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It is a great honour for me to be invited to provide a foreword for the series of 
six books edited by Dr. Shiffman and Dr. Low, which cover a broad expanse 
of subjects relevant to and important in the care of patients with wounds.

Wounds have existed since the beginning of time and, until recent years, 
have received scant attention unless major conflicts developed which neces-
sitated innovation in the treatment of patients with wounds. However, in 
recent years there has been an increasing interest in this subject as evidenced 
by the explosion of journals, meetings, societies and associations and initia-
tives that have been developed in this field.

The need for an academic underpinning of the subject of wound healing is 
without question. Research papers published in recent years have undoubt-
edly enhanced the scientific basis for wound healing. This, coupled with 
demographic changes in many countries around the world, has led to increas-
ing numbers of patients developing wounds or wound healing problems. It is 
recognised that in the vast majority of geographies globally the number of 
patients with wounds is increasing in everything other than major burns 
where better health and safety initiatives have been an effective preventive 
strategy.

This series of books not only attempts to deal with subjects that are nor-
mally seen in wound healing text but also provides a huge amount of space to 
the management of wounds seen in surgical practice, both general and spe-
cialist surgery. The sections on infection are an attempt to deal with a very 
common but poorly managed clinical problem and one that requires urgent 
attention in view of the global challenge of antimicrobial stewardship. The 
tradition chronic wounds are also included and provide a medical as well as a 
nursing and paramedical focus on these subjects.

It is particularly pleasing to see books and chapters focused on specialised 
surgical practice as these are areas that are rarely covered in other educational 
products in this area. The opportunity for new therapies, measuring the range 
of effective and appropriate outcomes and the use of new technologies are all 
included.

For those of us who work in the area of wound healing, these books will 
unquestionably be an important reference source. For those readers who want 
to get an insight into this common, expensive and complex problem they will 
without doubt find the content of these books an important source of informed 
opinion and refer to the rapidly expanding evidence base that is developing in 
this subject area.

Foreword1



vi

I would urge you to immerse yourself in these books. Read, reflect and con-
sider how information that you have had access to can and will change your 
clinical practice.

Keith Harding
Clinical Innovation Cardiff (ClIC), 

College of Biomedical and Life Sciences,
Cardiff University School of Medicine,

Heath Park, Cardiff,
UK

1P. S.

We, Melvin A. Shiffman and Mervin Low, are greatly enthralled by Keith Harding’s will-
ingness to write the Foreword for the books on wounds. Keith Harding is the Director of 
TIME Institute (Translation, Innovation, Methodology and Engagement) and Head of the 
Wound Healing Research Unit in the School of Medicine at Cardiff University. He is 
Clinical Lead for Wound Healing in the Cardiff and Vale NHS Trust. In September 2013 
Harding was appointed Dean of Clinical Innovation at Cardiff University. From 2002 to 
2005 he was Head of the Department of Surgery at Cardiff University. He is Editor-in-
Chief of the International Wound Journal. Harding is a Past President of the European 
Tissue Repair Society. He was the first President of the European Pressure Ulcer Advisory 
Panel and first Recorder of the European Wound Management Association. He was Chair 
of the International Working Group on Wound Healing in Diabetic Foot Disease in 2003. 
He was Chair of the Expert Working Group that produced a range of International 
Consensus Documents from 2004 to 2011. Professor Harding was appointed a Commander 
of the Order of the British Empire in the 2013 New Year Honours for services to medicine 
and healthcare.
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We are delighted to have the book on wounds extended into six volumes. 
There is so very much medical literature in journals and books that to cover 
the whole gamut of wounds would be virtually impossible. We tried to include 
as many of the experienced practitioners in wound care as possible, but many 
of them are too busy to spend the time committing to submitting a chapter.

The selection of topics in each of the volumes was decided by the number 
of authors responded to each of the subjects. As usual in editing a book, many 
authors who agreed to submit manuscripts finally were not available to com-
plete the chapters. We contacted or tried to contact over 1500 authors and 
most of them did not respond or the responses were not as good as expected.

The volumes include:

 1. Biofilm, Pilonidal Cysts and Sinuses
 2. Burns, Infections and Wound Management
 3. Pressure Injury, Diabetes and Negative Pressure Wound Therapy
 4. Plastic and Thoracic Surgery, Orthopedics and Ophthalmology
 5. Vascular Surgery, Neurosurgery, Lower Extremity Ulcers, Antimicrobials, 

Wound Assessment, Care, Measurement and Repair
 6. Chronic Wounds, Wound Dressings and Wound Healing

There are many expert international contributors who have worked in vari-
ous aspects of wound research as well as clinical practice. We have tried to 
have chapters that involved humans and in vivo results and avoided as much 
as possible animals and in vitro results. Chapter conclusions are those of the 
authors and may not be the same as those of the editors. At times the chapter 
may appear cumbersome, but the authors try to show some proof of their 
results. Language difficulties are common when translated into English so 
that grammar, spelling and sometimes words have to be corrected.

Hopefully, the reader will get information that adds to their care and treatment 
of patients. Researchers may gain knowledge of other researchers’ progress and 
improve on the results or can continue their work in other directions. Controversy 
is many times a good thing since looking in other directions to prove or disprove 
a result can improve knowledge. We have a long way to go to be able to treat all 
wounds properly and successfully in as short a time as possible.

Tustin, CA, USA Melvin A. Shiffman
Newport Beach, CA, USA  Mervin Low  

Preface
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The Gatti Score and the Risk 
of Deep Sternal Wound Infection 
After Bilateral Internal Thoracic 
Artery Grafting

Giuseppe Gatti, Andrea Perrotti, 
Giuseppe Santarpino, and Fausto Biancari

1  Introduction

Sternal wound infections remain a major source 
of physical, emotional, and economic stress in 
cardiac surgery, though extensive use of negative 
pressure wound therapy and advances in recon-
structive surgery of the sternum have improved 
results dramatically [1, 2]. The most serious form 
of this complication, namely, deep sternal wound 
infections (DSWI), occurs in 1% up to 4% of 
patients after coronary artery bypass grafts 
(CABG) surgery performed via a median ster-
notomy and is associated with increased early 
mortality and poor late outcomes [1–3].

Throughout the years, many studies have been 
performed to identify the predictors of sternal 
wound infections after CABG surgery [3–10]. 
Baseline patient characteristics, surgical tech-
niques, postoperative complications, and various 
protocols of perioperative management of 

patients have been examined. On the basis of the 
results of almost all of these investigations, the 
simultaneous use of both internal thoracic arter-
ies (ITAs) as coronary grafts for myocardial 
revascularization, i.e., bilateral ITA (BITA) graft-
ing, was an independent predictor of sternal 
wound infections, although skeletonizing the 
grafts has been proven useful in reducing the 
incidence mainly in diabetic patients [10–20].

Throughout the years, many statistical models 
have been devised to predict the risk of develop-
ing sternal wound infections after median ster-
notomy [2, 21–26]. However, these models arose 
from cohorts of patients undergoing different sur-
gical procedures, or preselected series of CABG 
patients where most of the patients have received 
single ITA (and saphenous vein or radial artery) 
grafts for myocardial revascularization. Besides, 
some models were tested for every surgical site 
infection after CABG surgery including also leg 
wound complications. Unfortunately, the predic-
tive power of these models is limited mainly due 
to the complex pathogenesis of sternal wound 
infections, which involves specific comorbidities, 
periprocedural factors, and postoperative compli-
cations. Also according to these analyses, the use 
of BITA grafting was confirmed to be a strong 
predictor of sternal complications, and concerns 
about the high risk of DSWI have limited its 
more extensive use in CABG surgery.

Consequently, in order to minimize sternal 
complications, BITA grafts should be used only in 
selected patients without the well-known risk fac-

G. Gatti, M.D. (*) 
Cardio-Thoracic and Vascular Department, Trieste 
University Hospital, Trieste, Italy
e-mail: gius.gatti@gmail.com

A. Perrotti
Department of Thoracic and Cardio-Vascular Surgery, 
University Hospital Jean Minjoz, Besançon, France

G. Santarpino
Department of Cardiac Surgery, Cardiovascular 
Center, Klinikum Nürnberg, Paracelsus Medical 
University, Nuremberg, Germany

F. Biancari
Heart Center, Turku University Hospital, Turku, Finland
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tors for sternal wound infection, such as female 
gender, obesity, diabetes mellitus, chronic lung dis-
ease, renal impairment, and peripheral vascular 
disease [2, 13, 14, 21–26]. However, this strict 
selection would deprive too many patients from the 
long-term survival benefits derived from BITA use 
[15–17, 19, 20]. Moreover, patients suffering from 
diabetes or renal failure are the patients who would 
most benefit from the good long-term patency rates 
of the BITA grafts even in the presence of these two 
serious comorbidities [12, 15–19].

In this context, it seemed ever more urgent the 
need for a predictive scoring system focused spe-
cifically on sternal wound infections following 
BITA grafting.

In 2015, Gatti et al. [27] reviewed retrospec-
tively the outcomes of nearly 3000 consecutive 
BITA patients who had been operated on at the 
Cardiovascular Department of the University 
Hospital of Trieste, Trieste, Italy. A new, weighted 
scoring system based on the results of this analy-
sis was specifically created to predict DSWI risk 
after BITA grafting.

2  Methods

Between 1999 and 2013, a total of 4160 consecu-
tive patients with multivessel coronary artery dis-
ease underwent isolated CABG surgery at the 
Cardiovascular Department of the University 
Hospital of Trieste, Trieste, Italy. A BITA grafting was 
performed in 2936 (70.6%) cases (Table 1) [27, 28].

Table 1 The Italian original series: preoperative patients’ 
characteristics and risk profiles [27]a

Characteristic
Patients
n = 2936

Age, years 66.3 ± 9.0
  <70 1752 (59.7)
  70–80 1054 (35.9)
  >80 130 (4.4)
Female gender 460 (15.7)
Hypertension 2109 (71.8)
Former smoker 654 (22.3)
Current smoker 112 (3.8)
Hyperlipidemia 2620 (89.2)
BMI, kg/m2 27.2 ± 3.6
  <20 37 (1.3)

Table 1 (continued)

Characteristic
Patients
n = 2936

  >30 586 (20.0)
Diabetes 865 (29.5)
  On oral hypoglycemic agents 652 (22.2)
  On insulin 213 (7.3)
Poor glycemic controlb 137 (4.7)
Serum hemoglobin, g/L 13.3 ± 1.6
  <12 708 (24.1)
Poor mobilityc 14 (0.5)
Chronic lung diseasec 134 (4.6)
eGFR, mL/mind 78.5 ± 27.7
  50–85c 1515 (51.6)
  <50c 365 (12.4)
Chronic dialysis 35 (1.2)
Extracardiac arteriopathyc 192 (6.5)
Atrial fibrillation 12 (0.4)
Congestive heart failure 135 (4.6)
Unstable angina 860 (29.3)
Silent myocardial ischemia 47 (1.6)
Recent myocardial infarctionc 366 (12.5)
Coronary artery disease
  Left main 1062 (36.2)
  One-vessel 14 (0.5)
  Two-vessel 375 (12.8)
  Three-vessel 2547 (86.8)
LVEF, % 55.2 ± 10.3
  30–50c 710 (24.2)
  <30c 85 (2.9)
Previous PCI 94 (3.2)
Previous cardiac operationc 31 (1.1)
Previous CABG surgery 12 (0.4)
Cardiogenic shock 5 (0.2)
Aborted sudden death 7 (0.2)
Use of IABP 96 (3.3)
Urgent surgical priorityc 1750 (59.6)
Emergencyc 53 (1.8)
Expected operative risk (by EuroSCORE 
II [28]), %

2 (1.1–3.9)

BMI body mass index, BSG basal serum glucose, CABG 
coronary artery bypass grafts, EuroSCORE European 
System for Cardiac Operative Risk Evaluation, GFR glo-
merular filtration rate, IABP intra-aortic balloon pumping, 
LVEF left ventricular ejection fraction, PCI percutaneous 
coronary intervention, SD standard deviation
aValues are number of patients, mean ± SD, or median, 
with the percentage or the range between the first and the 
third quartile in brackets
bBSG >200 mg/dL at three consecutive measurements
cDefinitions and cutoff values are those employed for 
EuroSCORE II [28]
dThe creatinine clearance rate, calculated according to the 
Cockcroft–Gault formula, was used for approximating the 
GFR

G. Gatti et al.
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Surgery was carried out via a median sternotomy 
either with cardiopulmonary bypass, with or without 
cross-clamping the aorta or off-pump technique. 
When a period of myocardial ischemia was used, 
myocardial protection was usually achieved with 
multidose cold blood cardioplegia delivered in both 
antegrade and retrograde mode. A single-dose crys-
talloid solution (Custodiol–histidine–tryptophan–
ketoglutarate® solution; Essential Pharma, Newtown, 
Pennsylvania, PA) was sometimes preferred, espe-
cially when longer ischemic times were expected.

The details as the selection criteria of patients, 
rate of BITA use, ITA harvesting technique, use 
of prophylactic antibiotics, preoperative skin 
preparation, the choice either of off-pump or on- 
pump technique, sternal closure, wound care, and 
perioperative management of hyperglycemia are 
summarized in Table 2 [27–38].

All perioperative data were prospectively and 
meticulously recorded for every patient in a com-
puterized data registry.

Table 2 The Italian (original and prospective), the French, and the German series: perioperative management of 
patients, surgical techniques, and sternal wound care

Measure

The Italian original (n = 2936) 
[27] and prospective series 
(n = 304) [29]

French series [30]
(n = 255)

German series [31]
(n = 53)

Study period The original series, 1999–2013, 
15 years; the prospective series, 
January 2014–July 2015, 
19 months

2015, 12 months January 2014–November 
2016, 35 months

Institution Cardiovascular Department, 
University Hospital of Trieste, 
Trieste, Italy

Department of Thoracic and 
Cardiovascular Surgery, 
University Hospital Jean 
Minjoz, Besançon, France

Department of Cardiac 
Surgery, Cardiovascular 
Center, Paracelsus Medical 
University, Klinikum 
Nürnberg, Nuremberg, 
Germany

Rate of BITA 
use

The original series, 2936/4160 
patients, 70.6%; the prospective 
series, 304/335 patients, 90.7%

255/255 patients, 100% 53/1313 patients, 4%

Preoperative 
BITA evaluation

To evaluate the suitability of both 
ITAs to be used as coronary 
grafts, all patients had undergone 
bilateral selective angiography of 
the subclavian artery during 
preoperative coronary 
angiography

None None

Selection criteria 
of the patients

All patients with multivessel 
coronary disease who required 
left-sided myocardial 
revascularization were candidates 
for BITA grafting, the sole 
exceptions being the cases in 
which one or both ITAs were 
unsuitable as coronary grafts, or 
when there was an unexpected 
operative finding of severe cardiac 
dysfunction, or when rapid 
worsening of hemodynamics due 
to ischemia required immediate 
institution of CPB. Actually, there 
have been even some cases where 
a second ITA graft was harvested 
during CPB

All patients with multivessel 
coronary disease had BITA 
grafting, the sole exceptions 
being the cases in which one or 
both ITAs were unsuitable as 
coronary grafts. Actually, there 
have been even some cases 
where a second ITA graft was 
harvested during CPB

The use either of one or both 
ITAs depended on the 
surgeon’s choice

(continued)

The Gatti Score and the Risk of Deep Sternal Wound Infection After Bilateral Internal Thoracic Artery Grafting
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Table 2 (continued)

Measure

The Italian original (n = 2936) 
[27] and prospective series 
(n = 304) [29]

French series [30]
(n = 255)

German series [31]
(n = 53)

Use of 
prophylactic 
antibiotics

A first-generation cephalosporin 
(cefazolin) was chosen. 
Vancomycin was used if there 
was a severe allergy to β-lactam 
antibiotics or in the event of 
mediastinal re-exploration; in the 
last case, the addition of an 
aminoglycoside was considered

A second-generation 
cephalosporin (cefuroxime) was 
chosen. Vancomycin was used if 
there was a severe allergy to 
β-lactam antibiotics. In the 
event of mediastinal 
re-exploration, the same 
protocol was used

A first-generation 
cephalosporin (cefazolin) 
was chosen. Vancomycin 
was used if there was a 
severe allergy to β-lactam 
antibiotics. In the event of 
mediastinal re-exploration, 
the same protocol was used

Skin preparation A careful skin preparation was 
performed with alcoholic iodine 
solution. Chlorhexidine–alcohol was 
used only for patients with iodine 
allergy. A microbial sealant that 
immobilizes bacteria was adopted

A careful skin preparation was 
performed with povidone- iodine. 
Chlorhexidine–alcohol was used 
only for patients with iodine 
allergy. A microbial sealant that 
immobilizes bacteria was adopted

