of 
1.6% in the general US population [46].

 Implications

This chapter highlights the multifaceted nature of 
burnout among HSCT providers. Although there is 
a significant amount of literature on the cause and 
effect of burnout across multiple disciplines of med-
icine, that which relates to prevention, intervention, 
and recovery from burnout is much more limited. 
Robust longitudinal surveys of cancer center care 
team members are necessary to enhance under-
standing of the relationship between team mem-
bers, burnout, and quality of patient care [42]. These 
studies could provide insightful information in cre-
ating a comprehensive, holistic approach to improv-
ing oncology providers’ well-being. Furthermore, 
efforts to reduce burnout need to be tailored to the 
individual provider’s specialized practice settings. It 
will be essential to evaluate the link between HSCT 
providers’ burnout and patient outcomes and design 
preventive interventions in this clinical setting.

Healthcare providers must engage in designing 
preventive interventions planned by their organi-
zations and seek to implement one or more of the 
evidence-based strategies used by their peers [38]. 
Retention of all providers is necessary to enhance 
the delivery and quality of care, as access to care 
remains challenging. Research on the effects of 
burnout interventions would benefit from consen-
sus guidelines for defining and assessing burnout 
[6]. Studies that examine intervention sustainabil-
ity and those focused on developing personal and 
professional resilience are also needed [47].
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 Introduction

Hematopoietic stem cell transplant (HSCT) is a 
complex and resource-intensive therapeutic 
modality that is potentially curative for a spec-
trum of malignant and non-malignant hemato-
logic diseases. Approximately 15% of HSCT 
patients still require critical care, with an associ-
ated intensive care unit (ICU) mortality of 
approximately 50% [1]. Respiratory failure and 
septic shock are the most common reasons for 
ICU admission after HSCT, but life-threatening 
HSCT complications can affect any organ sys-
tem. Accordingly, access to critical care support 
is recognized as an essential component for 
HSCT programs [2]. Like HSCT itself, critical 
care is complex and resource-intensive. Both 

HSCT and critical care require substantial exper-
tise and experience from a multidisciplinary 
team. This need for diverse expertise informs 
both staffing and organizational considerations 
for HSCT ICUs.

 Multidisciplinary Care

Critical care is increasingly recognized as a 
team effort, with input and actions from multi-
ple disciplines. The intensivist is the nominal 
“leader” of the team, but each member of the 
team is equally essential [3]. Recognition of 
each discipline’s specific expertise and optimi-
zation of communication between team mem-
bers are essential to good ICU outcomes, 
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especially in complex HSCT patients [4, 5]. 
There are few data guiding optimum staffing 
patterns for HSCT ICUs, and achieving ade-
quate staffing is a challenge for many institu-
tions. Distress and burnout among healthcare 
workers caring for HSCT patients are well doc-
umented and should be considered in staffing 
decisions [6, 7].

 ICU Providers

 Intensivists
Intensivist involvement has been shown to 
improve outcomes in critically ill patients, 
including patients with cancer [8–10]. While this 
relationship has not been specifically shown in 
HSCT patients, many of the critical illnesses 
faced by HSCT patients such as acute hypoxemic 
respiratory failure and septic shock are areas of 
expertise for most intensivists. Still, the profound 
immunosuppression after HSCT requires some-
what different considerations than the same prob-
lems in non-HSCT patients. Indeed, some have 
advocated for oncologic critical care (including 
HSCT) to be an identified subspecialty of critical 
care medicine [11]. While no specific training 
content has yet been supported in the literature, 
intensivists caring for HSCT patients should be 
familiar with the treatment of neutropenic sepsis, 
acute respiratory failure in the immunocompro-
mised host, acute graft-versus-host disease 
(GVHD), and other HSCT-specific conditions [3, 
12–14].

 Hematologists/Oncologists
Even though patients may require critical care 
under the direction of an intensivist, the input of 
the hematologist/oncologist remains essential. 
Hematologists/oncologists can provide disease- 
specific prognostic information and input on 
treatment- or disease-related toxicities. 
Additionally, and perhaps most importantly, the 
hematologist/oncologist has a long-standing rela-
tionship with the patient and family. This connec-
tion is vital both to assuring trust in the ICU team 
and facilitating difficult decisions regarding goals 
of care. Accordingly, the hematologist/oncologist 

should be involved in ICU admission decisions 
and participate in daily rounds or communication 
with the ICU team [12].

 Advanced Practice Providers
Advanced practice providers (APPs; nurse prac-
titioners and physician assistants) provide criti-
cal care [15]. APPs have demonstrated efficacy 
in oncology and hematopoietic stem cell trans-
plantation, but utilization of APPs to the fullest 
scope of their practice in acute care settings has 
been slow [16–18]. Integration of APPs in the 
ICU has repeatedly demonstrated outcomes 
similar to their physician peers [19, 20]. Care 
provided by APPs in the ICU decreased hospital 
and ICU length of stay (LOS), adverse events, 
time on mechanical ventilation, unexpected 
hospital and ICU readmissions, procedural 
complication rates, costs, and sepsis-related 
hospital mortality, improved patient/family sat-
isfaction, and increased the use of clinical prac-
tice guidelines [21–23]. Similarly, APP-led 
rapid response teams reduced time to ICU trans-
fer [22]. In the face of rotating physician sched-
ules, APPs also provide continuity of care and 
rapport with core ICU staff, facilitating commu-
nication among the multidisciplinary team 
members [22]. APPs also serve as valuable edu-
cators, assisting with procedural training and 
bridging knowledge gaps on HSCT-specific 
critical care [24].