A careful skin preparation 
was performed with 
alcoholic solution

ITA harvesting 
technique

Both ITAs were harvested as 
skeletonized conduits with 
low-intensity cautery and bipolar 
coagulation forceps, extending 
distally just to include either the 
superior epigastric or the 
musculophrenic artery [32]

Both ITAs were harvested as 
skeletonized conduits with 
low-intensity cautery; the 
collaterals were divided 
between vascular clips. Distal 
bifurcation was spared, 
bilaterally

Both ITAs were harvested as 
pedicled conduits with 
low-intensity cautery; the 
collaterals were divided 
between vascular clips. 
Distal bifurcation was 
spared, bilaterally

Use of off-pump 
and beating heart 
on-pump 
techniques

Off-pump and beating heart 
on-pump techniques were 
adopted only in the presence of a 
diffusely atherosclerotic 
ascending aorta (by intraoperative 
EAS) [33]

The use either of off-pump or 
on-pump technique depended on 
the surgeon’s choice. Some 
surgeons did exclusively off-pump, 
and others surgeons did exclusively 
on-pump, except for diffusely 
atherosclerotic ascending aorta, 
where off-pump (or beating heart 
on-pump) technique was used

Only the on-pump technique 
was used

Sternal closure Standard single-loop sternal 
wiring technique was used as a 
sternal closure method until 2009. 
Since 2010, the Erdinc double-
loop sternal wiring technique [34] 
was adopted systematically. Bone 
wax was forbidden. Neither 
platelet gel nor topical antibiotics 
were used. Skin staples were used

All patients were closed by the 
Sutherland sternal wiring 
technique [35]. Bone wax was 
used depending on the 
surgeon’s preference. Neither 
platelet gel nor topical 
antibiotics were used. A 
subcuticular suture was used

All patients were closed by 
standard sternal wiring 
technique. Bone wax was 
used according to the 
surgeon’s choice. Neither 
platelet gel nor topical 
antibiotics were used. A 
subcuticular suture was used

Wound care Traditional gauze dressings were 
applied immediately after the 
surgery to closed surgical 
incisions. Patients were 
monitored daily for symptoms of 
wound infection. Wounds were 
inspected immediately after 
removal of the dressings 
(postoperative day 2), early 
before hospital discharge, and at 
postoperative day 15 in a 
specifically dedicated surgical 
outpatient

Idem The Prevena™ Therapy 
system [36] was applied 
immediately after surgery to 
closed surgical incisions. A 
negative pressure of 
−75 mmHg was applied. The 
system was continuously 
active for a period of 5 days. 
Patients were monitored 
daily for symptoms of wound 
infection. Wounds were 
inspected immediately after 
removal of the system, early 
before hospital discharge, 
and at postoperative day 
30 in a specifically dedicated 
surgical outpatient

G. Gatti et al.
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3  Definitions

Unless otherwise stated, definitions of preopera-
tive clinical variables were those employed for 
the European System for Cardiac Operative Risk 
Evaluation II (EuroSCORE II) [28].

The Centers for Disease Control and 
Prevention classification of the surgical site 
infections was adopted to define sternal wound 
infections [39]. In brief, superficial incisional 
infection involves only skin or subcutaneous tis-
sues, deep incisional infection involves deep 
soft tissues (fascial and muscle layers) with or 
without the sternal bone, and organ/space infec-
tion involves the mediastinum (i.e., mediastini-
tis). For the purposes of this treatise, deep 
incisional infection and mediastinitis were con-
sidered to be DSWI.

Poor preoperative glycemic control was 
defined as basal serum glucose >200 mg/dL at 

three consecutive measurements before sur-
gery. Atherosclerosis of the ascending aorta 
was demonstrated using the epiaortic ultraso-
nography scan, which was performed intraop-
eratively in every patient. A porcelain aorta 
was defined as a diffusely calcified and unclam-
pable ascending aorta [27–33]. The risk profile 
for each patient was calculated according to 
EuroSCORE II [28].

Postoperatively, low cardiac output was 
defined as three consecutive cardiac index 
measurements <2.0 L/min/m2 despite adequate 
preload, afterload and inotropic support, or 
intra-aortic balloon pumping. Acute kidney 
injury was defined as postoperative serum cre-
atinine >2.0 mg/L in the patients without pre-
operative renal impairment and postoperative 
increase in serum creatinine of at least 1.0 mg/L 
above baseline in the patients with preopera-
tive renal impairment [27].

Table 2 (continued)

Measure

The Italian original (n = 2936) 
[27] and prospective series 
(n = 304) [29]

French series [30]
(n = 255)

German series [31]
(n = 53)

Management of 
hyperglycemia

All diabetic patients were treated 
during operation and then in ICU 
with a continuous intravenous 
insulin infusion in order to 
maintain serum glucose 
<180–200 mg/dL [37]

Idem Idem

Other surgical 
details

Both ITAs were used as in situ 
grafts when possible (based on the 
double-source concept). The right 
ITA was preferentially directed to 
the left anterior descending 
coronary artery and the left ITA to 
the posterolateral cardiac wall. 
Sometimes, the right ITA was 
taken down and used as a free graft 
from either the in situ left ITA 
(Y-graft) or (rarely) the proximal 
(aortic) end of a saphenous vein 
graft. The anteaortic crossover 
right ITA bypass graft was 
protected by means of a pedicled 
flap taken from the thymic 
remnants [38]. Additional coronary 
bypasses, usually for the right 
coronary artery, were performed 
with saphenous vein grafts

In every patient, the right ITA 
was taken down and used as the 
second branch of a Y-graft with 
the in situ left ITA. The BITA 
grafting alone technique was 
used

Both ITAs were used as in 
situ grafts when possible 
(based on the double- source 
concept). The left ITA was 
preferentially directed to the 
left anterior descending 
coronary artery and the right 
ITA to the posterolateral 
cardiac wall. Sometimes, the 
right ITA was taken down 
and used as a free graft from 
the in situ left ITA (Y-graft). 
Additional coronary 
bypasses, usually for the 
right coronary artery, were 
performed with saphenous 
vein grafts

BITA bilateral internal thoracic artery, CPB cardiopulmonary bypass, EAS epiaortic ultrasonography scan, ICU inten-
sive care unit, ITA internal thoracic artery

The Gatti Score and the Risk of Deep Sternal Wound Infection After Bilateral Internal Thoracic Artery Grafting
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4  Statistical Methods

Data from patients with DSWI were compared 
with data from patients without sternal complica-
tions. Preoperative clinical characteristics of the 
patients, operative data, and perioperative compli-
cations were compared using the chi-square or 
Fisher’s exact test for dichotomous variables and 
the Student’s t-test or the Mann–Whitney U-test 
for continuous variables. All variables from the 
univariable analysis with a p-value <0.1 were 
entered into a backward stepwise multivariable 
logistic regression analysis. Risk indices were 
constructed from the independent risk factors 
identified from the final multivariable logistic 
regression model. Variables were eligible for 
inclusion at p-value <0.1. Each of the risk indices 
had the variable weighted according to its regres-
sion coefficient. The function “nomogram” in the 
“rms” package for R was used to convert the mul-
tivariable model into a scoring system [40]. Two 
multivariable analysis models and two corre-
sponding models of a new predictive scoring sys-
tem for DSWI were created. The preoperative 
model included only preoperative characteristics 
of the patients. The combined model included 
both preoperative and intraoperative and postop-
erative variables. The predictive power of the 
models was assessed using Goodman–Kruskal’s 
nonparametric correlation coefficient G. 
According to Haley [41], the predictive power 
was defined as low (G < 0.3), moderate (G, 0.3–
0.5) and high (G > 0.5). The discrimination power 
of the models was assessed with the receiver- 
operating characteristic (ROC) curve and the cal-
culation of the area under the ROC curve (AUC). 
According to arbitrary guidelines [42], the accu-
racy of prediction was defined as low (AUC, 0.5–
0.7), moderate (AUC, 0.7–0.9), and high (AUC, 
0.9–1). The new predictive scoring system was 
compared (using DeLong’s method [43]) with 
some existing scoring systems for surgical site 
infection following cardiac surgery [21–26]. An 
internal validation procedure based on the 0.632 
bootstrap method was performed for both models. 
Finally, three studies on new validation samples 
of patients were carried out; the Hosmer–
Lemeshow test and the ROC curve analysis were 

adopted to assess the goodness-of-fit and the dis-
criminatory power, respectively, of the score. 
Correspondence between actual and expected 
DSWI risk was evaluated as well. Statistical anal-
yses were performed using SPSS for Windows, 
version 13.0 (SPSS, Inc., Chicago, IL, USA) [27].

5  Results

5.1  Risk Factors for DSWI 
and Multivariable Analysis 
Models

A total of 129 (4.4%) patients suffered from 
DSWI.  These patients were compared with 
2743 (93.4%) patients who experienced no ster-
nal complications. Older age, female gender, 
obesity, diabetes, poor glycemic control, severe 
anemia, chronic lung disease, severe renal 
impairment, chronic dialysis, extracardiac arte-
riopathy, congestive heart failure, left ventricu-
lar dysfunction, previous CABG surgery, urgent 
surgical priority, high expected operative risk 
(by EuroSCORE II), use of chlorhexidine–alco-
hol, porcelain aorta, and postoperative pro-
longed invasive ventilation, atrial fibrillation, 
low cardiac output, acute kidney injury, blood 
transfusion, multiple blood transfusion, and 
mediastinal re-exploration were risk factors for 
DSWI according to the univariable analysis. 
Using these dependent risk factors for DSWI, 
two multivariable analysis models were created 
to examine either preoperative alone or com-
bined (preoperative, intraoperative, and postop-
erative) risk factors. Female gender, body mass 
index >30 kg/m2, diabetes, poor glycemic con-
trol, chronic lung disease, and urgent surgical 
priority were the predictors of DSWI common 
to both models (Table 3) [27].

5.2  The New Predictive Scoring 
System for DSWI After BITA 
Grafting

According to the corresponding multivariable 
analysis models (Table 3), two models, preoper-

G. Gatti et al.
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ative and combined, of a new scoring system 
(the Gatti score) were created to predict DSWI 
after BITA grafting (Fig. 1). The predictive and 
the discriminatory power of both models were 
moderate (Table 4). The preoperative model of 
the Gatti score was equivalent to the correspond-
ing combined model and the preoperative model 
of the Society of Thoracic Surgeons risk score 
(Fig.  2) [24, 27]. It was superior to the sternal 
wound infection prediction scale [22], the 
Northern New England Cardiovascular Disease 
Study Group prediction rule for mediastinitis 
[21], the additive EuroSCORE [26], the 
Friedman score [25], and the Alfred Hospital 
risk index A [23]. The combined model of the 
Gatti score was superior to the combined model 
of the Society of Thoracic Surgeons risk score 
[24], the sternal wound infection prediction 
scale-revisited [22], and the Alfred Hospital risk 
index B [23]. All the Gatti score variables 
remained significant by bootstrap internal vali-
dation [27].

5.3  Validation Studies

Although there were significant differences with 
the Italian original series (Tables 2 and 5) [27], 
the Gatti score has proven to be effective even in 
other cohorts of patients, which were the valida-
tion samples (Tables 4 and 6) [29–31]. When 
tested, correspondence between actual and 
expected DSWI risk was good for low- and high- 
risk patients [29, 30].

6  Discussion

The Gatti score is a weighted scoring system that 
was specifically created to predict DSWI risk 
after BITA grafting. It derives from a consecutive 
series of nearly 3000 BITA patients who had 
been operated on at an Italian institution between 
1999 and 2013. In these patients, BITA grafts had 
been used on a routine basis, the rate of BITA use 
being increased from about 60% in 1999 to over 

Table 3 The Italian original series: risk factors for DSWI [39] (multivariable analysis) (n = 2872) [27]a

Risk factor
Preoperative evaluation Combined evaluation
OR (95% CI) p-value OR (95% CI) p-value

Female gender 2.96 (2.01–4.37) <0.0001 3.00 (2.02–4.46) <0.0001
BMI >30 kg/m2 1.43 (0.95–2.17) 0.087 1.49 (0.98–2.26) 0.061
Diabetes on oral hypoglycemic agents 1.71 (1.12–2.63) 0.014 1.69 (1.10–2.61) 0.017
Diabetes on insulin 2.63 (1.52–4.56) 0.0005 2.45 (1.41–4.26) 0.0014
Poor glycemic controlb 1.88 (0.99–3.59) 0.055 2.14 (1.12–4.10) 0.021
Chronic lung diseasec 2.98 (1.56–5.69) 0.0009 2.83 (1.47–5.47) 0.0019
Chronic dialysis 2.73 (0.97–7.69) 0.057 – –
Congestive heart failure 1.89 (1.00–3.57) 0.05 – –
Urgent surgical priorityc 1.69 (1.13–2.53) 0.011 1.61 (1.07–2.41) 0.022
Use of chlorhexidine–alcohol – – 2.35 (0.95–5.80) 0.063
Porcelain aorta (by intraoperative EAS [33]) – – 1.83 (0.99–3.36) 0.053
Postoperative
  Low cardiac outputd – – 5.34 (1.95–14.61) 0.0011
  Multiple blood transfusion (>2 RBCs) – – 1.79 (1.07–2.99) 0.026
  Mediastinal re-exploratione – – 1.94 (0.98–3.85) 0.059

BMI body mass index, BSG basal serum glucose, CI confidence interval, DSWI deep sternal wound infection, EAS 
epiaortic ultrasonography scan, EuroSCORE European System for Cardiac Operative Risk Evaluation, IABP intra- 
aortic balloon pumping, OR odds ratio, RBCs packed red blood cells, SD standard deviation
aBoth patients with superficial incisional sternal wound infection and patients with sternal separation without infection 
were excluded from this analysis
bBSG >200 mg/dL at three consecutive measurements
cDefinitions were those employed for EuroSCORE II (Ref. [28])
dDefined as three consecutive cardiac index measurements <2.0 l/min/m2 despite adequate preload, afterload and ino-
tropic support, or IABP
eThrough resternotomy or subxifoid window

The Gatti Score and the Risk of Deep Sternal Wound Infection After Bilateral Internal Thoracic Artery Grafting
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80% in the last years. In 4.4% of the cases, any 
DSWI occurred [27]. It was an expected and fre-
quent postoperative complication. It was more 
frequent than reported in the cohort of patients 
who had received single ITA grafts at the same 
institution during the same period of the study 
(1.8%). It was more frequent than reported by 

other authors [1–12, 14–16]. The higher rate of 
sternal complications of the present series was 
due to the liberal use of BITA grafts, without any 
preoperative selection of candidates for left-sided 
BITA grafting, the high prevalence among the 
study patients of obesity, diabetes and urgent surgical 
priority, and the relatively high rate of postoperative 
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Fig. 1 The Gatti score. (a) Preoperative. (b) Combined model. Nomogram
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complications such as multiple blood transfusion 
and mediastinal re-exploration [27].

Two multivariable analysis models were cre-
ated to examine preoperative factors either alone 
or in combination with intraoperative and post-
operative factors. The female gender, obesity, 
diabetes, poor glycemic control, chronic lung 
disease, and urgent surgical priority were the 
predictors of DSWI common to both models. 
Both models showed moderate predictive power 
and accuracy of prediction. The preoperative 
model performed better than five of six scoring 
systems for sternal wound infection that were 
considered [21–27]; the combined model per-
formed better than three considered scoring sys-
tems [22–24]. A positive internal validation 
procedure based on bootstrap was performed for 
both models [27]. Three validation studies have 
been performed successfully, though there were 
significant  differences between the Italian origi-
nal series and each one of the three validation 
samples [29–31].

Of course, there are some limitations and 
chances for improvement. Since serum levels of 

glycated hemoglobin have not been available, 
preoperatively, for every patient, basal serum 
glucose >200 mg/dL at three consecutive mea-
surements before surgery was adopted as the 
marker of poor preoperative glycemic control. 
The predictive system has to be implemented 
with the use of preoperative glycated hemoglo-
bin according to internationally agreed guidance 
[1] and more recent evidence [4]. The analysis 
from which the score was derived did not evalu-
ate the contribution to DSWI risk of potentially 
important factors such as causative pathogens, 
antibiotic prophylaxis, and preoperative patient 
preparation. The impact of operative methods 
such as off-pump technique on the risk of DSWI 
was not analyzed. However, off-pump and beat-
ing heart on-pump techniques were adopted only 
in the presence of a calcified ascending aorta. 
There is some arbitrariness in the adopted defini-
tions. More studies have to be performed in 
order to strengthen the evidence of these first 
external validations.