Basic acute care nurse practitioner (NP) and 
physician assistant (PA) educational curricula 
and clinical practicum focus on the preparation 
for general hospital-based acute care. This is typ-
ically inadequate for complex, specialized criti-
cal care [25, 26]. The transition to a competent 
critical care provider requires an extended orien-
tation period [26], and many centers have devel-
oped post-graduate APP critical care fellowships 
[25]. However, the specialized care required by 
critically ill HSCT patients is typically not cov-
ered in these fellowships. This knowledge gap 
can be bridged with didactic lectures focused on 
HSCT specific care and the utilization of other 
members of the multidisciplinary care team. The 
key areas of competency for APPs in the HSCT 
ICU are listed in Table 36.1.
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Table 36.1 Key competencies for advanced practice providers in the HSCT ICU

Care facilitation Procedures Care coordination Education
– Obtaining histories
– Physical exams
– Participating in daily 
rounds
– Prescribing and 
titrating medications
– Documenting 
progress notes and 
procedures
– Managing mechanical 
ventilation
– Reassessing 
interventions

– Vascular access (central, 
arterial, and dialysis access)
– Pleural procedures 
(thoracentesis, small-core chest 
tube placement)
– Paracentesis
– Intubation
– Lumbar puncture
– Skin biopsy
– Bronchoscopy
– Feeding tube placement
– Point-of-care ultrasound

– Participating in 
multidisciplinary rounds
– Care coordination with 
transplant teams and 
consultants
– Communication with 
patients and families
– Critical care consult/
evaluation for ICU upgrade
– Rapid response
– Discharge planning

– Supervising 
procedures
– Precept students 
(APP and medical)
– Educate nursing 
staff
– Quality/
performance
improvement 
projects
– Clinical research

 Nursing

Nurses working on HSCT critical care units may 
possess a variety of educational and training 
backgrounds, clinical skills, and certifications. 
Regardless of background, knowledge and skill 
are key to successful HSCT care across the spec-
trum of acuity. HSCT ICU nurses must be famil-
iar with the care of critically ill patients, 
including titration of vasopressors and fluids, 
care of the mechanically ventilated patient, and 
other fundamental critical care skills. The key 
areas of nursing care include not only adminis-
tration of medications but prevention and recog-
nition of life-threatening complications such as 
bleeding (due to thrombocytopenia) and sepsis 
[27]. HSCT care necessarily includes adminis-
tration of chemotherapy, and while HSCT pre-
parative regimens are almost never administered 
to a critically ill patient, it is useful for critical 
care nurses caring for HSCT patients to be famil-
iar with the HSCT process, including BMT pre-
parative regimens, GVHD prophylactic 
regimens, handling/sequelae of chemotherapy, 
blood administration protocols, and common 
complications of HSCT [2]. In the United States, 
HSCT ICU nurses may hold a variety of national 
credentials, including Adult Critical Care Nurse 
(CCRN) certification, Oncology Nursing (OCN) 
certification, and Blood and Marrow Transplant 
Nursing (BMTCN) certification. Certified nurses 
have typically been active in the field for at least 
2 years in their specialty and have demonstrated 
their expertise and leadership in their specialty 

[28–30]. For all three certifications, the nurse 
must successfully pass a certification exam, fol-
lowed by mandatory continuing education and 
regular recertification.

 Respiratory Therapists

Respiratory therapists are experts in the manage-
ment and use of respiratory support devices, 
including mechanical ventilators, non-invasive 
ventilation, and heated humidified high-flow 
oxygen. They may also administer nebulized 
medications, including bronchodilators, muco-
lytics, and antibiotics. Though few data exist spe-
cifically in HSCT ICU patients, respiratory 
therapist-driven protocols have been shown to 
improve compliance with low tidal volume venti-
lation, decrease duration of high-flow nasal can-
nula support, and decrease length of stay in 
general ICU patients [31–33].

 Pharmacists

Clinical pharmacists are integral and invalu-
able members of multidisciplinary ICU teams 
[34]. Providing insight and pharmacotherapy 
guidance regarding antimicrobial selection and 
dosing, anticoagulation, sedation, analgesia, 
and drug interactions and integrated ICU clini-
cal pharmacists have been shown to reduce 
overall medication errors and improve patient 
outcomes, including mortality [34, 35]. In 
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addition to standard critical care pharmaco-
therapy expertise, the clinical pharmacist sup-
porting HSCT ICUs must be able to provide 
guidance and assistance regarding common 
toxicities of chemotherapy conditioning regi-
mens, antimicrobial prophylaxis strategies and 
drug-level monitoring, and drug-drug interac-
tions, especially those regarding immunosup-
pressive agents used for GVHD prophylaxis 
(e.g., tacrolimus) [36]. The involvement of 
clinical pharmacists in HSCT patient care 
(including critically ill patients) has been 
shown to result in a higher proportion of thera-
peutic tacrolimus and cyclosporine levels, 
increased empiric dose adjustments to account 
for drug interactions, overall reduced incidence 
of adverse events, and increased patient satis-
faction [36–38].

 Nutritionists/Dieticians

Inadequate nutritional intake is a serious prob-
lem in critically ill patients, increasing the risk 
of complications such as poor wound healing, 
impaired immune function, diminished gut bar-
rier function, increased sepsis risk, muscle wast-
ing, immobilization, and overall increased LOS 
and mortality [39, 40]. As part of the multidisci-
plinary ICU team, a registered dietician can 
assist with the evaluation of nutritional status, 
identification of patients with caloric deficit or 
malnutrition, and development of a nutritional 
care plan [39]. HSCT patients are often mal-
nourished at admission and are at a high risk of 
not taking sufficient oral intake to meet nutri-
tional/caloric needs [41, 42]. HSCT patients 
with malnutrition are at an increased risk of 
delayed engraftment, relapse, and overall mor-
tality [42]. Unlike the general ICU population, 
there is no clear consensus on optimal timing of 
enteral or parenteral nutrition in HSCT ICU 
patients [42]. Current guidelines suggest a pref-
erence for enteral over parenteral nutrition 
unless precluded by severe mucositis, intracta-
ble vomiting, ileus, severe malabsorption, pro-
tracted diarrhea, or symptomatic GVHD of the 
gut [41, 43].

 Physical and Occupational Therapists

Physical therapy and rehabilitation have estab-
lished benefits within both the critical care and 
bone marrow transplant populations, and reha-
bilitation therapists are necessary members of 
the multidisciplinary ICU team [44–46]. HSCT 
patients frequently require prolonged hospital-
izations (or intensive outpatient treatment) and 
rapidly become deconditioned, lose muscle 
mass, and develop decreased exercise tolerance 
[46]. Treatment toxicities such as chemotherapy- 
induced fatigue, steroid myopathy, and GVHD 
may further potentiate this decrease in physical 
conditioning. Early consultation by physical 
and occupational therapists may improve over-
all physical function, reduce fatigue, and facili-
tate a faster return to pre-transplant functional 
status [46, 47]. Multidisciplinary exercise and 
activity programs improve patient activity and 
participation in physical therapy in pediatric and 
young adult patients undergoing HSCT [48, 49]. 
Occupational therapy was shown to improve 
strength, coordination, and independence 
among pediatric patients undergoing HSCT, 
particularly upper-extremity strength [50]. 
Though a platelet count of less than 20,000 
cells/mm3 has been thought of as a relative con-
traindication to physical therapy, evidence sug-
gests that exercises supervised by experienced 
occupational and physical therapists are safe in 
HSCT patients [47].

 Consultants

The complex nature of HSCT critical care man-
dates that the entire spectrum of additional con-
sultant specialists, besides intensivists and 
hematologist/oncologists, will be required to 
manage the breadth of medical problems that 
may arise. Several are particularly worth men-
tioning, as their involvement in HSCT ICU 
patients is (or should be) nearly ubiquitous. 
Infectious disease specialists with experience and 
training in transplant/oncology infectious disease 
are essential to the care of HSCT ICU patients, 
who frequently develop complicated and unusual 
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infectious complications. Nephrologists (and the 
accompanying ability to provide renal replace-
ment therapy) are specifically mentioned in the 
Foundation for Accreditation of Cellular Therapy 
Standards. Dermatologists are frequently asked 
to assist in the management of severe 
GVHD.  Finally, palliative and supportive care 
consultation has been shown to improve quality 
of life and symptom burden in HSCT patients 
and should be integrated into the HSCT ICU 
environment [51–53].

 Intensive Care Unit Organization

The association of earlier ICU admission with 
improved survival demonstrates the need for ade-
quate HSCT critical care facilities [54, 55]. 
However, there are few data to guide specific 
organizational recommendations for HSCT 
ICUs. While many high-volume transplant cen-
ters utilize “general” ICUs for HSCT critical 
care, some centers have developed specialty 
HSCT ICUs or embed critical care or high-level 
intermediate care capability in their HSCT ICUs. 
While specialty HSCT ICUs have a number of 
potential benefits, there are few data to support 
(or dissuade) their development. Development of 

best practices for HSCT critical care, including 
optimum ICU organization, is a key target for 
future study [56].

 Unit Model

ICUs can be organized in several different ways. 
Many of these may be adaptable to HSCT criti-
cal care if the requisite expertise can be brought 
to bear. Generally, there are several venues in 
which HSCT critical care could be provided 
(Fig.  36.1). First, critically ill HSCT patients 
could be transferred to a “general” ICU, usually 
a medical intensive care unit (MICU). Second, 
HSCT patients could be transferred to a specialty 
HSCT ICU which only (or predominantly) cares 
for critically ill HSCT patients. Third, HSCT 
patients could be transferred to a specialty 
“oncology ICU,” which also cares for patients 
undergoing other oncologic/hematologic thera-
pies (e.g., leukemia, solid tumors). Finally, 
HSCT patients may be cared for on an “adapt-
able acuity” unit, which cares for patients for the 
duration of their hospitalization regardless of 
acuity. In this model, critical care technology/
expertise is brought to the patient on an as-
needed basis [57].

a

b

c

d

Acute ↔ IMC ↔ ICU

HSCT Unit
General 

Medical ICU

HSCT Unit HSCT ICU

HSCT Unit Oncology ICU

Leukemia Unit

Solid Tumor 
Unit

Fig. 36.1 Organizational models of HSCT critical care. 
(a) Critically ill HSCT patients are transferred to a general 
medical intensive care unit. (b) Critically ill HSCT 
patients are transferred to a specialty HSCT ICU. (c) 
Critically ill HSCT patients are transferred to a specialty 

oncology ICU which also cares for critically ill hemato-
logic malignancy and solid tumor patients. (d) Critically 
ill HSCT patients are cared for in an acuity-adaptable 
HSCT unit
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There are no HSCT-specific data to support 
any of these models over another. Most of the 
data regarding acuity-adaptable units comes 
from studies of cardiac surgical patients. Acuity- 
adaptable units have been reported to provide 
some cost savings, predominantly by decreasing 
length of stay and improving some outcomes and 
patient satisfaction [58–60]. The advantage of an 
acuity-adaptable model primarily lies in the 
decrease in transitions of care between units and 
care teams [61]. It is worth noting that acuity- 
adaptable units are primarily described in car-
diac surgical patients who tend to have a more 
protocolized, predictable, and consistent hospi-
tal course than HSCT patients [61, 62]. Acuity- 
adaptable units demand careful attention not 
only to unit design but to nursing staffing and 
skill mix to allow care of the entire spectrum of 
patients [63].

The potential benefits of an acuity-adaptable 
unit stand in contrast to the proven benefits of a 
“closed” ICU model, in which critical care is pro-
vided in a designated space by a dedicated team 
under the direction of an intensivist. Compared to 
an “open” ICU model, in which care is provided 
by the same primary team regardless of the 
patient’s condition (i.e., the HSCT team cares for 
the patient for the duration of hospitalization), 
closed ICUs have been shown to improve out-
comes including decreased infectious complica-
tions [64–66]. Thus, of the different potential 
models, the closed ICU model is supported by 
the most robust outcome data.

An additional consideration is whether 
HSCT patients should be cared for in a HSCT-
only specialty ICU, a more broad-based “oncol-
ogy” ICU (HSCT, hematologic malignancies, 
solid tumors), or a general ICU. There are few 
data to guide this decision. Boarding of criti-
cally ill patients in different subspecialty ICUs 
is associated with increased mortality, suggest-
ing a benefit of ICU specialization [67]. 
However, other studies have suggested that spe-
cialty ICUs do not improve outcomes in com-
mon critical care conditions [68]. It is unknown 
whether HSCT patients benefit from specialty 
ICU admission.