Despite these limitations, the Gatti score could 
be a useful tool for the surgeon for decision- 

Table 4 The Italian (original and prospective), the French, and the German series: performance of the Gatti score 
(preoperative and combined)a

Risk factor

Italian original 
series
(n = 2872) [27]

Italian prospective 
series
(n = 301) [29]

French series
(n = 239) 
[30]

German 
series
(n = 47) [31]

Preoperative model
  Goodman–Kruskal’s coefficient G 0.76 – – –
  The Hosmer–Lemeshow goodness-of- fit test
   Chi-square – – – 4.8
   Degrees of freedom – – – 7
   p-value – 0.61 0.59 0.69
  Discriminatory power
   AUC 0.72 0.82 0.78 0.84
   95% CI 0.7–0.73 0.72–0.91 0.64–0.92 0.71–0.92
Combined model
  Goodman–Kruskal’s coefficient G 0.84 – – –
  The Hosmer–Lemeshow goodness-of- fit test
   Chi-square – – – –
   Degrees of freedom – – – –
   p-value – 0.81 0.82 –
  Discriminatory power
   AUC 0.73 0.8 0.84 –
   95% CI 0.72–0.75 0.71–0.9 0.69–0.98 –

AUC area under the receiver-operating characteristic curve, CI confidence interval
aBoth patients with superficial incisional sternal wound infection and patients with sternal separation without infection 
were excluded from this analysis
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making. Actually, there are many ways of using 
the score by the surgeon for her/his patient, 
depending on the relative weight in the choice of 
the following variables: the age of the patient, the 
depth of surgeon’s persuasion about the long- term 

survival benefits from the use of BITA grafting, 
the rate of DSWI after CABG surgery at the sur-
geon’s institution, and the percentage of successful 
treatment. For example, (1) the surgeon persuaded 
of the long-term survival benefits from BITA 
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Fig. 2 The new predictive scoring system for DSWI after 
BITA grafting (the Gatti score, the preoperative model; 
AUC = 0.72, 95% CI: 0.7–0.73) versus (a) STS risk score, 
the preoperative model (AUC = 0.69, 95% CI: 0.67–0.71; 
p = 0.14) and SWIPS (AUC = 0.65, 95% CI: 0.64–0.67; 
p  =  0.012); (b) NNE prediction rule for mediastinitis 
(AUC  =  0.65, 95% CI: 0.63–0.67; p  =  0.0046) and 
EuroSCORE, the additive model (AUC = 0.62, 95% CI: 
0.6–0.64; p  =  0.0007) and (c) the Friedman score 
(AUC = 0.62, 95% CI: 0.6–0.63; p = 0.0002) and AH risk 
index A (AUC = 0.59, 95% CI: 0.57–0.61; p < 0.0001). 
(d) The new predictive scoring system for DSWI after 

BITA grafting (the Gatti score, the combined model; 
AUC = 0.73, 95% CI: 0.72–0.75) versus STS risk score, 
the combined model (AUC  =  0.66, 95% CI: 0.64–0.68; 
p = 0.002); SWIPS-R (AUC = 0.64, 95% CI: 0.63–0.66; 
p = 0.0012) and AH risk index B (AUC = 0.6, 95% CI: 
0.58–0.61; p  <  0.0001). AH Alfred Hospital, AUC area 
under the receiver-operating characteristic curve, BITA 
bilateral internal thoracic artery, CI confidence interval, 
DSWI deep sternal wound infection, EuroSCORE the 
European System for Cardiac Operation Evaluation, NNE 
the Northern New England Cardiovascular Disease Study 
Group, STS the Society of Thoracic Surgeons, SWIPS(−R) 
sternal wound infection prediction scale (−revisited)
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Table 5 The Italian (original and prospective), the French, and the German series: the rates of the Gatti score risk 
factors for DSWI [39]a, b

Risk factor

Italian original 
series
(n = 2872) [27]

Italian prospective 
series
(n = 301) [29]

French series
(n = 239) 
[30]

German 
series
(n = 47) [31]

Female gender 441 (15.4) 29 (9.6) 47 (19.7) 3 (6.4)
BMI >30 kg/m2 572 (19.9) 63 (20.9) 55 (23) 20 (42.6)
Diabetes on oral hypoglycemic agents 638 (22.2) 82 (27.2) 65 (27.2) 4 (8.5)
Diabetes on insulin 204 (7.1) 23 (7.6) 22 (9.2) 3 (6.4)
Poor glycemic control
  BSG >200 mg/dL at three consecutive 

measurements
135 (4.7) 16 (5.3) – –

  Glycated hemoglobin ≥6.5% – 13 (4.3) 67 (28) 4 (8.5)
Chronic lung diseasec 128 (4.5) 24 (8) 9 (3.8) 0
Chronic dialysis 34 (1.2) 4 (1.3) 3 (1.3) 0
Congestive heart failure 141 (4.9) 15 (5) 9 (3.8) 10 (21.3)
Urgent surgical priorityc 1711 (59.6) 233 (77.4) 75 (31.4) 21 (44.7)
Use of chlorhexidine–alcohol 56 (1.9) 22 (7.3) 0 0
Diffusely atherosclerotic ascending aortad 220 (7.7) 43 (14.3) 24 (10)e 3 (6.4)e

Porcelain aortad 168 (5.8) 17 (5.6) – –
Postoperative
  Low cardiac outputf 25 (0.9) 5 (1.7) 0 0
  Multiple blood transfusion (>2 RBCs) 315 (11) 28 (9.3) 14 (5.9) 3 (6.4)
  Mediastinal re-explorationg 136 (4.7) 28 (9.3) 3 (1.3) 3 (6.4)
The Gatti score
  The preoperative model (points) 79.3 ± 65.1 88.2 ± 64.8 81.4 ± 75.9 68.9 ± 58.4
  The combined model (points) 59.4 ± 48.1 70 ± 51.1 58.8 ± 53.2 44 ± 32.2

BMI body mass index, BSG basal serum glucose, DSWI deep sternal wound infection, EAS epiaortic ultrasonography 
scan, EuroSCORE European System for Cardiac Operative Risk Evaluation, IABP intra-aortic balloon pumping, RBCs 
packed red blood cells, SD standard deviation
aBoth patients with superficial incisional sternal wound infection and patients with sternal separation without infection 
were excluded from this analysis
bValues are number of patients with percentages in brackets or the mean ± SD
cDefinitions were those employed for EuroSCORE II (Ref. [28])
dBy intraoperative EAS (Ref. [23])
eBy intraoperative palpation
fDefined as three consecutive cardiac index measurements <2.0 L/min/m2 despite adequate preload, afterload and ino-
tropic support, or IABP
gThrough resternotomy or subxifoid window

Table 6 The Italian prospective and the French series: performance of the Gatti score (preoperative and combined)a

DSWI risk [39]

Italian prospective series
(n = 301) [29]

French series
(n = 239) [30]

Preoperative Combined Preoperative Combined
Low risk
  Actual (%) 3.8 4.5 2.9 2.4
  Expected (%) <10 <10 <10 <10
Middle risk
  Actual (%) 20 14.3 22.2 27.6
  Expected (%) 10–20 10–20 10–20 10–20
High risk
  Actual (%) 50 25 50 33.3
  Expected (%) >20 >20 >20 >20

DSWI deep sternal wound infection
aBoth patients with superficial incisional sternal wound infection and patients with sternal separation without infection 
were excluded from this analysis
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grafting, but concerned about the risk of DSWI 
due to the high rate of sternal complications after 
CABG surgery at her/his institution, would choose 
the preoperative model of the scoring system in 
order to exclude from the use of BITA graft 
patients aged 70 (or 75) or older with an expected 
risk of DSWI >10%; (2) the surgeon persuaded of 
the long-term benefits from BITA use, and work-
ing at an institution with a low rate of sternal com-
plications, would use the preoperative model of 
the scoring system to exclude patients aged 70 (or 
75) or older with an expected risk of DSWI >15% 
and every patient with an expected risk of DSWI 
>20% (regardless of age); (3) the surgeon firmly 
convinced of the BITA benefits would adopt BITA 
grafting for every patient regardless of age and use 
the combined model of the scoring system to iden-
tify the high- risk patients for DSWI in order to fol-
low them closely on early after surgery and to 
perform a more aggressive treatment of superficial 
wound infections [27].

 Conclusions
To limit the risk of sternal wound infection 
after BITA grafting, three requirements are 
needed for the surgeon: (1) to know about the 
risk factors for sternal wound infection of the 
patient that he/she will operate on, (2) to per-
form a reasonable preoperative selection of 
the patients according to these risk factors, 
and (3) to adopt effective measures of preven-
tion and treatment. It was Dr. Gatti’s intention 
to create a predictive scoring system in order 
to reduce the rate of DSWI following CABG 
surgery without giving up too much in the 
sense of the long-term survival benefits 
derived from the use of BITA grafts. Dr. Gatti 
does not presume to assign rigid rules; his 
intention was to suggest humbly a simple way 
to perform the selection of the patients.
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1  Introduction

Atherosclerosis is one of the major problems in 
modern medicine. Mostly revealed in older popu-
lation however, patients with positive genetic 
background, heavy smokers and drinkers, and 
diabetic patients are some of the most susceptible 
groups presenting the disease earlier. Besides 
coronary disease, other main clinical presenta-
tions are aortic, carotid, and peripheral vascular 
pathology; insidious, progressive diseases even-
tually causing invalidity; limb or tissue loss; and 
death. Final therapy after prevention and medical 
intervention is surgical, weighted due to tissue 
fragility and disrupted by patient general condi-
tion, older age, obesity, and smoking consump-
tion. By virtue of technological improvements, 
modern vascular surgery becomes less invasive; 
however, invasive procedures are still not eradi-
cated. A significant number of vascular patients 
are treated with invasive, extensive procedures, 
facilitated with various implants. Occlusive vas-
cular disease, diabetes, but also immobility are 
inducing occurrence of peripheral ulcers.

Extensive surgery and peripheral ulcers are 
the main cause of tissue damage and wound 
appearances in vascular patients, while comorbid 
conditions are supporting slow and insufficient 
healing. For these reasons vascular surgeons, and 
other physicians treating vascular patients, are 
looking forward to any improvements in wound 
healing, and negative-pressure wound therapy 
(NPWT) is one of the methods frequently used. 
Besides complex wounds caused by vascular dis-
ease, we are frequently facing complex problems 
caused by surgical site infection (SSI) after vas-
cular procedures. Prolonged preoperative hospi-
tal stay, obesity, female sex, malnutrition, and 
malignant, renal, and peripheral occlusive dis-
ease are some of the risk factors for SSI [1–4]. In 
this chapter we would like to describe different, 
most frequent, indications for NPWT in vascular 
surgery or vascular patients. We are discussing 
challenges of graft infection, abdominal com-
partment syndrome (ACS), pedal ulcers, amputa-
tion stump complications, and some other 
complex wounds. Besides the literature data, 
experience and results from our own practice are 
presented [5].

2  Vascular Graft Infection

“God may very well be a surgeon, but one would be 
wise to remember that the converse cannot be true.”

In what now would be regarded as the early 
days of vascular surgery, Shaw [6] said that arterial 
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graft infections would “lead to loss of the patient 
or a large part of him.” Historically, when aortic 
grafts were first introduced into common clinical 
in the 1960s, conservative treatment was the pri-
mary therapy for aortic graft infection, but it soon 
became evident that it was difficult, if not impos-
sible, to eradicate infection with the graft material 
and antibiotics available at that time. Resection of 
the infected graft, followed by either extra-ana-
tomic bypass or in-line replacement, became the 
mainstay of therapy. The incidence of vascular 
prosthetic graft infection now varies from 0.6% to 
5%2, with a limb amputation rate from 5% to 25% 
and a mortality rate from 25% to 88% [7–10].

In the last period of the twenty-first century, 
significant advances have been made in manag-
ing patients who have problems associated with 
graft infections, in the field of diagnosis and 
treatment.

Successful diagnosis depends upon a high 
index of clinical suspicion and aggressive workup 
of the problem when graft infection is suspected. 
The clinical picture is often rather unimpressive, 
reflecting the indolent nature of many late infec-
tions that may exist in virtual symbiosis with the 
patient and present many months to years after 
graft implantation. Current imaging modalities to 
diagnose prosthetic graft infection are ultrasound, 
computed tomography (CT) scanning, and mag-
netic resonance imaging (MRI). Relatively 
new techniques are fluorodeoxyglucose- positron 
emission tomography (FDG-PET) and single pos-
itron emission computer tomography (SPECT) 
with accurate visualization of increased metabolic 
activity, especially when combined with CT or 
MRI [6]. Some relatively new nuclear diagnostic 
developments may have added value in the detec-
tion of vascular prosthetic graft infection. More 
specific tracers are currently being developed, for 
example, 18F–folate, 18F–choline, 99  m–
Technetium- labeled interleukin-8 or interleu-
kin-2, and gallium-68, which act on the local 
immune response and can all be used in PET or 
SPECT imaging [11–13]. However, the precise 
added value in the detection of vascular prosthetic 
graft infection is also still unclear [14].

The surgical treatment of an infected aortic 
graft is challenging and involves a major interven-

tion in patients who are often critically ill. Surgical 
treatment is based on two major principles: The 
first focuses on eradication of the infection and its 
sequel, which means an extensive debridement of 
all infected tissue, including part of the graft. The 
second principle focuses on maintaining or restor-
ing perfusion to the lower limbs. Traditionally, the 
lower limb is reperfused by placing an extra-ana-
tomic bypass through a non-infected part of the 
body. An alternative approach reported earlier or 
the so-called NAIS (neoaortic iliac system opera-
tion) is that of in situ replacement of infected aor-
tic prosthesis with venous grafts (deep and 
superficial lower extremity veins) [15].

Still, an unanswered question that remains 
involves decision when to proceed with conser-
vative treatment. As the population ages and the 
number of aortic grafts placed increases, even 
with prophylactic antibiotics and low infection 
rates, there will always be a small percentage of 
patients who develop aortic graft infections. 
Antibiotic therapy for established graft infection 
should always include parenteral, culture-specific 
drug therapy bactericidal to cultured or suspected 
organisms. Because the preferred bacteria mode 
of growth is as a biofilm, antibiotics capable of 
biofilm penetration and eradicating of slow- 
growing organisms are recommended. Local 
delivery of antibiotics to the surgical site in the 
form of antibiotic-impregnated beads or an 
antibiotic- impregnated vascular prosthesis has 
also been shown to be of value [16, 17].

Groin is the most frequent surgical approach in 
both open and endovascular surgery. Consequently 
the vast majority of vascular SSI are in this region. 
The classification of SSI in vascular surgery was 
made by Szilagyi [18]. In the presence of synthetic 
graft groin infection, especially early and deep 
groin (Szilagy grade III), may be a limb- and/or 
life-threatening wound infection. Since general 
condition of vascular patients does not always 
allow extensive radical procedure, described 
above, NPWT came out as a “second best primary 
used” solution. There are numerous literature data 
reporting experience in vascular SSI treated with 
VAC therapy including one RCT [19–28]. 
Outcome measures used were graft preservation 
(>80%), wound healing (20–50  days), and cost-
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effectiveness (more than alginate dressing), while 
the most important side effect reported was major 
bleeding (<10%). Low rate of side effect and high 
rate of success support nowadays practice to use 
NPWT as a first option in patient with groin early 
and deep SSI. Still one should be aware of treat-
ment failure that might occur probably even more 
frequently since reported experience might be 
biased by positive reporting. In patients who have 
acceptable risk for aggressive therapy on one side 
and their groin infection has negative predictors 
for conservative therapy (anastomosis is not intact, 
systemic signs of sepsis with aggressive offending 
organism like Pseudomonas aeruginosa), then 
NPWT might be loss of time. In all other circum-
stances, NPWT should be attempted.

Treatment of early deep groin SSI primarily 
demands aggressive debridement. Due to its off- 
label use, application of VAC system, in groin 
wound with exposed synthetic graft, is not stan-
dardized. The main problems are ingrowth, adher-
ence to wound, and major bleeding from infected 
graft and anastomosis. Prevention may be 
achieved by an application of a nonadhesive sili-
cone-based dressing before putting on polyure-
thane foam. Another described technique is the 
usage of two layers (polyvinyl alcohol and poly-
urethane) foams. In our experience major bleed-
ing occurred in patients with severe groin infection 
where vein to graft anastomosis was exposed [5]. 
Negative pressure mostly used is continuous 
regime 125 mmHg; however, there is no data to 
prevent using lower intensity. NPWT is even more 

frequently used in superficial groin infection with 
more success. It provides faster wound healing 
and less hospitalization stay and saves time and 
costs for frequent dressings. In the last 7 years at 
our institution, 35 patients with early deep groin 
infection with exposed synthetic graft were 
treated. Major bleeding occurred in one patient; it 
was not possible to save graft in seven (20%) 
patients, while all other wounds healed until sec-
ondary suture. During follow-up two patients had 
reinfection and were treated with radical treat-
ment. In Fig. 1 one of the patients is presented.

Improvements in treatment of such complex 
condition with NPWT might be reached with 
usage of new devices that are providing instilla-
tion of antibiotics and other antiseptic solution 
used to rinse the wound during NPWT. Another 
new procedure is named as Endovac [29]. It con-
siders implantation of the stent graft inside the 
infected graft and then NPWT upon removal of 
infected prosthesis. Advantages are no need for 
clamping, scar tissue dissection, and no fragile 
anastomosis is left in infection zone. Disadvantage 
is that it is equivalent of “in situ” reconstruction.

3  Complex Wounds in Vascular 
Surgery (Laparotomy 
and Thoracolumbotomy)

In the era of development of aortic endovascular 
techniques, open repair still has its place in modern 
vascular surgery. Due to certain anatomical limits 

a b c d

Fig. 1 (a–c) Treatment of synthetic graft infection in the groin. PTFE graft is exposed and wound is retracted with five 
dressings (15 days). (d) Finally secondary suture was possible [5]
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that are preventing more extensive usage of endo-
vascular techniques, open repair is nowadays used 
in more complex pathology requiring extensive 
procedures. Some of them are extending beyond 
abdominal cavity demanding opening thoracic 
department as well. Complex and long procedure 
and extensive incisions in fragile devastating ath-
erosclerotic patients are contributing to wound 
dehiscence and infection in such patients. Even 
worse their general condition might prevent radical 
treatment of these complications, and NPWT has 
emerged as a savior in such a situations.

3.1  Laparotomy Wounds

In the published literature there are a lot of arti-
cles pertaining to the method of access during 
open abdominal aortic surgery, advising midline 
laparotomy comparing to the left retroperitoneal 
approach for infrarenal AAA repair, that although 
with fewer cardiopulmonary complications and 
shorter hospital stay, has more unsatisfactory 
postoperative wound complications. In high-
experience centers, transabdominal approach 
because of its advantages is the method of choice, 
while  retroperitoneal approach is reserved for 
specific pathological entities [30–32].

The classification system presented by the 
Centers for Disease Control and Prevention 
(CDC) broadly categorizes surgical site infection 
(SSI) into incisional or organ-space infections, 
with incisional infections further subdivided into 
superficial and deep [33]. Data on the rate of com-
plications such as infection laparotomy wounds 
after aortic surgery are described in the literature 
up to 5% [34]. SSI after arterial intervention is a 
common nosocomial vascular complication and 
an important cause of postoperative morbidity 
and mortality. SSI leads to a significant increase 
in hospital stay, ICU admission, long- term surgi-
cal site complications, patient suffering, readmis-
sion, cost, and death [1, 35]. The traditional 
approach to treating SSI involves daily or more 
frequent dressing changes, sometimes involving 
packing of a wound cavity. There are a number of 
different dressing options, from simple dress-
ings—such as nonadherent dressings—to more 
modern options such as foam, hydrocolloid, and 

alginate dressings. A Cochrane systematic review 
found 13 randomized controlled trials comparing 
dressings and topical treatments for SSI [36]. All 
of the trials were over 10 years old, small, and of 
poor quality. There was no evidence that the 
choice of dressing or topical treatment had any 
impact on healing rates. Given the potential com-
plexity, size, and longevity of SSI, interest in 
alternative treatment options grows [37]. Even 
though we can see very big progress in the area of 
technique of closing laparotomy wounds lately, 
the risk of infections, dehiscence, and ventral her-
nia after an aortic surgery still remains high. Some 
of the risk factors contributing to the occurrence 
of wound infection are obesity, inadequate care, 
hematoma, lymphorea, and reoperations [38].

NPWT is an established mode of therapy after 
vascular procedures and in many centers is the 
method of choice [39]. It has been used success-
fully to manage many different high-risk surgical 
incisions including complex abdominal closures 
with good results [40]. Negative pressure at the 
incision surely decreases the likelihood of fluid 
accumulation; however, it is just one of several 
mechanisms of action of NPWT.  In addition, it 
improves wound base perfusion and oxygen-
ation, which may decrease SSI risk. The target 
value of negative pressure in laparotomy wound 
is 125  mmHg, while the time interval between 
the dressings is 3–5  days. Further replacement 
depends on condition of wound and its edges 
(Figs. 1 and 2). With adequate debridement and 
local processing before the application of the sys-
tem for negative pressure, average duration of 
therapy can be significantly reduced.

The first time that NPWT was used in treat-
ment of laparotomy wounds in our clinic was in 
2009. Since then, 3500 patients were treated with 
an open aortic surgery, and 175 (2.5%) had 
wound infection of any levels. In 55 patients we 
applied NPWT, and the success and secondary 
suture was 100%. The infection rate of 2.5% can 
be explained with substantial number (750) of 
emergency procedures which was an indepen-
dent predictor of wound infection. The average 
length of treatment was 2 weeks since we used 
NPWT in more extensive wound infection fre-
quently localized in both groin and laparotomy 
wound. Most frequently indication for NPWT 
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was extensive wound secretion. Once infection in 
other remote parts of the same laparotomy wound 
is suspected, we considered removing all sutures 
and openly connecting the two infected segments 
avoiding any tunneling in the wound. In our ini-
tial experience, tunneling rarely provides ade-
quate wound healing and usually ends with 
complete wound opening (especially in patients 
with thick layer of adipose tissue). In Fig.  2 a 
patient with concomitant infection of the lapa-
rotomy and groin wound is presented.

3.2  Thoracolumbotomy Wounds

Standard approach for open thoracoabdomi-
nal aneurysm repair is thoracolumbotomy by 

partially opening the diaphragm as well. Such an 
extensive approach makes the early postoperative 
recovery potentially complicated. Long surgical 
incision, partially located at the patients’ back 
side, resection, or damage of one or more ribs, 
sternum, and intercostal muscles and diaphragm 
are compromising breading, coughing, and exer-
cise. Similar is if complications related to this 
surgery (prolonged mechanical ventilation, acute 
or delayed paraplegia, and cerebral ischemia) 
occur. In obese or in female patients, fat subcuta-
neous adipose tissue is prone to necrosis, while 
exclusion of most intercostal arteries is compro-
mising perfusion of this region. Once infection 
and dehiscence occurs, they deteriorate pulmo-
nary function and induce pleural effusion, atelec-
tasis, pleural empyema, or even mediastinitis. 

a b c

d e f

Fig. 2 (a–c) Concomitant infections of the laparotomy 
and groin wound in a 125 kg weight patient treated due to 
ruptured abdominal aortic aneurysm. Extensive secretion 
from both wounds required multiple daily dressings (more 

than 15 per day); patient was unmotivated in the ICU. (d) 
VAC dressing was applied to both wounds. (e, f) With 
only three dressings per week, patient was motivated, ver-
ticalized, and transmitted to semi-intensive care unit [2]
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On  the other side, primary pleural effusion or 
empyema might be the reason for wound infec-
tion. Both pathways are possible with the same 
eventual outcome leading to patient state deterio-
ration and finally sepsis when multi-organ failure 
is experienced. Therefore, any patient with a tho-
racolumbotomy wound infection should undergo 
chest CT examination.

The closure and care of these wounds is very 
important for adequate postoperative recovery 
and survival. The literature data related to this 
topic is scarce. The experience of our clinic 
shows that aggressive treatment of infections at 
the beginning is extremely important. In addition 
to surgical treatment in the form of debridement, 
incision, and curettage, adequate local treatment 
is of great importance for the complete healing 
of the wound. Considering the size of the wound 
after open thoracoabdominal aneurysm’s surgery 
and its very potential secretion, classic local 
treatment such as dressing and application of 
hydrocolloid solution usually remains without 
success. In addition it requires dressing several 
times a day that is time-consuming, costly, and 
discomforting for patient. The use of NPWT has 
been very useful in our experience.

As in the treatment of laparotomy wound, we 
used the same principle of pressure with a slightly 
longer duration of therapy. Sometimes we have a 
partial wound infection in two parts that are not 
connected, and then application system for NPWT 
often is not easy. In such wounds, it is advised to 
use a “bridging” technique or separate application 
using “ˇY” connection. Of the 95 patients who 
have been subjected to an open surgical treatment 
of thoracoabdominal aneurysm in our clinic in the 
period 2009–2015, 7 of them (7.36%) were treated 
with NPWT, and 6 of these 7 were successfully 
secondary closed. The average duration of the 
therapy was 14 days (7–24 days).

In recent years, the indication for NPWT has 
been extended to include treatment of closed sur-
gical incisions. Two simplified NPWT devices 
became commercially available in 2010 
(Prevena™; KCI) and 2011 (PICO™; Smith & 
Nephew, Hull, UK). These NPWT devices con-
sist of a single-use battery-powered negative- 
pressure therapy device, an easy-to-place 

dressing, and either a very small and easily por-
table canister or no canister at all. In the latter 
case, the liquid is removed by evaporation 
through a semipermeable dressing. The mecha-
nisms of action of this closed incision manage-
ment have been supported by biomechanical 
studies: increased blood flow, decreased lateral 
and shear stress at the suture lines with decreased 
risk of wound dehiscence, and increased lymph 
clearance with reduced formation of hematoma 
or seroma [41]. Also, given the significant per-
centage of complications of wounds after an open 
thoracoabdominal aneurysm repair, obvious con-
clusion is the more liberal use of NPWT for 
closed surgical incision.

Negative pressure of 125 mmHg is also recom-
mended for treatment of closed surgical incisions. 
Initial application is immediately intraoperatively, 
after placement of skin sutures, and interval time 
to redressing is 7  days. Given that the average 
duration of treatment of these wounds with 
NPWT is relatively long, especially in thoraco-
lumbotomy wounds where it is about 20  days, 
preventive use of these systems for treatment of 
closed surgical incisions (e.g., Prevena™, KCI, or 
PICO™, Smith & Nephew, Hull) could be very 
effective—future studies will show (Fig. 3).

3.3  Fasciotomy Wounds

Decompressive fasciotomy is frequently used in 
vascular surgery especially in vascular trauma or 
after late reperfusion. NPWT is rarely reported 
in such patients; however, it was shown that 
NPWT improves wound reduction, reduces 
dressing changes, and shortens wound closure 
time and hospital stay [42]. In our experience 
fasciotomy wound reduction is accomplished in 
a short period of time, while treatment of one 
young patient with combined vascular and ortho-
pedic injury complicated with knee edema and 
infection usage of NPWT in both wounds 
reduced severe edema and improved leg mobil-
ity, patient comfort, and recovery that finally 
reduced hospital stay and antibiotic therapy of 
this patient bringing him faster to physical ther-
apy (Figs. 4 and 5).
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a b

Fig. 3 (a) Prevention of SSI in patient with thoracolumbotomy with Prevena system (b) Treatment of SSI of thoraco-
lumbotomy with VAC system

a b

Fig. 4 (a) Fasciotomy wound after late revascularization. (b) Reduced wound after 15 days (five dressings) of NPWT
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3.4  Wound after Amputation 
in Vascular Patient

3.4.1  Pedal Ulcers
Pedal/ft ulcers may have different etiologies. 
They can be caused by electrical, chemical, or 
radiation burns, or they can be due to malignancy, 
collagen vascular diseases, untreated osteomyeli-
tis, as well as active Charcot disease [43]. 
Nevertheless, the most common cause of foot 
ulcer in “modern era” is diabetes mellitus (DM). 
The increase in the worldwide prevalence of DM 
has resulted in a dramatic rise in DM-related 
complications, such as diabetic foot ulcers. 
Between 45 and 60% of diabetic foot ulcers are 
caused by neuropathy, while around 10% have 
ischemic etiology. These two mechanisms in dif-
ferent ratio are the main initiating factors of 
infection [44, 45]. Around 25% of diabetic 
patients have a foot ulcer which leads to the 
infection development in 50% of patients. 
Consequently, infected ulcer results in amputa-
tion at around 20% of patients. The presence of 
infection is defined by ≥2 classic findings of 
inflammation or purulence. Infections are then 
classified into mild (superficial and limited in 
size and depth), moderate (deeper or more exten-
sive), or severe (accompanied by systemic signs 
or metabolic perturbations) [46]. Vascular 
patients with peripheral arterial or vein insuffi-
ciency are frequently diagnosed with already 

developed chronic wounds. With an exception of 
DM, ulcers might be caused by ischemia and 
infection alone. Some of these wounds are requir-
ing amputation after successful revascularization 
in the field of already damaged tissue.

Unfortunately, it is often the case that the 
patients reports on medical examination with 
very advanced local findings, such as infected 
foot ulcers and different types of phlegmonous/
gangrenous processes those requiring amputa-
tions on different levels (debridement, finger 
amputation, metatarsal bone disarticulations, 
etc.). Upon removal of necrotic tissue, different 
kinds of wound treatments have been described 
in the literature: advanced moist wound therapy 
(AMWT), bioengineered tissue or skin substi-
tutes, growth factors, electric stimulation, and 
NPWT [46–49].

NPWT is used to accelerate healing and to 
simplify local ulcer therapy. This kind of therapy 
promotes wound healing by delayed primary or 
secondary closure or as a preparation for skin 
transplant. The prerequisite for optimal effect for 
foot ulcer healing is oxygen/blood perfusion. In 
this regard in patient with foot ulcer, blood perfu-
sion should be assessed by ankle-brachial pres-
sure index and MDCT angiography, and if 
necessary revascularization should be performed. 
In a multicenter, randomized trial published from 
Armstrong and Lavery in 2005 [50], inclusion 
criteria for VAC therapy were partial foot ampu-
tation wounds up to the transmetatarsal level and 
evidence of adequate perfusion (TcPO2 
≥50 mmHg or a toe pressure ≥30 mmHg). In this 
trial they concluded that treatment with NPWT 
resulted in a higher proportion of wounds that 
healed, faster healing rates, and potentially fewer 
re-amputations than with standard treatment, in 
comparison with standard moist wound care.

There are few postulates of proper application 
of VAC system on foot ulcers. First of all, before 
the application it is necessary to remove all 
necrotic masses and to open all potentially 
infected compartments ensuring their drainage. If 
this fails, there is a high risk for infection pro-
gression along the muscle fascias and tendons. 
Further, a target value of negative pressure of 
125 mmHg can be reduced to 50–75 mmHg in 

Fig. 5 Young patient with complex trauma and both vas-
cular and bone injury. Medial and lateral fasciotomy were 
infected, and there were knee edema and signs of infec-
tion. NPWT with VAC system was applied in all three 
wounds and connected into one system
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case of pain development or worsening of wound 
perfusion. After first application, the initial cycle 
is 24–48  h, and further dynamics of system 
replacement and wound evaluation depends on 
local wound condition (no less than three times/
week). Because of anatomical foot characteris-
tics and ulcer localization, NPWT system appli-
cation is not always easy. The biggest “technical” 
problem represents ulcers on plantar side of foot, 
interdigital spaces, toes, metatarsal bends, and a 
curvature of heel region (Fig. 1). Because of that, 
for enumerated types of wounds, it is recom-
mended to use special dedicated foams for these 
particular locations or to use a “bridging” tech-
nique to ensure that additional pressure is not 
applied as a consequence of the placement of the 
tubing and/or SensaT.R.A.C.™/SensaT.R.A.C.™ 
pad. This involves using foam to allow placement 
of the SensaT.R.A.C.™/SensaT.R.A.C.™ pad or 
tubing on the dorsum of the foot [51].

Regardless of the revolutionary breakthrough 
in the treatment of foot ulcerations thanks to 
implementation of NPWT, for its success, the key 
is good patient selection, maximal revasculariza-
tion if it is possible, and combining with other 
treatment modalities. Furthermore, by the grad-
ual introduction into clinical practice, every clini-
cian should striving to the individual defining of 
indication area in accordance with the group of 
patients under the own circumstances, including 
and financial constraints. Special benefit of the 
VAC therapy is the possibility of treatment at 
home with regular checks and wound evaluation 
on an outpatient basis. The last mentioned, 
together with mobility and evident better patient 
motivation because of reduced number of daily 
dressings and improved hygienic conditions, 
contributes to improving patients’ quality of life.

3.4.2  Amputation Stump
Literature data regarding the NPWT in patients 
with major amputations, including below and 
above knee, are scarce. Almost, all until now 
published papers represent individual case 
reports or small case series. However, NPWT 
provided to be effective in stump healing due to 
residual hematomas, infections, dehiscence 
caused by chronic venous insufficiency, and 

residual wounds incurred during the prosthetic 
rehabilitation [51, 52].

In real circumstances of everyday vascular 
practice, infection and malperfusion after limb 
amputation are common findings in patients with 
occluded aortoiliac segment, as well as in patients 
with previous vascular surgery. These patients 
are frequently found after synthetic graft infec-
tion in the groin when extirpation is necessary 
without an option to restore flow. Also, in such 
patients, there is often no place for proximal 
amputations, and because of that the first next 
option is hip disarticulation.

In all of these situations, NPWT might be used 
to reduce the number of weekly dressings, 
improve perfusion, provide wound healing at the 
most distal level, and consequently improve sur-
vival. With VAC therapy, patients avoid uncom-
fortable and annoying everyday dressings.