 Physical Plant Considerations

Because of the severely immunocompromised 
state of critically ill HSCT patients, infection 
control and prevention is a major consideration in 
HSCT ICU space. The Foundation for the 
Accreditation of Cellular Therapies (FACT) stan-
dards recommend high-efficiency particulate air 
(HEPA) filtration with positive pressure for 
HSCT patient rooms [69]. This means that air 
entering patient rooms is HEPA-filtered and that 
the air pressure in a patient room is greater than 
the adjoining hallway, preventing potentially 
contaminated hallway air from entering the 
patient room. Easy access to sinks for hand 
hygiene should be provided, both inside and out-
side the room. Ample space for life support 
equipment, such as mechanical ventilators, high- 
flow oxygen, and continuous dialysis machines, 
should be available, as well as adequate oxygen, 
medical air, vacuum, and power sources. Space 
should also be sufficient to allow for rehabilita-
tion work and equipment, including cycle ergom-
eters, tilt tables, and ambulation. Finally, as 
family presence may have benefit in critically ill 
patients, accommodations should be made for 
family presence, including chairs, couches, and 
convertible beds [70].

 Unit Leadership

Unit leadership is a key aspect of developing and 
maintaining a successful and high-performing 
ICU.  One approach to unit leadership is the 
development of a nurse manager-physician medi-
cal director dyad. This joint ownership model 
attempts to ensure that nursing and physician 
expertise informs unit protocols and that multi-
disciplinary concerns are recognized and acted 
upon [71]. Though the appeal of this approach is 
clear, there are few data demonstrating the effi-
cacy of this structure. Regardless of the leader-
ship model, the leaders of HSCT ICUs (or ICUs 
caring for HSCT patients) must have strong lines 
of communication with hospital and cancer cen-
ter leadership. This includes the provision of 
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adequate resources to care for critically ill HSCT 
patients.

In addition to the unit manager and medical 
director, there are other key leadership roles in a 
successful ICU on both the provider and nursing 
side. These may include lead APPs and lead clini-
cal nurses or nurse educators who can serve as a 
resource to other staff. Especially in non- 
specialized ICUs, it may be helpful to have an 
APP and a senior nurse developed focused exper-
tise in HSCT critical care to help ensure that high 
standards are maintained when HSCT patients 
are admitted to the ICU.

 Quality Assurance and Outcome 
Metrics

No discussion of ICU organization would be 
complete without mentioning quality improve-
ment and outcome metrics. Important aspects of 
a quality assurance program include key (and 
agreed-upon) performance metrics, standardiza-
tion of care when possible, and continuous 
review of outcomes. The Center for International 
Blood and Marrow research (CIBMTR) pro-
vides survival statistics for HSCT programs in 
the United States, as well as causes of death 
[72]. However, these lack some of the granular-
ity needed for a continuous quality assurance 
program. Some disciplines, like cardiac surgery, 
have established publicly reported outcome 
metrics [73]. For the HSCT ICU, important met-
rics for continuous monitoring and quality 
assurance might include hospital-acquired 
infection rates, duration of mechanical ventila-
tion, and rates of renal replacement therapy. 
Other metrics for consideration might be rates 
of respiratory failure and sepsis after HSCT as 
well as mortality from these complications. It is 
important to note that both neutropenic sepsis 
and respiratory failure are inherent and often 
unavoidable complications after HSCT.  It is 
important to consider not only the occurrence of 
these complications but also the rates of mortal-
ity, or “failure to rescue,” from these complica-
tions [74]. In many cases, high- performing 

ICUs will be able to “rescue” patients from 
complications which might otherwise have been 
fatal. The rate of failure to rescue is increasingly 
recognized as an important quality metric in 
many disciplines, but as yet have not been 
applied to HSCT ICU care.

 Conclusion

HSCT ICU care is a complex endeavor that 
requires input, care, and cooperation from 
numerous clinical disciplines. There are few 
data to guide optimum organization of HSCT 
ICUs and quality assurance. These are key tar-
gets for future outcomes and cost-effectiveness 
research.
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 Introduction

The primary role of the pulmonologist in the 
long-term care of HSCT recipients is to provide 
expert consultation for the diagnosis and man-
agement of late-onset lung complications. As 
HSCT continues to grow as an accepted modality 
for the treatment of hematologic malignancies 
and other conditions worldwide, the need for pul-
monary expertise has become more apparent for 
caregivers of HSCT survivors. Lung complica-
tions of HSCT have emerged as a legitimate field 
of clinical expertise within the discipline of pul-
monary medicine. This chapter offers a perspec-
tive of the multi-faceted role of pulmonologists 
in the care of patients after HSCT.

 The Historical Context

Dr. E. Donnall Thomas, who pioneered the trans-
plantation of HLA-matched sibling donor bone 
marrow into leukemia patients in the late 1970s, 
recognized that the long-term success of this pro-
cedure depended as much on preventing and mit-

igating acute organ toxicities as did the 
appropriate donor matching and conditioning 
regimen for graft survival. To that end, Dr. 
Thomas and his team in Seattle assembled spe-
cialty clinician scientists, such as gastrointestinal 
and infectious diseases specialists, to run care 
services specifically for HSCT recipients. The 
addition of pulmonary/critical care as a subspe-
cialty service was a response to devastating acute 
lung injury syndromes such as CMV pneumoni-
tis and diffuse alveolar hemorrhage, which were 
a major cause of early non-relapse mortality. The 
meticulous specialty care has contributed greatly 
to progress in survivorship, as well as to our 
understanding of organ toxicities and biology of 
processes beyond the HSCT context.

In the past two decades, less toxic condition-
ing regimens and infectious prophylaxis have 
significantly reduced the incidence of infectious 
and noninfectious acute lung injury syndromes, 
resulting in improved short-term outcomes [1, 2]. 
In parallel, the role of the pulmonary/critical care 
specialist has shifted from predominantly early 
post-transplant acute care to long-term needs of 
HSCT survivors. Pulmonary care in the contem-
porary era is ambulatory and longitudinal and can 
extend to the end of life.

The acute and chronic lung conditions that 
afflict HSCT recipients also occur in other clini-
cal settings. Thus, pulmonologists draw upon 
knowledge from broader contexts within chest 
medicine for the evaluation and management of 
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post-HSCT lung disease. Idiopathic pneumonia 
syndrome is a form of acute lung injury in an 
early posttransplant context and is considered a 
regimen-related toxicity [3]. Obliterative 
 bronchiolitis is seen in the general population as 
a rare sequelae of viral infection, rheumatoid 
arthritis, and inhalational toxins and, more com-
monly, in the setting of lung transplantation [4]. 
Different forms of well-defined interstitial lung 
disease (ILD) have been found post-HSCT [5].