Some of the extensive wounds after major or 
pedal amputation treated with NPWT cannot be 
reconstructed by conventional surgical methods 
such as secondary suture. In these situations, 
after adequate conditioning of wounds thanks to 
NPWT, it is necessary to perform a different kind 
of definitive plastic reconstruction using skin and 
muscle flaps (Fig. 6).

4  Compartment Syndrome 
After Aortic Surgery

Abdominal compartment syndrome (ACS) origi-
nates as consequence of increased intra- 
abdominal pressure (IAP) and causes potentially 
lethal multiple organ failure. Although it is 
known for more than a century that elevated IAP 
might lead to renal, respiratory, or cardiovascular 
impairment, the term ACS was first introduced in 
1984 by Kron [53] who described that entity in 
patients that underwent to the aortoiliac surgery. 
ACS is a well-known complication of the aortic 
surgery, most frequently seen after open (OR) 
and endovascular repair (EVAR) of ruptured 
abdominal aortic aneurysm (RAAA). 
Retroperitoneal hematoma and intestinal edema 
are the main causes of raised IAP in these cases. 
Having in mind very high mortality, of up to 
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82%, among patients treated due to RAAA and 
underwent reoperation for ACS, education about 
management and treatment of ACS is of utmost 
importance.

The updated definition of ACS was published 
by World Society of the Abdominal Compartment 
Syndrome (WSACS) in 2013: intra-abdominal 
hypertension (IAH) is defined as a sustained or 
repeated pathological elevation in IAP >12 mmHg 
[54]. Also, ACS is defined as a sustained IAP 
>20 mmHg (with or without an abdominal perfu-
sion pressure <60 mmHg) that is associated with 
new organ dysfunction or failure. Abdominal per-
fusion pressure (APP) represents the difference 
between the mean arterial pressure (MAP) and 
IAP. The previous subdefinition of ACS as an APP 
lesser than 60 mmHg was changed in the updated 
WSACS document because the evidence for this 
subdefinition was too weak. However, this sub-
definition of ACS shouldn’t be ruled out definitely 
because some patients with hypotension (MAP is 
lesser) and an intermediate IAH (15–19 mmHg) 
might develop organ dysfunction or failure and 
may have benefit from abdominal decompression. 
Based on values of intra-abdominal pressure, 
intra-abdominal hypertension is divided to grade I 
(IAP 12–15 mHg), grade II (IAP 16–20 mmHg), 
grade III (21–25 mmHg), and grade IV (greater 
than 25 mmHg).

ACS can cause a failure of different organ sys-
tems. The increased IAP reduces venous flow of 
the various intraperitoneal organs causing bowel 
ischemia and thus gut bacterial translocation. 
Furthermore, venous stasis increases the risk of 
deep vein thrombosis and pulmonary embolism. 
IAH can cause complications in distal organs and 
systems: it reduces total lung capacity and func-
tional residual capacity leading to compressive 
basal atelectasis, ventilation dysfunction, hypox-
emia, and hypercapnia; increases risk of 
ventilator- induced lung injuries, encephalopathy, 
oliguria, and elevation of serum creatinine level; 
and reduces cardiac output.

Bjorck et al. [55] reported that the incidence 
of IAH >20 mmHg after RAAA was about 50% 
after OR and approximately 20% after EVAR on 
stable patients. The same incidence of ACS after 
rEVAR was published in a study from the Zürich 
group [39, 56]. Also, Mehta published that endo-
vascular repair of RAAA in 20% of cases was 
complicated with ACS requiring decompression. 
Intraoperative risk factors for developing of grade 
III or IV IAH during OR of RAAA include a lon-
ger cross-clamping time, increased intraoperative 
blood loss, and increased operative time [57]. On 
the other side, the Albany group documented risk 
factors during endovascular repair of RAAA: the 
need for an aortic balloon occlusion, the presence 

a b

Fig. 6 (a) In aggressive and radical hip disarticulation 
on the ischemic field, VAC dressings are used in order to 
evacuate seroma from the operative wound and to 

increase perfusion of ischemic tissue. (b) After a week 
with VAC treatment, secondary suture could be safer to 
perform [5]
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of severe coagulopathy, massive transfusion 
requirements, and the emergent conversion of 
modular bifurcated stent grafts to aorto-uni-iliac 
devices. The latter was due to ongoing hemody-
namic instability and inability to expeditiously 
cannulate the contralateral limb of the endograft. 
However, a systematic review, published by 
Karkos et al. [58], did not find significant associ-
ation between ACS and age, local anesthesia, 
bifurcated approach, hemodynamic instability, 
balloon occlusion, and conversion to open repair. 
Other universal risk factors for developing ACS 
in vascular cases are massive fluid resuscitation 
(>5  L/24  h), sepsis or bacteremia, mechanical 
ventilation and use of positive end expiratory 
pressure, polytransfusion (>10  U packed red 
blood cells/24 h), and acidosis.

Physical examination is inadequate for estab-
lishing the diagnosis of IAH and ACS; hence, dif-
ferent IAP measurement techniques were 
introduced in clinical practice. Direct measure-
ment of IAP is unsuitable. The first surrogate 
method was described by Kron [53]. Originally, 
after clamping a urinary catheter and filling the 
bladder with 50 mL of 0.9% saline, intermittent 
measuring of the IAP via the urinary drainage 
port and a needle connected to a pressure trans-
ducer can be performed. Balogh [59] introduced 
technique of continuous intra-abdominal pres-
sure measurement utilizing a three-way catheter 
and connecting the irrigation port to a pressure 
transducer. Other methods of continuous IAP 
measurement are intragastric or via intraperito-
neal drain. WSACS recommended trans-bladder 
measurement as a simple and low-cost technique. 
It should be taken at end-expiration with the 
patient supine and the transducer zeroed at the 
midaxillary line after an instillation of no greater 
than 25  mL of saline into the bladder. 
Measurement is performed 30–60 s after instilla-
tion to allow bladder detrusor muscle relaxation. 
IAP should be measured every 4 h (during first 
48  h and more frequently if IAH appears) in 
patients with RAAA treated by means of open or 
endovascular method. There are also MDCT 
signs which point to the presence of IAH, and 
AC—“round belly sign” and “bowel wall thick-
ening with enhancement”—could be noted in 

patients with IAH. These findings could be used 
as a predictive measure, but they are not suffi-
cient for diagnosis or prognosis.

ACS is usually refractory to conservative 
treatment, and surgical abdominal decompres-
sion is frequently indicated. The main principles 
of open abdomen technique are prevention of 
adhesions between the bowel and abdominal 
wall, contamination of abdominal cavity, and lat-
eralization of the abdominal wall (“lateralization 
of the abdominal wall is the phenomenon where 
the musculature and fascia of the abdominal wall, 
most exemplified by the rectus abdominal mus-
cles and their enveloping fascia, move laterally 
away from the midline with time”). Open abdo-
men treatment requires a temporary abdominal 
closure which is the most important factor to 
avoid complications of ACS.  The most com-
monly used techniques are Bogota bag, Wittmann 
patch, Barker technique (vacuum pack), and 
vacuum- assisted closure (VAC) therapy [60].

Bogota bag consists of a sterilized (by gas) 
plastic bag (3 L genitourinary irrigation bag) that 
is sewn to the skin or fascia of the anterior 
abdominal wall. Several modifications of the 
technique have been reported, including the use 
of double sheets and suction tubes. It is a cheap 
technique, but it does not prevent bowel adhesion 
to abdominal wall. Also, sutures can generate lac-
erations of the fascia or skin which can compro-
mise fascia closure.

Wittmann patch consists of two opposite non- 
permeable Velcro patches sutured to the fascia 
and connected on the middle [61]. Unlike Bogota 
bag technique, Wittmann patch enables continu-
ous tension on the fascial edges. It prevents 
abdominal wall lateralization, but does not per-
mit an effective drainage and does not prevent 
adhesions between the bowel and the abdominal 
wall.

Vacuum pack implies a plastic sheet which 
covers the viscera [62]. Afterward, moist sterile 
surgical towels are placed in the wound, and a 
surgical drain connected with a continuous nega-
tive pressure is placed on the towels and all is 
covered by an adhesive drape including a wide 
margin on the surrounding skin. The drains are 
then connected to wall suction, providing 100–
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150  mmHg continuous negative pressure. The 
dressing should be changed every 2–3  days in 
operative room, but also it might be done in the 
ICU.

VAC therapy uses commercially available 
V.A.C. Abdominal Dressing System (KCI, USA). 
This technique drains excess peritoneal fluid bet-
ter than other described techniques. In the first 
studies, polyurethane sponge (fabricated by KCI 
Medical) over a nonadhesive polyethylene sheet 
was used [63, 64]. A polyethylene sheet with a 
central thin polyurethane sponge is placed around 
the viscera in order to prevent adhesion forma-
tion between the viscera and abdominal wall. The 
system is then connected to a special portable 
pump as the vacuum source instead of wall suc-
tion. The pressure is usually adjusted to 
125 mmHg (100–150 mmHg), and it is distrib-
uted evenly throughout the wound through 
sponge pores. VAC system applied in this manner 
does not prevent lateral retraction of the fascial 
edges. In order to minimize lateralization of 
abdominal wall, Björck et  al. [65] described a 
combined technique using VAC system with a 
polypropylene mesh sutured on the fascia edge 
sustaining the fascia traction. A polypropylene 
mesh is applied at the first redressing after 
2–3 days. It is divided in two halves and sutured 
to the fascial edges on each side. During redress-
ing the mesh is opened in the midline, and, after 
changing of the inner layer of the VAC dressing, 
the mesh is tightened in order to approximate the 
mesh toward the midline. Redressing is per-
formed under general anesthesia every 2–3 days. 
Finally, the entire mesh is removed, and the fas-
cia is then closed with a running 0 polydioxanone 
suture. This technique can achieve a primary 
delayed fascial closure rate of approximately 
90–100% of those surviving treatment of open 
abdomen [66, 67]. The median time to closure of 
the open abdomen was 10.5 and 17 days. Other 
authors used dynamic retention sutures instead of 
a mesh in order to prevent lateralization. This 
technique provides lesser fascial closure (only 
67%), indicating that the mesh may be more 
effective in preventing lateralization during pro-
longed treatment of the open abdomen. In order 

to accelerate abdomen closure, some authors use 
abdominal reapproximation anchor abdominal 
wall closure system (ABRA system) in combina-
tion with VAC therapy. In a randomized study, 
Long compared the closure rate between study 
group where open abdomen was treated by VAC 
system in combination with ABRA system and 
VAC alone in control group [68]. Differences 
between the two groups regarding primary clo-
sure rate were not significant, but ABRA system 
enabled faster closure. Zurich group described 
VAC-over ETHIZIP technique as an efficient 
method of open abdomen treatment [39]. 
Nonsutured zipper drape (ETHIZIP) is set up 
beneath the abdominal wall, and the VAC system 
is then applied over the ETHIZIP using a subat-
mospheric pressure of 50  mmHg. In cases in 
whom primary fascial closure was not possible, 
the abdomen was closed using polypropylene 
mesh or a bilateral anterior rectus abdominis 
sheath turnover flap and direct skin closure.

Complications of open abdomen treatment 
using the abovementioned techniques such as 
graft infections and intestinal fistula are seldom 
reported mostly in cases with longer duration of 
open abdomen treatment. The largest study which 
included 30 patients with VAC treatment of open 
abdomen after AAA repair reported 17% of 
infectious complications (2 cases of graft 
 infection, 1 case of aortoenteric fistula, 2 cases of 
intestinal fistula) [69]. These patients were 
treated due to postoperative intestinal ischemia, 
requiring relaparotomy and intestinal resection, 
when open abdomen therapy was initiated. In 
other studies, in which intestinal ischemia was 
not preceded by decompressive laparotomy, no 
patient developed intestinal fistula. In recently 
published systematic review of temporary 
abdominal closure after AAA repair, early graft 
infection was not reported [67].

ABThera is another implementation of the 
VAC system. It consists of spiderlike sponge 
which allows a better fluid drainage and a better 
wound contraction. Primary fascia closure rate 
was 89%. Identification of patients with IAH and 
incoming ACS are of utmost important because 
early recognition may optimize treatment and 
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patient outcome. Despite many studies favor 
VAC therapy in treatment of open abdomen, there 
is a need for randomized controlled trials to 
determine the most efficient and safe method of 
temporary abdominal closure.

Besides complete midline laparotomy, abdom-
inal decompression after endovascular repair of 
RAAA could be performed through a lumbotomy 
providing drainage of retroperitoneal hematoma; 
however, assessment of all intestines is insuffi-
cient, and bowel ischemia may be missed. Hörer 
[70] published a novel option in the treatment of 
ACS using tissue plasminogen activator (tPA)-
assisted evacuation of the hematoma. 20F cathe-
ter drain was inserted into the retroperitoneal 

hematoma under computed tomography guid-
ance, and then 20 mg of tPA solution was injected 
down through the drain to facilitate evacuation of 
the coagulated hematoma and decrease the 
abdominal pressure. However, since the full 
effect of tPA-assisted decompression might take 
hours or days, this approach is unsuitable for 
rapid decompression, while on the other side it 
does not allow inspection of the bowel (Fig. 7). 
Finally, it is contraindicated in patients with type 
I endoleak.

Acknowledgments Presented study is a part of a scien-
tific research projects (No 175008, III41007) supported 
by the Ministry of Education and Science of the Republic 
of Serbia.

a b
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Fig. 7 (a) Abdominal compartment syndrome after repair 
of ruptured abdominal aortic repair was treated initially 
with “zip” abdominal suture. (b) Due to dehiscence of the 
“zip,” VAC abdominal set was applied for 15 days when 

(c, d) synthetic mash was used to reconstruct abdominal 
wall. (e) Later smaller VAC dressings were used to sup-
port healing of the skin and subcutaneous tissue [5]
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1  Introduction

Deep sternal wound infection (DSWI) is a seri-
ous and potentially devastating complication 
after cardiac surgery that is associated with lon-
ger hospital stays, repeat surgical procedures, 
and mortality [1, 2]. In the infectious disease lit-
erature for all types of surgery, three categories of 
surgical site infection are defined: type 1, corre-
sponding to superficial incisional; type 2, deep 
incisional (muscle and fascia); and type 3, deep 
organ space (bone and/or mediastinum) [3]. The 
most common definition is that of the US Centers 
for Disease Control and Prevention (CDC) 
including at least one of the following criteria:

 1. An organism is isolated from mediastinal 
tissue or fluid obtained during the surgical 
procedure or needle aspiration.

 2. Evidence of mediastinitis seen during surgery 
or by histopathological examination.

 3. At least one of the following: fever (>38°), 
chest pain, or sternal instability, associated 
with either purulent discharge from the medi-
astinal area or organism cultured from blood 
or mediastinal widening on X-ray [3–6].

Despite many advances in prevention, DSWI 
remains significant, with an incidence ranging 
between 0.5 and 6.8% [7, 8]. Numerous studies 
have identified patient-related and procedure- 
related factors that may contribute to the occur-
rence of DSWI.  Patient factors include obesity, 
female sex, age, chronic obstructive pulmonary 
disease (COPD), diabetes or hyperglycemia dur-
ing the perioperative period, tobacco smoking, 
peripheral arterial occlusive disease, kidney dys-
function, recent treatment with antibiotics, skin 
infection anywhere on the body, and emergency 
or urgent surgery [5, 9–16]. The high incidence 
of DSWI in obese patients can be explained by 
the poor perfusion of subcutaneous adipose lay-
ers with low levels of prophylactic antibiotics in 
this tissue. In fact, Filsoufi showed that obesity 
was associated with a more than twofold increase 
in the risk of DSWI [7]. Patients with diabetes 
mellitus or hyperglycemia are also at increased 
risk of infection. The reason for the increased risk 
of DSWI in these patients is that hyperglycemia 
causes the formation of advanced glycation end 
products, which can affect host cell function by 
impairing humoral response, complement activa-
tion, chemotaxis, adhesions, and phagocytosis 
[17, 18]. In a large prospective study, Brown 
demonstrated that hyperglycemia was an inde-
pendent risk factor for death, length of hospital 
stay, and infection rate [19]. Moreover, in a recent 
study, Gatti [20] reported the importance of 
HbA1c screening in all patients undergoing car-
diac surgery because unrecognized diabetes and 
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poor glycemic control may have immediate and 
long-term prognostic implications in both 
 diabetic and nondiabetic patients. Patient car-
riage of Staphylococcus aureus on the skin and in 
the nostrils has been identified as an important 
risk factor for DSWI [21]. The Society of 
Thoracic Surgeons practice guidelines recom-
mend routine nasal administration of 5-d mupiro-
cin 2% for all patients undergoing cardiac surgery 
procedures in the absence of documented nega-
tive testing for staphylococcal colonization [22]. 
Surgical risk factors include inadvertent parame-
dian sternotomy [23], repeat exploration for 
bleeding [24], use of bone wax, extensive use of 
electrocauterization [13], prolonged duration of 
aortic cross clamp or cardiopulmonary bypass 
[11], postoperative bleeding [25], blood transfu-
sions [7, 12, 26], prolonged mechanical ventila-
tion [4, 7], and finally the use of both internal 
mammary arteries [4, 13, 27].