The challenge for pulmonologists lies in 
understanding the post-HSCT context that affects 
the clinical presentation and trajectory of the 
lung disease [6]. The approach towards an HSCT 
recipient with lung disease is sufficiently unique 
that this can be considered a subspecialty within 
pulmonary medicine. Bronchiolitis obliterans 
syndrome (BOS) is a well-recognized complica-
tion that has been formally designated as an 
organ-specific manifestation of chronic graft- 
versus- host disease (cGVHD) [7]. There is grow-
ing speculation that restrictive lung disease 
entities including ILD are manifestations of allo-
immunity, but much work needs to be done to 
clarify the epidemiologic association with 
cGVHD and to clarify specific chronic lung dis-
ease phenotypes after HSCT [8]. It may be con-
venient to consider “lung GVHD” as analogous 
to chronic lung allograft dysfunction (CLAD) 
after lung transplantation, which encompasses 
both BOS and restrictive allograft syndrome; 
however the triggers and trajectories of lung dis-
ease in these two clinical contexts may mani-
festly differ [9]. Understanding interstitial lung 
disease in the context of cGVHD is likely to pro-
vide insight into the pathogenesis of lung fibrosis 
and potentially new biologic pathways for tar-
geted treatment.

 The Burden of Late-Onset Lung 
Disease

Compared with non-HSCT cancer patients, 
HSCT recipients experience greater long-term 
morbidities—respiratory morbidity was second 
only to infectious diseases in a Washington state 
registry survey of 2-year cancer survivors [10]. 

Bergeron and colleagues showed that the inci-
dence of late-onset noninfectious pulmonary 
complications was nearly 20% in a prospective 
cohort of 200 allogeneic HSCT recipients and 
was a major contributor to non-relapse mortality 
[11]. As early HSCT outcomes improve, the inci-
dence of cGVHD has increased [12]; hence the 
overall burden of lung disease has also likely 
increased. Recent advances in the prophylaxis of 
cGVHD have the potential to reduce the propor-
tion of individuals affected by cGVHD, but the 
numbers of patients who receive allogeneic 
HSCT around the world continues to increase 
annually; therefore the overall burden of lung 
disease and respiratory impairment is expected to 
remain steady. Lung-specific prophylactic and 
preemptive therapies remain a significant gap in 
the care of HSCT survivors.

 Models of Long-Term Care

Managing lung disease after HSCT requires a 
multidisciplinary approach. A transplant patient’s 
primary medical provider is usually a hematolo-
gist. As an organ specialist, the pulmonologist is 
positioned to provide consultative care. However, 
given the complexity of posttransplant care, the 
pulmonologist may ultimately serve as the 
patient’s point of contact if the medical needs are 
primarily due to lung impairment. Importantly, 
the pulmonary expertise that is developed at 
transplant centers of excellence is a necessary 
resource for community providers who provide 
ongoing longitudinal care posttransplant.

In large-volume stand-alone cancer centers, 
pulmonary subspecialists may be integrated with 
the faculty that cares exclusively for cancer 
patients. At tertiary academic medical centers 
that offer all disciplines of medicine, pulmonolo-
gists belong to a larger division of pulmonary/
critical care faculty within an internal medicine 
department and thus carry a wider scope of prac-
tice. Specific expertise may be developed within 
one individual or a group of interested pulmon-
ologists. Clinics focused on pulmonary compli-
cations after HSCT, such as lung GVHD, can be 
established when the pulmonologist is not 
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Fig. 37.1 Model of multidisciplinary care for posttrans-
plant pulmonary complications. The pulmonary/trans-
plant hematology dyad is central to this model. The ideal 
situation is a trio of expertise that includes infectious 
diseases

Table 37.1 Diagnostic elements required for an efficient 
pulmonary consultation

Diagnostic 
element 
required Comments
Pulmonary 
function tests

Prior to visit: recent study with 
2 weeks that includes spirometry 
(ideally with bronchodilator 
response), lung volumes, and DLCO
Prior PFTs including pretransplant 
baseline and any immediate prior 
PFTs

Chest CT Prior to visit: high resolution with 
inspiratory and expiratory cuts to 
assess for air trapping and 
parenchymal abnormalities
Application of parametric response 
mapping may be helpful for the 
detection of small airway disease if 
this modality is clinically available

Clinical 
history

Smoking and vaping history
History of preexisting lung disease 
and autoimmune disease
Early posttransplant complications 
including lung infections, acute lung 
injury syndromes
Chronic GVHD: timing of onset, 
manifestations, course of systemic 
treatment
Recent respiratory viral illness or sick 
contacts

Symptoms Cough
Exertional dyspnea
Wheezing
Upper respiratory viral illness 
symptoms
Gastrointestinal reflux symptoms
Post-nasal drip, sinus congestion, and 
other symptoms of sinus disease

DLCO diffusing capacity for carbon monoxide, GVHD 
graft-versus-host disease, PFTs pulmonary function tests

embedded within a cancer center. In either model, 
expertise with posttransplant complications 
develops when there are collaborative and colle-
gial relationships resulting in a  pulmonologist/
transplant hematologist dyad. In addition, the 
relationship between pulmonary and infectious 
diseases is crucial given the relative frequency 
and morbidity of opportunistic lung infections in 
survivors who remain at a high risk for opportu-
nistic infections due to immunosuppressive treat-
ments for cGVHD [13]. The ideal situation is the 
availability of this trio of expertise between the 
pulmonologist, infectious disease expert, and 
hematologist (Fig. 37.1).

 Early Diagnosis of BOS After HSCT

One of the most common posttransplant pulmo-
nary consult requests is the evaluation of sus-
pected BOS and other noninfectious pulmonary 
complications. This consult is often prompted by 
new-onset respiratory symptoms and/or PFT 
changes. Timely recognition of BOS depends on 
the primary physician’s clinical suspicion and 
subsequent prompt referral. A patient referred for 
suspected BOS should be seen within 1–2 weeks, 
as the progression of lung function can occur 
over a brief time frame of weeks in some instances 
[6, 14]. For the most efficient evaluation, patients 
should arrive to the initial visit with a full set of 
PFTs (including spirometry with bronchodilator 
response, lung volumes, and diffusing capacity) 
and a non-contrast high-resolution chest CT with 
inspiratory and expiratory phases. An inventory 

of the transplant history, including history of 
early posttransplant complications; cGVHD 
manifestations; recent respiratory infections; 
tobacco and marijuana use, including vaping; and 
prior lung disease, should be taken. Specific 
symptoms of conditions that can potentially trig-
ger BOS should be elicited (Table 37.1).