2  Why BITA?

In coronary artery bypass graft (CABG) surgery, 
the conventional strategy has been to utilize the 
left internal thoracic artery (LITA) for grafting to 
the left anterior descending artery and the radial 
artery or saphenous vein to bypass other coronary 
arteries [28]. The use of LITA grafts has been 
associated with improved survival at 10 years and 
reduced incidence of myocardial infarction, car-
diac events, and reoperation compared with the 
use of vein graft alone [29, 30]. Prompted by this 
evidence, surgeons have attempted to use a bilat-
eral internal thoracic artery (BITA) graft, which 
should further improve the long-term outcomes 
of coronary revascularization. Despite the 
increasing evidence that patients who receive 
BITA grafts have better long-term outcomes than 
those receiving single ITA grafts [31, 32], until 
now, BITA grafting has not been widely adopted. 
Indeed, BITA grafting is performed in only 4 and 
12% of all CABG patients in North America and 
Europe, respectively [33]. The most salient, per-
sistent, and serious objection to BITA grafting 
has been an increased risk of sternal wound com-
plications [34, 35].

3  Pathophysiology

In coronary artery bypass grafting, it is clear 
from experimental and clinical evidence that the 
increased risk of wound complications appears to 
be an effect of sternal ischemia caused by the har-
vest of ITA [36]. Anatomic studies have reported 
that the harvesting of a single ITA causes signifi-
cant devascularization of the ipsilateral hemister-
num; thus bilateral ITA dissection brings on 
sternal wound complications [34, 35].

Arnold et al. [37] observed that sternal circu-
lation depends only on a periosteal plexus that 
arises from segmental sternal branches of the 
ITA. When one ITA is mobilized, revasculariza-
tion of that side of the sternum may be possible 
by crossover collaterals from the unharvested 
side with intact blood supply. Obviously, a tight 
sternal closure is necessary to ensure optimal and 
stable contact between the two sternal sides. 
According to the same study, complete sternal 
devascularization occurs with bilateral ITA har-
vesting. Seyfer [38] demonstrated no evidence 
for collateral flow to the sternum that could 
immediately substitute the missing ITA, with a 
90% decrease in sternal blood flow after mobili-
zation of one ITA.  Moreover, inadequate blood 
flow impairs local immune response and reduces 
effectiveness of antibiotics when contamination 
occurs. These findings could explain the higher 
rate of sternal wound after BITA grafting.

4  Prevention

In most centers ITA is harvested as a pedicle, 
together with the vein, muscle, fat, and accompa-
nying endothoracic fascia. The electrocautery 
that is used for harvesting damages the blood 
supply to the sternum, and this impairs sternal 
healing and exposes the sternum to the risk of 
infection. The anatomic study by Henriquez-Pino 
et  al. [39] showed that some of the 4–6 sternal 
branches of the ITA and some intercostal 
branches may arise from the ITA as a common 
trunk. If that common trunk can be preserved 
during ITA dissection, then sternal collateraliza-
tion may be improved. In a study using 
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technetium- 99m methylene diphosphate bone 
scanning and single-photon emission computed 
tomography, Cohen et al. showed that a pedicled 
left internal thoracic artery graft to the left ante-
rior descending artery reduces blood flow to the 
left side of the sternum during the acute postop-
erative period. This does not occur when the left 
internal thoracic artery is skeletonized [36]. This 
technique for ITA mobilization is associated with 
a low rate of deep sternal infection, probably 
associated with less devascularization of the ster-
num [40]. However, ITA skeletonization is not a 
universal remedy to avoid sternal complication, 
but contributes strongly, together with other pre-
ventive preoperative and intraoperative measures 
for avoiding wound problems. First of all, preop-
erative prevention is of paramount prevention; 
perioperative intranasal mupirocin is recom-
mended for all cardiac surgery procedures to 
decrease sternal complications [41, 42], presurgi-
cal bathing with chlorhexidine is useful in reduc-
ing bacterial count [43], and preoperative 
identification of untreated diabetes and optimiza-
tion of glycemic control is strongly recommended 
[20, 44]. Intraoperatively, meticulous wound 
opening and closing technique is mandatory. 
Bone wax should not be used [43], and tight ster-
nal closure with a figure-of-eight technique or 
using the Robicsek weave technique may prevent 
sternum instability and infection [45, 46]. Lastly, 
in order to decrease the risk of wound infections, 
it is important to avoid bleeding complications 
that can require repeat surgery [47]. Rapid extu-
bation and early removal of indwelling central 
venous and urinary catheters may contribute to 
avoiding complications [48, 49].

 Conclusions
To conclude, it is clear that the problem of 
DSWI is multifactorial, and it is difficult to 
anticipate exactly which risks factors and trig-
gering events may cause infection. The best 
results will be achieved through constant 
engagement and rigorous discipline of all the 
healthcare professionals in contact with the 
patient (anesthetist, surgeon, nurse) from the 
beginning of hospitalization to discharge. 
Regarding surgical treatment, there are many 

options for sternal wound closure depending 
on the degree of the wound and institutional 
policy. These include closed suction antibiotic 
catheter irrigation systems, bilateral pectoralis 
major muscle flap, omental transposition, the 
latissimus dorsi muscle flap, vacuum- assisted 
closure, and various combinations of the 
above [50].
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Deep Sternal Wound Infection 
After Cardiac Surgery

Hiroshi Kubota and Norihiko Ohura

1  Introduction

Deep sternal wound infection (DSWI) is a serious 
postoperative complication after cardiac surgery, 
because it dramatically increases rates of both 
postoperative morbidity and mortality. According 
to the literature, the incidence of deep sternal 
wound infection (DSWI) after cardiac surgery has 
been variously reported as between 0.8 and 5.0% 
[1–7]. Large retrospective and prospective out-
come studies have identified epidemiologic fac-
tors associated with DSWI. Commonly cited risks 
of DSWI after cardiac surgery include advanced 
age, obesity, diabetes, smoking, prolonged opera-
tive time, use of internal thoracic artery conduits, 
hemodialysis, reoperative surgery, and prolonged 
cardiopulmonary bypass time [3, 7, 8]. Current 
management of DSWI after cardiac surgery 
involves adequate debridement of necrotic 
infected soft tissues and bone fragments, continu-
ous administration of the antibiotics, and plom-
bage of the defect with the omentum and/or 
well-vascularized flaps (Fig. 1). The recent intro-
duction of negative-pressure wound therapy 
(NPWT), known as vacuum- assisted closure 

(VAC®), appears to be beneficial in the treatment 
of DSWI after cardiac surgery. In this chapter, 
relationship of the incidence of DSWI between 
each cardiac procedure (coronary artery disease, 
valvular disease, thoracic aortic disease), current 
clinical techniques to treat DSWI after cardiac 
surgery, and special technique to treat DSWI after 
thoracic aortic replacement using prosthetic graft 
are described and discussed.

2  Definition of DSWI

Generally, DSWI is defined, on the basis of the 
criteria of the US Centers for Disease Control 
and Prevention, as an infection involving deep 
soft tissues of the incision including the sternum 
or mediastinum and at least one of the follow-
ing: (1) There is purulent drainage from the 
deep incision. (2) A deep incision spontaneously 
dehisces or is deliberately opened by a surgeon 
when the patient has at least one of the follow-
ing signs or symptoms—fever (>38 °C), local-
ized pain, or tenderness, unless the site is 
culture-negative. (3) An abscess or another evi-
dence of infection involving the deep incision is 
found on direct examination, during reopera-
tion, or by histopathologic or radiologic exami-
nation. (4) There is diagnosis of a deep incisional 
surgical site infection by a surgeon or attending 
physician [9].

In addition, it is also necessary to evaluate 
DSWI from the viewpoint of blood flow and 
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infection site. In particular, one needs to consider 
whether the internal thoracic artery nourishing 
the sternum is used or not, whether infection 
extends to the mediastinum or not, and whether 
there is artificial graft or not. Because of these 
conditions, it is necessary to select reconstructive 
materials to be used.

Infection is deeply related to blood flow and 
artificial graft. In general, ischemic tissue/artifacts 
are susceptible to infection when microbial is 
loaded.

3  Recent Research 
on Incidence of DSWI After 
Each Cardiac Procedure

We reviewed the 73,700 adult cases recorded in 
the Japan Adult Cardiovascular Surgery Database 
(JACVSD) during the period from 2004 to 2009 
and divided them into five groups: 26,597 iso-
lated coronary artery bypass graft (CABG) 
cases, 23,136 valvular surgery cases, 17,441 tho-
racic aortic surgery cases, 4,726 valvular surgery 
plus CABG cases, and 1,800 thoracic aortic sur-
gery plus CABG cases. We investigated the inci-
dence of DSWI and effect of re-exploration for 

bleeding on DSWI mortality [10]. As results, the 
overall incidence of DSWI after cardiac surgery 
was 1.8%, as for each operative procedure, the 
incidence of postoperative DSWI was 1.8% in 
isolated CABG group, 1.3% in valve group, 
2.8% in valve with CABG group, 1.9% in tho-
racic aorta group, and 3.4% in thoracic aorta 
with CABG group (Table 1). Overall incidence 
of re- exploration (OR) for bleeding in patients 
without/with postoperative DSWI was 3.6/11.1% 
(p  <  0.05). Operative mortality is defined as 
inhospital or 30-day mortality (whichever is 
longer).

When operative procedure concomitant with 
CABG was done, the incidence of postoperative 
DSWI showed 1.5% of elevation compared with 
isolated original valve and thoracic aortic proce-
dure. Internal thoracic artery use, prolonged 
operative time, and longer cardiopulmonary 
bypass time are possible mechanisms to explain 
these increased rates of DSWI [10].

The incidence of re-exploration for bleeding 
without/with DSWI according to operative 
 procedure was 1.8/6.9%* in isolated CABG 
group, 3.8/11.8%* in valvular surgery, 4.9/6.1% 
(n.s.) in valvular surgery concomitant with 
CABG, 5.4/15.9%* in thoracic aortic surgery, 

Diagnosis of DSWI

• purulent drainage
• fever (>38° C)
• Abscess
• SSI

• purulent drainage
• Abscess
• localized infection
• SSI superficial

• Wound dressings and ointments
• Directly closure

Mild Mild DSWI

Debridement of sequestrum, necrosis
Removal of wire in localized infection site

YesNo

Sever DSWI

Aggressive debridement

• Excessive purulent drainage
• Systemic infection
• SSI deeply       

drainage from wire hole

Wire is loose

Covered the pericardium by artificial sheet

Fracture of sternum

Cleansing
NPWT

Cleansing
NPWT; VAC

Adhesion of
sternum
Bone Union

• Removal or replacement of synthetic materials simultaneously
• Reconstruction; flap augmentation, skin graft, directly closure

Incisional NPWT

lavage irrigation system
pulsavac

Sever

Fig. 1 Management of DSWI

H. Kubota and N. Ohura



41

and 9.1/25.8%* in thoracic aortic surgery con-
comitant with CABG (Table 2).

Overall 30-day mortality and operative mor-
tality in patients with DSWI were 9.7 and 25.8%, 
respectively. The 30-day mortality in patients and 
operative mortality with DSWI were 5.2 and 
19.0% in isolated CABG, 10.5 and 23.0% in val-
vular surgery, 10.0 and 22.3% in valvular surgery 
concomitant with CABG, 14.1 and 34.9% in tho-
racic aortic surgery, and 17.7 and 50.0% in tho-
racic aortic surgery concomitant with CABG, 
respectively.

Overall 30-day mortality and operative mor-
tality in patients with DSWI with re-exploration 
for bleeding were 23.0 and 48.0%, respectively. 
It was significantly higher than 30-day mortality 
in patients with DSWI without re-exploration for 
postoperative bleeding (8.1 and 22.0%, p < 0.05).

The 30-day mortality and operative mortality 
in patients with DSWI of each operative  procedure 
without/with re-exploration due to postoperative 
bleeding were 4.3/18.2% and 17.5/39.4% in iso-
lated CABG, 8.8/22.9% and 20.7/40.0% in valvu-
lar surgery, 10.7/0% (n.s.) and 22.1/25.0% (n.s.) 
in valvular surgery concomitant with CABG, 
11.6/26.9% and 30.5/57.7% in thoracic aortic sur-
gery, and 13.0/31.3% and 43.5/68.8% (n.s.) in 
thoracic aortic surgery concomitant with CABG, 
respectively.

Patient’s profile and OR of risk models for 
each operative procedure were also examined. 

Previous CABG history was a significant risk 
factor related to both re-exploration for bleeding 
and DSWI for all surgical groups. Age and car-
diogenic shock were significant risk factors 
related to re-exploration for bleeding, and diabe-
tes control was a significant risk factor related to 
DSWI for all surgical groups. Male gender, emer-
gent or salvage operation, and operation com-
bined with CABG were significant risk factors 
related to re-exploration for bleeding in two of 
three surgical groups. Body mass index (BMI), 
renal failure, chronic obstructive pulmonary dis-
ease (COPD), cardiogenic shock, administration 
of inotropic agents, and triple vessel disease were 
significant risk factors related to DSWI in two of 
three groups. Aortic rupture and aortic arch oper-
ation were significant risk factors related to both 
re-exploration for bleeding and DSWI in thoracic 
aortic surgery group.

Age and cardiogenic shock were significant 
risk factors related to re-exploration for bleeding, 
and diabetes control was a significant risk factor 
related to DSWI for all surgical groups. Previous 
CABG was a significant risk factor related to 
both re-exploration for bleeding and DSWI for 
all surgical groups [10].

These results suggest that, in addition to the 
above-described well-known risk factors that aug-
ment the risk of DSWI after cardiac surgery, deep 
hypothermia and usage of synthetic graft may 
worsen the clinical result of DSWI related to aortic 

Table 1 Deep sternal wound infection after cardiac surgery

CABG Valve
Valve + 
CABG TA

TA + 
CABG

Total 73,700 (cases) 26,597 23,136 4726 17,441 1800
DSWI Incidence 1.8 (%) 1.8 1.3 2.8 1.9 3.4

30 day 
mortality

Total 9.7 (%) 5.2 10.5 10.0 14.1 17.7
Re-exploration for 
bleeding

− 8.1 (%) 4.3 8.8 10.7 11.6 13.0
+ 23.0 (%) 18.2 22.9 0 26.9 31.3

Operative 
mortality

Total 25.8 (%) 19.0 23.0 22.3 34.9 50.0
Re-exploration for 
bleeding

− 22.0 (%) 17.5 20.7 22.1 30.5 43.5
+ 48.0 (%) 39.4 40.0 25.0 57.7 68.8

DSWI deep sternal wound infection, CABG coronary artery bypass graft, TA thoracic aortic surgery

Table 2 Incidence of re-exploration for bleeding in patients with postoperative DSWI

CABG Valve Valve + CABG TA TA + CABG
Overall incidence of re-exploration for bleeding 3.6 (%) 1.8 3.8 4.9 5.4 9.1
Incidence of re-exploration for bleeding in DSWI cases 11.1 (%) 6.9 11.8 6.1 15.9 25.8
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surgery. Because VAC system was approved for 
commercial use in 2010 in Japan, these presented 
data are from pre-approval VAC system era.

4  Clinical Techniques

Management of DSWI after cardiac surgery 
involves adequate debridement. Management is 
done according to the concept of wound bed 
preparation to control the infection. After removal 
of foreign matter and necrosis, the wound is 
cleansed by washing and irrigation, physically 
the bacterial count is decrease. After that, the soft 
tissue near the sternum with abundant blood flow 
is elevated as a flap and filled without gaps. 
Antibiotics and immune cells are recruited to the 
wound by the flap.

In the wound bed preparation concept, it is 
recommended that artificial products such as 
sternal wires, bone wax, hemostasis sheets, 
Teflon felt, PTFE sheet, and synthetic graft (if 
possible), and necrotic soft tissue including costal 

cartilage are removed as much as possible. Since 
cartilage is avascular tissue, the costal cartilage 
surrounded by necrotic tissue is removed by peel-
ing from perichondrium (Fig. 1). It is desirable to 
replace the vascular graft at the time of recon-
struction. However, when the patient is in poor 
systemic condition or when it is difficult to recon-
struct and re-anastomose, it is impossible to 
remove it. In such a case, it is necessary to wash 
with a large amount of saline by the pulse lavage 
system such as Pulsavac®.