Detection of BOS at early stages and mild 
lung impairment offers the greatest opportunity 
to modify disease trajectory [6, 15]. However, 
patients are often referred to a pulmonologist 
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when severe irreversible lung impairment already 
exists [16], which can occur rapidly over a matter 
of weeks in some cases. The working definition 
for BOS proposed by the 2014 NIH guidelines do 
not encourage early detection, because the spiro-
metric criteria employ a specific FEV1 percent 
predicted cut-off of 75% rather than assessment 
of the trajectory of FEV1 impairment compared 
with prior lung function [17]. If PFTs are 
prompted only at the time of symptoms, FEV1 
impairment is already likely to be advanced and 
largely irreversible. Hence, the implementation 
routine PFT screening is crucial for early detec-
tion and intervention.

The diagnosis of BOS is often confounded by 
consideration of other processes that cause air-
flow decline. A history of a recent upper respira-
tory viral infection or pneumonia may delay a 
formal diagnosis of BOS.  Atypical spirometric 
patterns and concomitant restrictive processes 
also complicate the recognition of BOS. An atyp-
ical pattern on spirometry suggests restriction but 
may indicate incomplete exhalation due to small 
airway obstruction, manifesting as increased air 
trapping and elevated residual volume but with a 
preserved total lung capacity [18]. Therefore it is 
essential to obtain lung volumes with PFTs to 
ascertain whether there is a “preserved ratio 
impaired spirometry” [19] phenotype, or a 
restrictive process. The workup of PFT abnor-
malities or new respiratory symptoms will also 
reveal non-BOS processes, which may occur 
concomitantly with BOS. Organizing pneumonia 
may present acutely or subacutely and can mani-
fest with restrictive, obstructive, or a mixed PFT 
pattern [20]. In addition to ILDs, restriction on 
PFTs may reflect extrathoracic truncal sclerosis, 
which is a complication of cGVHD, or respira-
tory muscle weakness, which may be a conse-
quence of cGVHD myositis or chronic steroid 
use.

The pulmonologist needs to advocate and 
facilitate PFT screening, which can directly 
impact the outcomes for survivors. Despite mul-
tiple guidelines on post-HSCT care, PFT screen-
ing is not consistently implemented in the United 
States, largely owing to the perceived burden of 
testing for the patient [14]. The presence of a 

dedicated pulmonologist with expertise in HSCT 
care can help overcome the barriers of imple-
menting PFT screening. The 2020 NIH Chronic 
GVHD Consensus guidelines on early diagnosis 
recommend PFT testing for all transplant recipi-
ents at pretransplant and every 3 month spirome-
try through 1  year posttransplant and yearly 
thereafter. The landmark timepoints for full PFTs 
(including lung volumes and DLCO) are pre-
transplant, Day 100, and yearly; limited spirom-
etry is acceptable for other timepoints. High-risk 
individuals, such as those with active cGVHD, 
should have more frequent spirometry every 
3  months. Those with documented respiratory 
viral infection should also be considered for more 
frequent interval monitoring [21]. While FEV1 
and FEF25–75 impairment at Day 80–100 has 
been shown to be a risk factor for the later devel-
opment of BOS [11, 22, 23], this has not been 
implemented as a criterion for screening. An 
important role of the pulmonologist is to educate 
hematology and primary care providers on the 
need for interval PFTs while facilitating the 
implementation of PFT screening. If routine 
PFTs at pretransplant, Day 80–100, and 1  year 
are not already standard practice, it behooves the 
pulmonologist to initiate a conversation with the 
transplant physician group.

Alternatives or adjuncts to laboratory-based 
PFTs include handheld home spirometry and the 
6-min walk test (6MWT). The advent of smart-
phones and wireless telecommunications, i.e., 
Wi-Fi, has enabled home health telemonitoring 
of spirometry in which the data is transmitted 
wirelessly from the patient’s smartphone to a 
clinician-accessed web portal. Recent work dem-
onstrates that wireless home spirometry is feasi-
ble in HSCT survivors [24]. In a population 
enriched for lung GVHD, home spirometry can 
identify antecedent FEV1 changes [25]. There 
are now a number of commercially available 
wireless home spirometers with cloud-based 
monitoring portals that are easily accessed by a 
clinicians and PFT technicians. It is reasonable to 
anticipate that home spirometry monitoring for 
high-risk HSCT recipients will become standard 
care in some centers. Pulmonologists will be 
instrumental in implementing this monitoring 
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modality. The 6MWT may provide prognostic 
value in addition to, or in lieu of, spirometry, as it 
is a test of functionality that does not always cor-
relate with the degree of FEV1 impairment [26, 
27]. More research needs to be done to assess the 
utility of 6MWT in pre- and posttransplant 
individuals.

The role of chest imaging for the early diag-
nosis of BOS and other noninfectious pulmo-
nary complications is an area of active 
investigation. A European prospective cohort of 
200 allogeneic HSCT recipients showed that 
nodular ground- glass opacities on chest com-
puted tomography (CT) at the Day 100 land-
mark time point was predictive of later 
development of a noninfectious pulmonary 
complication [11]. As with other diagnostic 
modalities in the pulmonologist’s toolbox, novel 
imaging techniques developed in other lung dis-
ease contexts are readily applicable to the HSCT 
context. Parametric response mapping, a quanti-
tative voxel-based method that can distinguish 
small airway pathology from emphysema, has a 
prognostic value as an imaging biomarker in 
lung transplant [28, 29] and has diagnostic dis-
crimination in lung GVHD [30, 31]. 
Hyperpolarized-xenon MRI can demonstrate 
ventilation defects of BOS without the ionizing 
radiation, which is advantageous in children 
[32]. These techniques are being studied for 

early detection, when subclinical lung function 
changes are not yet apparent. Machine learning 
techniques have also been applied in the context 
of BOS [33] and will continue to be developed 
to help identify patients at risk for BOS.