The key to success in the treatment of DSWI 
is to remove necrotic tissue and infected tissue 
and not to create space that is not filled with tis-
sue. Because the remaining dead space is easily 
filled with exudate which is susceptible to rein-
fection and well-vascularized tissue delivers anti-
biotics and accelerates neutrophilic infiltration to 
the infection site that will be a strong barrier to 
the microorganisms, to fill the dead space with 
well-vascularized tissue is essential to treat 
DSWI after cardiac surgery. Reconstruction was 
used by the pedicled flaps (Table 3) (Fig. 2).

a b c d

Pivot point

Swing arc

Fig. 2 Flaps used for reconstruction of sternal wounds. 
The red line dividing the sternum by upper and lower is 
made to match with the swing arc of the pectoralis major 

muscle flap (PM). Since the pivot point of the PM flap is 
fed by thoracoacromial artery, augmentation to the caudal 
site from the adhered site of the PM muscle is impossible

Flap Blood supply
(a)  Latissimus dorsi muscle flap (LD) Thoracodorsal artery
(b)  Rectus abdominal muscle flap (RA) Internal thoracic artery
(c)  Pectoralis major muscle flap (PM) Thoracoacromial artery
(d) Omental flap Left and right gastroepiploic artery

Table 3 Reconstruction 
material (flap) and arterial 
blood supply
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The application of NPWT for a short duration 
followed by definitive closure appears to be better 
than radical sternectomy with immediate flap 
closure [11].

Radical sternectomy including the entire ster-
num as well as the costal cartilages is recom-
mended as opposed to conservative debridement 
alone. Current recommendation is to fill the 
defect is to use a composite flap technique that 
includes bilateral pectoralis major muscles with 
the overlying skin, latissimus dorsi muscle as 
well as the rectus abdominis muscle. The omen-
tal flap is a useful and effective flap, because of 
its resistance to infections. It is well- vascularized, 
has a large number of immunologically active 
cells, and absorbs wound secretions [12]. To real-
ize less invasive omentopexy, as a new technique, 
usage of a laparoscopically harvested omental 
flap is considered [13].

In case of large skin defect that remains after 
tissue plombage to the dead space, reconstruction 
by skin graft or pedicled cutaneous flap is 
considered.

4.1  Major Pectoralis Muscle Flap

The pectoralis major muscle flap can be used in 
two ways. One is an advancement flap with a tho-
racoacromial pedicle released from the humerus, 
clavicle and external oblique. Another is a turn-
over flap based on perforators of the internal tho-
racic artery. Tri-pedicelled pectoralis major flap 
can be used to cover the entire sternum especially 
long and narrow defects [14]. The pectoralis 
major muscle flap is indicated for the upper part 
of the sternal defect. However, it is impossible for 
this flap to reach the back of the arch and to fill 
the deep sternal space. The great omental flap is 
selected to fill the periaortic arch space and the 
inter-mediastinum.

4.2  Rectus Abdominis Muscle Flap

The rectus abdominis muscle has two dominant 
pedicles. The superior pedicle is fed by the supe-
rior epigastric artery that is the terminal branch of 
the internal thoracic artery, and the inferior 

pedicle is fed by the inferior epigastric artery 
which is the branch of the external iliac artery. 
The rectus abdominis muscle can be used as a 
pedicle flap of the superior epigastric artery for 
the sternal wound. Therefore when the internal 
thoracic artery had already used as CABG, the 
rectus abdominis muscle flap cannot be used.

Furthermore, because the rectus abdominis 
muscle flap is used by the superior epigastric 
artery and sometimes the distal area (upper site 
of DSWI defect) of the flap undergoes necrosis 
caused by ischemia, the distal area of this flap 
is not usually used. Therefore this flap is indi-
cated for the lower site of the sternal defect.

4.3  Latissimus Dorsi Muscle Flap

The primary vascular supply to the latissimus 
dorsi muscle arises from the thoracodorsal artery, 
which is a branch of the second part of the sub-
scapular artery. The latissimus dorsi muscle flap 
is indicated for whole sternal defect. If it is 
 necessary to fill the augmentation by large flap 
and muscle, the rectus abdominis muscles can be 
used. On the other hand, it requires body position 
change. LD flap is selected just when there is a 
large defect; moreover the rectus abdominis mus-
cle cannot be used because ITA was already used.

4.4  Great Omental Flap: Right 
and Left Gastroepiploic Artery

The primary vascular supply to the greater omen-
tum is derived from the right and left gastroepi-
ploic artery.

It is possible for the greater omental flap to 
reach the back of the arch and to fill the deep 
sternal space. Furthermore, primary vascular 
supply to the greater omentum is derived from 
the right and left gastroepiploic artery. It is pos-
sible for the greater omental flap to reach the 
back of the arch and to fill the deep sternal space. 
Furthermore, the greater omental flap is very soft 
and flexible, following complicated shapes such 
as that of the aortic arch. As thin patients have 
small amount of this flap, enough augmentation 
is not done.

Deep Sternal Wound Infection After Cardiac Surgery
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When the amount of fat in the great omental 
flap is large, it can be used for filling the sternal 
bone exposure near the body surface. When the 
amount of fat in the great omental flap is small, 
additional augmentation by the muscle flap such 
as pectoralis major muscle and rectus abdominis 
muscles is required. Omental Flap is the only flap 
that is capable of reaching the deep space of the 
mediastinum, so we consider that the great omen-
tal flap should not be used easily in shallow 
DSWI. When a deep DSWI is developed, there is 
no choice but to select that augmentation flap for 
filling later. Furthermore, it  is impossible to use 
the great omental flap for adhesion when there is 
a past history of open abdominal surgery.

Reconstruction material was selected by the 
following algorithm (Fig. 3):

 1. If there was deep mediastinal infection or not
 2. Site of sternal infection: upper, whole, or lower
 3. If ITA was intact or not

4.5  DSWI After Thoracic Aortic 
Surgery Using a Synthetic 
Prosthesis

Thoracic aortic operations using synthetic graft 
show high incidence of DSWI and high mortality, 
and aortic operation has significant risk factors 
related to both re-exploration for bleeding and 
DSWI in thoracic aortic surgery group. To treat 
DSWI involving synthetic graft infection, com-
plete removal of the synthetic graft is theoreti-
cally essential (Fig. 4). However, not all patients 
are able to undergo re-replacement of the aorta 
because there is no ideal graft material that stands 
for infection, and re-replacement of the aorta 
using cardiopulmonary bypass is too invasive to 
treat compromised patients. Which graft material 
is the optimal graft material for the treatment of 
aortic graft infections is still a matter of contro-
versy. Rifampicin-soaked Dacron grafts and 
cryopreserved arterial homografts are clinically 

Sever DSWI after aggressive debriedment

In DSWI, rigid
reconstruction
with bones and
metals is not
necessary

deep-mediasternal infection
Artificial graft

Yes

No

Yes

lower

ITA was already used

lnter-mediasternal area augmentation= omentum
Defect of sternum, exposure of bone augmentation
                                      = muscle flaps or omentum
                                     (if omentum volume is sufficient)

When patients has Past History of Abdominal surgery,
omentum is impossible to use by adhesion

Site of sternal infection
Defect of sternum

whole

No

upper

ITA was preserved

RA flap

lncisional NPWT

Impossible to use bilateral RA flaps
LD flap

BITA was already used LITA was already used

Impossible to use left side lateral RA flap
Lateral RA flap/LD flap

LD flap or RA flap or omentum flap PM flap

Fig. 3 Management of reconstruction using flaps
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a b c

d e f g

h i

Fig. 4 (a) Deep sternal wound infection after replace-
ment of the aortic arch using a synthetic graft. There was 
a large amount of pus that was discharged from the medi-
astinal space. (b) First stage of the radical partial sternec-
tomy. (c) Partially exposed synthetic graft. (d) Second 
stage of the radical sternectomy. Large amount of purulent 
effusion was aspirated. Synthetic graft was fully exposed. 
Radical sternectomy including the entire sternum as well 
as the costal cartilages was performed. (e)  Xeno- pericardial 

roll graft replacement. (f) Design of the rectus abdominis 
cutaneous muscle flap. Skin paddle was finally discarded. 
(g) Harvested rectus abdominis muscle and greater omen-
tal flap. Right gastroepiploic artery was pedicle of the 
omental flap. (h) Plombage of the rectus abdominis mus-
cle and greater omental flap. (i) Muscle flap and omental 
flap without skin paddle were used, because skin defect 
was small and narrow. Wound was possible to suture 
directly without musculocutaneous flap

Deep Sternal Wound Infection After Cardiac Surgery
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accepted. In our institute, orthotopic aortic 
reconstruction with intraoperatively prepared 
xenopericardial roll grafts with/without omento-
pexy and chest wall reconstruction with muscle 
flaps is performed as a first choice of rescue oper-
ation from 2009 [15]. Because of history of open 

abdominal surgery, the presence of an abdominal 
infection site, and hemodynamic instability, three 
patients did not undergo omentopexy. In the case 
that it is impossible to replace the synthetic graft, 
it is necessary to wash with a large amount of 
saline by the pulse lavage system such as 
Pulsavac®.

Figure 5 shows a three-branched pericardial 
sheet. Three holes in a row, two 10 mm holes and 
one 15  mm hole, were made 5  mm apart in a 
10 × 10 cm equine pericardial sheet. Then three 
rectangular pericardial sheets were cut from 
another pericardial sheet, and each of them was 
sutured to the circumference of a hole and formed 
into a cylinder by continuous suturing with 5–0 
polypropylene (Fig.  6). These branches were 
anastomosed to the native neck vessels.

Between 2009 and 2017, five patients under-
went orthotopic xenopericardial roll graft 
replacements of the ascending aorta or aortic 
arch with an open distal anastomosis during deep 
hypothermic circulatory arrest with intermittent- 
pressure- augmented retrograde cerebral Fig. 5 Three-branched pericardial sheet

a b

Fig. 6 Three rectangular pericardial sheets were cut from a pericardial sheet, and each of them was sutured to the cir-
cumference of a hole and formed into a cylinder by continuous suturing with 5–0 polypropylene
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perfusion to treat DSWI involving graft infection 
[15–19]. In one patient, because of the 
postoperative dense adhesions after treating 
DSWI, the heart was not exposed at all. Graft 
material was equine or bovine pericardium.

Pathogens: Methicillin-resistant Staphylococcus 
aureus (MRSA) 2, methicillin-sensitive Staphy
lococcus aureus (MSSA) 2, and culture-negative 1

We followed the “Prevention and Treatment of 
Infective Endocarditis (Japanese Circulation 
Society 2008)” guidelines in regard to the antibi-
otic regimen. In accordance with the guidelines 
for active infective “native” valve endocarditis, 
the infection control team of our university 
administered the most appropriate antibiotic 
treatment to the patients in whom the causative 
organism had been identified. In culture-negative 
situations, we administered empiric antibiotic 
treatment. When inflammatory marker values 
had become normal and the diagnostic images no 
longer showed evidence of the infection, antibi-
otic treatment was stopped until 4–6  weeks. 
Otherwise, antibiotic treatment was continued.

None of the patients showed evidence of local 
recurrence of the infection or graft stenosis, cal-
cification, or dilatation, including of the branches. 
No patients showed any evidence of a postopera-
tive thromboembolic event. All patients are alive 
and well.

5  Discussion

Incidence and mortality of DSWI after cardiac 
surgery show that prevention of postoperative 
DSWI and establishment of the appropriate treat-
ment for postoperative DSWI are the important 
factors to reduce the mortality after cardiac 
surgery.

In our study, previous CABG history was the 
most significant risk factor related to both re- 
exploration for bleeding and DSWI for all surgi-
cal groups. Age and cardiogenic shock were 
significant risk factors related to re-exploration 
for bleeding for all surgical groups, male gender, 
emergent or salvage operation, and operation 
combined with CABG were significant risk fac-
tors related to re-exploration for bleeding in two 

of three surgical groups. Diabetes control was a 
significant risk factor related to DSWI for all 
surgical groups. BMI, renal failure, COPD, 
cardiogenic shock, administration of inotropic 
agents, and triple vessel disease were significant 
risk factors related to DSWI in two of three 
groups. Aortic rupture and aortic arch operation 
were significant risk factors related to both re-
exploration for bleeding and DSWI in thoracic 
aortic surgery group [10].

Thirty-day mortality in patients with DSWI 
with re-exploration for bleeding was signifi-
cantly higher than DSWI without re-exploration 
in all operative procedure. It is known that 
patients who need re-exploration for bleeding 
after cardiac surgery are at higher risk of compli-
cations, morbidity, and mortality. Patients requir-
ing resternotomy are at greater risk from the 
hazards of transfusion reactions, viral infections, 
and suppression of the immune system [20, 21]. 
Canadyova et al. [22] described that risk factors 
associated with higher inhospital mortality after 
re-exploration for bleeding and tamponade 
include delayed resternotomy, higher levels of 
lactate, lower levels of hematocrit before 
 revision, older age, more complex cardiac proce-
dures, redo operations, longer cardiopulmonary 
bypass, renal failure, and diabetes mellitus. If the 
time until re-exploration is prolonged, risk of 
complications, morbidity, and mortality will ele-
vate. Kristensen et al. [23] reported that signifi-
cant risk factors for reoperation for bleeding after 
cardiac surgery were low ejection fraction, high 
EuroSCORE, procedures other than isolated 
CABG, elongated time on cardiopulmonary 
bypass, low body mass index, diabetes mellitus, 
and preoperatively elevated s-creatinine. 
Surviving reoperated patients significantly had a 
lower EuroSCORE and a shorter time on cardio-
pulmonary bypass compared with non-survivors. 
Considering these results, to secure hemostasis 
to prevent re-exploration for bleeding is impor-
tant to prevent DSWI, and when re-exploration 
for bleeding is required, prevention and earlier 
decision should be made to decrease DSWI after 
cardiac surgery. Kieser et al. [24] described that 
the use of chlorhexidine-alcohol and avoidance 
of BITA grafting in obese diabetic females 

Deep Sternal Wound Infection After Cardiac Surgery



48

reduced DSWIs after BITA grafting in most 
diabetics.

Deniz et al. [25] studied the effectiveness of 
VAC therapy compared with conventional treat-
ment outcomes at postoperative mediastinitis 
after cardiac surgery. Because the 90-day mortal-
ity was found significantly lower (8.5 vs. 23.2%) 
and overall survival at 1  year was significantly 
better (91.5 vs. 76.7%) in the VAC group than in 
the conventionally treated group, they concluded 
that VAC therapy was a safe and reliable option 
in DSWI after cardiac surgery.

Sachithanadan et al. [26] assessed the impact 
of DSWI on inhospital mortality and midterm 
survival following cardiac surgery in 4586 con-
secutive adult patients who underwent cardiac 
surgery via a median sternotomy. DSWI requir-
ing revision surgery developed in 1.65% patients. 
Age, diabetes, a smoking history, and ventilation 
time were identified as independent predictors of 
a DSWI.  DSWI patients were more likely to 
develop renal failure and require reventilation 
and a tracheostomy postoperatively. However, 
they detected that DSWI is not an independent 
predictor of higher inhospital mortality or 
reduced midterm survival compared with the 
patients without DSWI following cardiac sur-
gery. They treated using VAC therapy in 81.5% 
patients. High-volume RBC transfusions and 
chronic infections are strongly associated with 
DSWI.  RBC transfusion >4  units and the pres-
ence of chronic infection at the time of surgery 
represent important risk factors for DSWI after 
cardiac surgery.

Vacuum-assisted closure (VAC) therapy has 
shown promising results of wound healing pro-
cess, postoperative hospital length of stay, and 
lower inhospital costs. Pericleous et  al. [27] 
reported the outcome of patients with DSWI 
treated with VAC therapy and assessed the effect 
of contributory risk factors. Data of 52 patients 
who have been treated with VAC therapy from 
September 2003 to March 2012 were collected. 
Of the 52 patients (35 M:17 F), 88.5% (n = 46) 
were solely treated with VAC therapy, and 11.5% 
(n = 6) had additional plastic surgical interven-
tion. Follow-up was complete (mean 33.8 months) 
with an overall mortality rate of 26.9% (n = 14), 

of whom 50% (n  =  7) died in the hospital. No 
death was related to VAC complications, and 
logistic EUROscore, postoperative hospital 
length of stay, advanced age, chronic obstructive 
pulmonary disease (COPD), and long-term corti-
costeroid treatment appeared to be significant 
contributing factors in the long-term survival of 
patients treated with VAC therapy.