Bronchoscopy at the initial evaluation of 
BOS can be performed to assess for exacerbat-
ing factors and concomitant infections, i.e., 
viral infection, that might be triggers of lung 
function decline. An important aspect of longi-
tudinal care is close attention to infectious exac-
erbations of BOS and chronic ILDs. There 
should be a low threshold for timely bronchos-
copy in a patient with new radiographic findings 
suspicious for fungal disease or lung opacities, 
the latter of which could represent infection or 
organizing pneumonia. At a minimum, patients 
with classic chest imaging findings and compat-
ible PFTs should have a noninvasive workup for 
respiratory viruses and bronchodilator testing. 
In individuals where the pathologic diagnosis of 
BOS or ILD is required for the purposes of 
enrolling into a clinical trial, referral to a tho-
racic surgery for lung biopsy may be 
appropriate.

Longitudinal follow-up for a patient with BOS 
or other lung complication should include close 
interval spirometry, assessment of the need for 
systemic corticosteroids, and evaluation of FEV1 
decline (Fig. 37.2).

Fig. 37.2 Suggested initial evaluation and longitudinal 
follow-up of a patient with BOS after HSCT. Initial treat-
ment may include inhaled corticosteroids with or without 
long-acting beta-agonist as well as prednisone and other 
oral agents (e.g., azithromycin and montelukast as part of 

the FAM regimen). Second-line treatments include extra-
corporeal photopheresis and newer agents directed at 
cGVHD, such as ruxolitinib, and pulmonary anti- fibrotics, 
such as pirfenidone. Participation in a clinical trial, if one 
is available, is strongly encouraged
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 Treatment of BOS After HSCT

The treatment of post-HSCT BOS draws upon 
the pulmonologist’s armamentarium for chronic 
airway diseases. Inhaled corticosteroids, with or 
without a long-acting bronchodilator, is often the 
first-line therapy, based on an RCT in which 
patients with newly diagnosed BOS after HSCT 
were given budesonide/formoterol without the 
addition of systemic corticosteroids. Patients ran-
domized to the treatment arm showed modest 
FEV1 improvement of 200 cc/12% after 1 month 
[34], suggesting that for patients whose disease 
was recognized at moderate impairment, there 
was still a reversible inflammatory component 
that could be ameliorated with topical steroids. 
The fluticasone, azithromycin, montelukast 
(FAM) cocktail was first used as a steroid-sparing 
approach at the Fred Hutchinson Cancer Center 
by pulmonologist Dr. Jason Chien [35]. A subse-
quent Phase II single-arm trial showed that FAM 
was well tolerated and that FEV1 remained stable 
[36]. Whether this is due to the natural history of 
the disease or whether the FAM modified FEV1 
decline remains unknown [14].

Given the low side effect profile, FAM has 
been adopted in many centers and is currently 
recommended by some non-pulmonary profes-
sional societies [37]. However a consensus from 
pulmonologists on first-line therapy, including 
the use of systemic corticosteroids, remains a 
matter of debate [15]. The use of azithromycin 
has recently been called into question due to the 
early termination of a randomized clinical trial of 
azithromycin prophylaxis in allogeneic HSCT 
recipients in which the treatment arm had an 
unexpected increase in deaths due to hematologic 
relapse compared with placebo [38]. A subse-
quent analysis of patients who were exposed to 
azithromycin for BOS treatment showed an 
increased risk of subsequent neoplasms, rather 
than hematologic relapse, but without a negative 
effect on survival. In fact, those patients with 
BOS who had taken azithromycin had a decreased 
cause-specific hazard of death free from malig-
nancy [39]. Taken together, these studies suggest 
that the immunomodulatory effect of azithromy-
cin has unintended consequences for immune 

cancer surveillance that manifests differently 
depending on the stage of posttransplant survi-
vorship. It must be noted, however, that there are 
no studies that convincingly demonstrate a bene-
fit of azithromycin on lung function in patients 
with BOS after HSCT [15, 40]. Therefore, the 
use of azithromycin should take into consider-
ation the risks and benefits for an individual’s 
clinical situation.

In recognition of the irreversible fibrotic lesion 
of obliterative bronchiolitis, which renders lung 
impairment in BOS irreversible, pulmonologists 
now have anti-fibrotic agents in the armamentar-
ium to consider for the treatment of progressive 
BOS.  Pirfenidone and nintedanib are FDA- 
approved for the treatment of idiopathic pulmo-
nary fibrosis (IPF) and related interstitial lung 
diseases. It remains unclear if there is a benefit of 
these antifibrotic agents, especially when given 
as second- or third-line therapy for already estab-
lished disease with fixed severe FEV1 impair-
ment (i.e., <35% predicted), given their modest 
efficacy in moderate IPF.  In a phase I study in 
BOS after HSCT, pirfenidone was tolerable, and 
a subset of patients had demonstrable FEV1 
improvement [41]. A European randomized clini-
cal trial of pirfenidone in BOS after lung trans-
plant did not demonstrate efficacy [42]. 
Nonetheless, these agents highlight the notion 
that novel agents that are being developed for and 
tested in IPF should be considered for use in BOS 
after HSCT.

 Quality of Life and End of Life

For patients with chronic lung disease for which 
there are a paucity of disease-modifying thera-
pies, the pulmonologist provides important lon-
gitudinal supportive care to optimize quality of 
life. For those with irreversible lung dysfunction, 
care is focused on symptom management. This 
comes in the form of bronchodilators or nebulizer 
therapy, oxygen supplementation, and cough 
suppression. Pulmonary rehabilitation has been 
shown to provide benefit for dyspnea, patient- 
reported outcomes, and exercise tolerance [43, 
44]. Patients who progress to chronic respiratory 
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failure may require noninvasive ventilatory sup-
port such as BiLevel positive airway pressure 
(BIPAP) for nocturnal home use.

Lung transplantation may be considered for 
individuals in which BOS or ILD is the primary 
organ complication of HSCT. Case series have 
shown that outcomes for HSCT recipients who 
receive a lung allograft are generally compara-
ble to other indications [45, 46]. However, 
because most HSCT recipients have a history of 
hematologic malignancy, certain criteria need 
to be considered prior to referral to a lung trans-
plantation center. Candidates should be at least 
>5  years from the HSCT for their underlying 
malignancy and should not have active cGVHD 
or significant extrapulmonary organ dysfunc-
tion due to cGVHD or other posttransplant 
complications [47].

Unfortunately, lung transplantation is not a 
feasible option for most individuals, and a sig-
nificant proportion of patients will experience 
progressive chronic respiratory failure as their 
primary posttransplant morbidity and cause of 
death. In a multicenter retrospective cohort of 
316 patients with BOS, respiratory causes includ-
ing primary respiratory failure and infections 
accounted for nearly 50% of deaths [39]. 
Naturally, it often falls upon the pulmonologist to 
address end-of-life issues, which in many 
instances occurs out of necessity when the patient 
is admitted to the intensive care unit for mechani-
cal ventilatory support. The pulmonologist who 
provides longitudinal care should address code 
status and palliative care in the ambulatory set-
ting, when severe functional and physiologic 
decline is evident. For patients with BOS, the tra-
jectory of FVC is more prognostic of death within 
2 years than the trajectory of FEV1 or the sever-
ity of FEV1 impairment [14]. With supportive 
care such as supplemental oxygen, some individ-
uals can survive for >20 years with very severe 
but stable FEV1 impairment, i.e., <35%, reflect-
ing end-organ sequelae of cGVHD rather than 
active disease. On the other hand, FVC decline 
may also reflect extraparenchymal processes, 
such as pulmonary cachexia, truncal sclerosis 
due to cGVHD, or generalized neuromuscular 
weakness from chronic corticosteroid exposure. 

It is appropriate at this juncture not only to 
address further ventilatory decline medically but 
also to recommend palliative care over aggres-
sive life support if an acute decompensation 
occurs.

 Pediatric Considerations

Significant long-term effects of HSCT on lung 
health remain a major concern for this population 
for whom many years of life are anticipated after 
a curative transplant. Although cGVHD is less 
common in pediatric allogeneic HSCT recipients 
compared with adults, lung manifestations may 
affect a greater proportion of those who do have 
cGVHD [48]. Lung function decline is very com-
mon: 62% of patients in longitudinal pediatric 
cohort ages 6–16  years experienced a  >  10% 
decline in a lung function parameter between 3 
and 9 months posttransplant and was associated 
with acute and chronic GVHD [49]. The impact 
of BOS remains devastating when a child devel-
ops progressive lung impairment leading to 
death. Living-donor lobar lung transplantation 
has been performed on pediatric patients for BOS 
after HSCT [45]. On the other hand, unlike 
adults, a proportion of young children with mod-
erate lung impairment at BOS diagnosis are able 
to recover FVC, owing to continued lung growth 
during childhood [50]. This is also observed in 
longitudinal cohorts of lung impairment in pedi-
atric HSCT in general and portends better long-
term outcomes [51].

The diagnosis of late-onset lung disease is 
challenging in young children, and the NIH crite-
ria for BOS perform poorly in this population 
[48]. Routine screening for BOS is also challeng-
ing in children, as reliable spirometry is not gen-
erally thought to be feasible for children ages 7 
and younger [21]. Routine procedures for adults 
such as high-resolution CT and diagnostic bron-
choscopy in children may require sedation and 
general anesthesia to allow for tolerability. 
Alternative methods of diagnosis such as 
hyperpolarized- xenon MRI and multiple breath 
washout (for lung clearance index) are being 
explored.
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 Education, Training, and Research

The educational role of the pulmonologist goes 
hand-in-hand with clinical care of HSCT survi-
vors. Open discussion with patients about the 
diagnosis, prognosis, and treatment of chronic 
lung disease is an assumed requirement for a 
therapeutic longitudinal relationship with a 
patient. It is worth emphasizing again that a suc-
cessful collaborative dyad of the pulmonologist 
and the HSCT physician involves a two-way con-
versation about best practices based on recent 
scientific evidence, particularly with regard to the 
early detection of BOS with PFTs. The pulmon-
ologist’s expertise in lung physiology and other 
lung diseases should be shared; pulmonologists 
may also be called upon to explain atypical PFT 
or radiographic findings. The education of trans-
plant and allied subspecialty providers should be 
integral to a pulmonologist’s practice and can 
take the form of formal teaching conferences 
(such as morbidity and mortality conferences), in 
addition to ad hoc teaching over a specific patient 
case. Pulmonologists at academic centers who 
see a critical mass of patients with HSCT compli-
cations should also be available to advise and 
educate community physicians who encounter 
these conditions rarely. The education of 
pulmonologists- in-training through clinical 
exposure and didactics is equally important in 
light of the growing numbers of HSCT 
survivors.

Lastly, and importantly, pulmonologists can 
advance scientific knowledge of chronic lung dis-
eases after HSCT by advocating for and partici-
pating in research. The need for pulmonologists 
to conduct research is highlighted in a 2018 
National Institutes of Health-sponsored work-
shop on pulmonary complications of pediatric 
HSCT recipients [52]. The 2020 NIH consensus 
guidelines for chronic GVHD included organ 
specialists, including pulmonologists, in the dis-
cussion of knowledge gaps and highest priorities 
in the highly morbid manifestations guidelines 
[8]. Given the general rarity of late lung compli-
cations, multi-institutional collaborations of pul-
monary researchers, in collaboration with 
transplant researchers, will be necessary for the 

understanding of the natural history of lung 
GVHD and testing novel treatments. This is par-
ticularly relevant for the conduct of randomized 
clinical trials, as the lessons learned from clinical 
trials in IPF can be applied to BOS and ILD man-
ifestations of cGVHD.

 Summary

Pulmonologists are critical providers of long- 
term care for HSCT recipients. The collaborative 
dyad of pulmonology and transplant hematology 
should be established for optimal clinical care. 
Not only do pulmonologists provide expertise in 
the diagnosis and management of late-onset pul-
monary complications, they are also in a position 
to educate transplant providers and to advocate 
for early detection of BOS through PFT screen-
ing. The accumulated experience in the clinical 
care and scientific knowledge of late-onset lung 
complications of HSCT has established these 
conditions as a field of expertise within pulmo-
nary medicine; thus pulmonologists are poised to 
advance best clinical practices through advocacy 
and research.
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