Tarzia et al. [28] retrospectively collected data 
from 7148 patients who underwent cardiac sur-
gery between January 2002 and June 2012 and 
evaluated the results of the introduction of VAC 
therapy in the management of sternal wound 
dehiscence, compared with those of previous 
conventional treatments. Retrospectively col-
lected data from 7148 patients who underwent 
cardiac surgery between January 2002 and June 
2012 were examined. A total of 152 (2.1%) 
patients had a sternal wound dehiscence: 107 
were treated with conventional treatments, and 
45 were managed with VAC therapy. Patients 
were stratified according to preoperative risk fac-
tors and type of sternal wound dehiscence (super-
ficial or deep; infected or not) and compared by 
means of a propensity-matched analysis. A cost 
analysis was also performed. Forty-five patients 
of each group matched for all preoperative risk 
factors and type of sternal wound dehiscence. 
SWD-related mortality rate was significantly 
lower in VAC therapy group (11 vs. 0%; P = 0.05). 
Incidences of mediastinitis, sepsis, delayed SWD 
infection, surgical sternal revision, and surgical 
superficial revision were all significantly lower in 
VAC group.

According to Japanese multicenter study, top-
ical spraying of cefazolin and gentamicin 
reduces DSWI after cardiac surgery. Spraying 
was performed using spraying chip of fibrin glue 
and sprinkled widely over the operative field 
from the beginning to the end of the surgery 
intermittently [29].

Avoiding re-exploration for bleeding, earlier 
decision for re-exploration for bleeding, and 
development of the appropriate treatment 
including VAC therapy for DSWI may promise 
to improve the prognosis of cardiac surgery. The 
use of VAC has many possible advantages, like 
absorption of wound exudates, stimulation of 
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granulation-tissue formation, increase of blood 
flow in adjacent tissues, approximation of 
wound edges, and chest wall stabilization. 
Chang et al. [11] performed a retrospective chart 
review for all patients diagnosed with mediasti-
nitis after open heart surgery, who had chest 
wall reconstruction. Although a wide range of 
potential flaps is available for sternal wound 
coverage, they found no significant difference in 
the development of postoperative complications 
caused by the type of flap closure on subset 
analysis. They also evaluated the morbidity and 
mortality associated with various approaches to 
treat mediastinitis and sternal wounds. The 
patients were divided into three groups who 
were treated with (1) conservative sternectomy, 
(2) radical sternectomy followed by immediate 
flap closure, or (3) radical sternectomy associ-
ated with a period of VAC therapy before defini-
tive flap closure. In the third group treated with 
VAC therapy, an initial conservative sternec-
tomy was performed at the first operation, with 
placement of the VAC over a layer of Xeroform 
(Covidien, Mansfield, MA) gauze covering the 
mediastinum. The VAC dressing was changed 
every 3 days until the patient was returned to the 
operating room for  completion of the radical 
sternectomy followed by flap closure. As a 
result, 54 patients underwent chest wall recon-
struction for poststernotomy mediastinitis. 
There were 15 patients in the conservative group 
and 8 patients in the radical sternectomy group 
who developed postoperative complications 
(62.5 vs. 33.3%, P < 0.05).

Tarzia et  al. [28] also reported that because 
mean patient cost was 31,106€ in Group A and 
24,383€ in Group B, thus achieving a mean sav-
ings of 6723€ per patient, the use of VAC therapy 
for the management of SWD was considerably 
effective in decreasing mortality (SWD related), 
incidence of complications, and need for surgi-
cal procedures, thus leading to a significant 
reduction of costs. Salles et al. [11] also reported 
that DSWIs triple the cost of a cardiac surgery 
and increase the length of hospital stay. 
Compared to a CABG operation without DSWI, 
the median cost of a single CABG with DSWI 
was $49.449 compared to $18.218 [30].

Recent advances in endoscopy have helped 
surgeons to find techniques to harvest the 
omentum laparoscopically. This has helped to 
minimize donor-site morbidity. Negative-
pressure wound therapy, in combination with 
omentoplasty via diaphragm using laparoscopi-
cally harvested omentum and with the use of 
bilateral pectoral advancement flaps, is a valu-
able technique in the treatment of deep sternal 
wound infection because it produces good func-
tional and aesthetic results [31].

Which graft material is most suitable for 
replacing an infected aorta is a matter of contro-
versy. Although cryopreserved arterial homo-
grafts are excellent material for treat infected 
aortas, the supply is inadequate, and it is difficult 
to obtain one in time for an urgent operation. 
Autologous pericardium has been widely used to 
treat infective endocarditis, but its surface area is 
not great enough to reconstruct the great vessels, 
and bovine pericardium is great enough and 
twice as stiff as human pericardium [32]. 
Xenopericardium has been widely used to correct 
congenital cardiac defects, including as atrial and 
ventricular baffles and as a patches or valved con-
duits to enlarge the right ventricular outflow tract 
and main pulmonary artery. Bovine pericardium 
preserved in glutaraldehyde began to be used to 
enlarge the ascending aorta in 1979, and valved 
tubes were later used for total reconstruction of 
the ascending aorta [33, 34]. Salles et  al. [35] 
listed the following as positive aspects of this 
bioprosthetic material: the softness of the bio-
logical tissue, which allows easy surgical han-
dling, the good coaptation to suture lines resulting 
in a hemostatic anastomosis, and the lower 
thrombogenicity of glutaraldehyde-treated colla-
gen tissue. Storage in bacteriostatic glutaralde-
hyde solution might provide long-term protection 
against graft infection. A lower incidence of 
infection in non-crimped bovine pericardial con-
duits used for replacement of the ascending aorta 
and arch has been reported in comparison with 
Dacron grafts [36], and the lower incidence may 
have been related to the antimicrobial activity of 
the glutaraldehyde absorbed into the pericardial 
tissue. Other researchers mention that residual 
glutaraldehyde maintains its antimicrobial prop-
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erties during surgery and for several hours fol-
lowing conduit implantation [37, 38].

Czerny et al. [39]. reported the results of using 
bovine pericardial tube grafts to treat prosthetic 
graft infection or endovascular graft infection in 
15 patients. They mentioned that this new con-
cept, bovine pericardial tube grafts, may be supe-
rior to cryopreserved homografts because the 
likelihood of calcification seems to be less impor-
tant and that another advantage of customized 
xenopericardial tissue is its availability, which 
turns out to be a problem with homografts. 
Pericardial sheets are soft and easy to handle. 
They can be formed into cylinders intraopera-
tively by rolling them up, and they provided us 
with a good operative field. It was easy to adjust 
the diameter of the roll graft to the diameter of 
the transected aorta. 10 cm of side length of the 
pericardium is ideal for construction of a neo- 
aorta without trimming. Graft dilatation, mural 
thrombus formation, shrinkage, calcification, and 
recurrence of the infection are concerns during 
long-term follow-up.

The duration of postoperative antibiotic ther-
apy is still a matter of controversy. We routinely 
prescribe antibiotics according to the Japanese 
guidelines for the treatment of infectious “native 
valve” endocarditis because the xenopericardium 
is a biomaterial.

Neck vessel reconstruction with xenopericar-
dial branches in our patient has been challenging. 
A search of the literature retrieved no publica-
tions that described the same procedure. In view 
of the importance of adequate wide resection of 
the segment of aorta that contains the infected 
lesion, the arch vessels in our cases were recon-
structed separately. Major concerns are stenosis 
due to shrinkage of the pericardium and stroke 
secondary to mural thrombi. Ho et  al. [40] 
described the intermediate-term outcome of 
carotid endarterectomy with bovine pericardial 
patch closure in comparison with Dacron patch 
closure and primary closure. Although they used 
antiplatelet agents and Coumadin in only 13 and 
0.2%, respectively, of their patients, stenosis had 
occurred in only 1.1% of the bovine pericardial 
patch angioplasty cases at 5 years, and the 5-year 
survival rate was significantly higher in the group 

who underwent bovine pericardial patch angio-
plasty than in the group who underwent Dacron 
patch angioplasty or primary closure. They con-
cluded that bovine pericardial patch angioplasty 
following carotid endarterectomy was the best 
treatment. The need for treatment with anticoag-
ulant or antiplatelet agents is also a matter of con-
troversy. We recommend that patients who have 
undergone surgical individual reconstruction of 
aortic arch vessels be treated with an anticoagu-
lant or antiplatelet drug to prevent strokes and 
graft stenosis secondary to mural thrombi.

In addition to the graft materials commonly 
used thus far, bioengineered tissue produced 
from pluripotent or multipotent stem cells, the 
so-called tissue-engineered vascular graft, may 
provide ideal vascular conduits [41].

 Conclusions
Because DSWI is a serious complication after 
cardiac surgery, multidisciplinary treatment is 
required. To understand the incidence and risk 
factor of DSWI after cardiac surgery and to 
implement appropriate surgical treatment in 
combination with tissue debridement, recon-
struction with muscle flaps; usage of omental 
flaps and VAC therapy according to each 
patient’s anatomical, hemodynamic, and gen-
eral condition; and improvement of substitutes 
for synthetic material are considered to be 
important to overcome DSWI after cardiac 
surgery.
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Pedicled and Skeletonized Single 
and Bilateral Internal Thoracic 
Artery Grafts and the Incidence 
of Sternal Wound Complications

Andrew Bridgeman and Umberto Benedetto

1  Introduction

One of the major determinants of long-term 
outcomes in coronary artery bypass grafting 
(CABG) is the long-term patency of the con-
duit. Meanwhile the left internal thoracic artery 
(ITA) is unanimously acknowledged as the best 
coronary conduit [1]. The second best conduit 
is still widely debated [2]. Although the right 
ITA has equal function and patency rates as the 
left ITA, and despite mounting evidence on the 
long-term benefit of using bilateral ITAs 
(BITAs) over the past 20 years [3–5], the right 
ITA remains largely underused [6]. Concern 
about sternal wound complication is one of the 
main reasons limiting the use of more than one 
ITA. Post hoc analysis of the arterial revascu-
larization trial (ART) demonstrated that, in the 
modern era of CABG surgery, sternal wound 
complications affect approximately 10% of 
patients. In particular, severe sternal wound 
infection requiring antibiotic therapy or sternal 
wound reconstruction still occurs in approxi-
mately 2 and 1% of the surgical population, 
respectively [7]. Given the detrimental effects 
of sternal wound complications, surgeons are 

cautious in employing techniques which may 
carry an increased risk of such complications. 
This is therefore an important consideration in 
the use of BITA.

There are two recognized techniques for har-
vesting the ITA: pedicled and skeletonized. 
Harvesting the ITA(s) with a pedicled technique 
may potentially lead to significant sternal devas-
cularization [8, 9]. In contrast to the pedicled 
technique, the limited tissue mobilization associ-
ated with skeletonized ITA harvesting has been 
shown to preserve substantial collateral flow to 
the sternum by sparing sternal and intercostal 
branches that arise from the ITA as a common 
trunk [8, 9]. These results may have significant 
clinical implications with respect to reducing the 
risk of sternal wound complications by improv-
ing wound healing, particularly when both left 
and right ITAs are used [10]. The extent of such 
clinical benefit from skeletonized over pedicled 
ITA harvesting on sternal wound complications 
has been unclear [11, 12]. In addition, as skele-
tonized ITA harvesting is more technically 
demanding and time-consuming when compared 
to the pedicled technique, concerns have been 
raised over a perceived increased risk of injury to 
the ITAs during skeletonization that may affect 
early outcomes [13]. Consequently, in the 
absence of a general consensus, pedicled ITA 
harvesting remains the generally preferred 
approach worldwide.
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Recent evidence, however, has suggested that 
using a skeletonized technique with BITA graft-
ing is associated with a similar risk of sternal 
wound complications to that of standard pedicled 
single ITA (P-SITA) harvesting [14].

2  Single Versus Bilateral 
Internal Thoracic Artery

The left ITA is widely accepted as the best coro-
nary conduit [1] with a rate of over 90% angio-
graphic patency at 10 years, compared to 50% for 
vein grafts [15–17]. Recent data from meta- 
analyses shows that the right ITA has angio-
graphic superiority over saphenous vein graft 
(SVG) along with radial artery (RA) grafts [2]. 
This is in keeping with the long-term survival 
benefits observed with the use of BITA over SITA 
grafts [3, 4, 18–20]. However, despite increasing 
evidence of the long-term survival benefit of a 
second ITA, it remains largely underused, being 
used in only approximately 4% of CABG proce-
dures in the United States [5] and 10% in the 
United Kingdom and Australia [21]. One of the 
major reasons for the low rates of BITA grafting 
is due to concerns over potential sternal wound 
complications, which are associated with sub-
stantially increased morbidity, inhospital mortal-
ity and cost [6]. Previous studies have found 
higher rates of sternal wound complications in 
BITA versus SITA grafting [7, 22]. Comparing 
1-year costs of BITA and SITA grafts, ART found 
9% higher costs for patients having undergone 
BITA compared to SITA grafts. This was due to 
longer theatre time and inhospital stays as well as 
slightly higher costs related to sternal wound 
complications during follow-up [23]. Data from 
the primary trial endpoint of 10-year follow-up is 
awaited. However, varying methods of harvesting 
the ITA exist, and these studies have not investi-
gated the effect of harvesting technique on the 
rates of sternal wound complications. When these 
varying techniques have been analysed individu-
ally and compared in SITA and BITA grafting, 
the rates of sternal wound complications are 
found to be comparable [14], even in high-risk 
populations [24].

3  Pedicled Versus Skeletonized 
Harvesting

There are two widely established techniques for 
harvesting the internal thoracic artery. These are 
the pedicled and skeletonized techniques. The 
pedicled technique involves the dissection of the 
artery and accompanying vein, lymphatics and 
surrounding tissue away from the sternum, while 
the skeletonized technique involves the dissec-
tion of the artery away from the surrounding tis-
sue, mobilizing only the artery itself.

Skeletonized harvesting has been proposed to 
minimize the risk of sternal wound complication 
by preserving sternal perfusion especially in the 
context of BITA use [6]. Research demonstrated 
better oxygen saturation and blood flow in the 
microcirculation of sternal tissue when using 
skeletonized rather than pedicled ITA harvesting 
[8]. Likewise, using radionuclide perfusion 
scanning, sternal perfusion was found to be 
greater after skeletonized rather than pedicled 
harvesting [9].

Whether skeletonized ITA harvesting should 
be considered the standard approach with BITA 
grafting and whether this approach also provides 
a significant benefit in SITA grafting are debated. 
The potential clinical superiority of skeletonized 
over pedicled harvesting on sternal wound com-
plications has been addressed in only a few stud-
ies with conflicting results reported [11, 12]. 
Studies published to date are remarkably under-
powered to detect any clinical benefit on low-rate 
events, such as sternal wound complications [12]. 
Moreover, skeletonized harvesting is more tech-
nically demanding and time-consuming, and, in 
the absence of general consensus, pedicled har-
vesting has been the preferred approach 
worldwide.

The ART is one of the largest studies of con-
temporary CABG with a high proportion of 
patients having undergone skeletonized ITA har-
vesting [7]. This study is one of the largest analy-
ses of the impact of ITA harvesting performed to 
date. The trial found that skeletonized BITA 
(S-BITA) harvesting did not increase the risk of 
sternal wound complications when compared 
with pedicled SITA (P-SITA), and subgroup 
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analysis suggested a protective effect from 
S-BITA among high-risk subjects. On the other 
hand, pedicled BITA (P-BITA) grafts seemed to 
increase the risk of sternal wound complications 
among low-risk subgroups (i.e. those who are not 
obese or insulin-dependent diabetics). It found no 
evidence that skeletonized SITA (S-SITA) har-
vesting added any protective effect when com-
pared with a P-SITA.  It demonstrated that 
skeletonization while performing BITA was safe 
because it did not increase the risk of damage to 
the harvested ITA. In fact, the rate of an injured/
unsatisfactory second ITA was 1.0% by using a 
skeletonized technique and 2.1% by using a ped-
icled technique, thus supporting previous reports 
[25]. Moreover, the mortality rate at 30 days and 
1  year was comparable between the two 
techniques.

 Conclusions
Evidence would suggest that BITA harvesting 
can be safely performed using the skeleton-
ized technique without increasing the risk of 
sternal wound complications when compared 
with the standard approach using a P-SITA 
[14]. The most recent meta-analysis data dem-
onstrates that not only is BITA grafting asso-
ciated with more superior long-term survival 
but also, when adopting a skeletonized har-
vesting technique, there is an “almost negligi-
ble clinical difference in terms of deep sternal 
wound infection (DSWI) compared with SITA 
grafting” [26]. S-BITA harvesting does not 
seem to significantly increase the risk even in 
higher-risk groups, such as insulin- dependent 
diabetics, females and obese patients (BMI 
>30) who have been shown to benefit from the 
use of BITA grafting [24, 27, 28]. On the other 
hand, P-BITA is associated with an approxi-
mately twofold increased risk of any sternal 
wound complication [14]. The detrimental 
effect of P-BITA harvesting on sternal wound 
complication is relevant not only in high-risk 
cases but also in the lowest-risk CABG popu-
lation (those who are not diabetic or obese), 
whereas S-BITA harvesting did not signifi-
cantly increase the risk of sternal wound 
complications. Conversely, in the context of a 

SITA graft, there is no evidence of the 
superiority of S-SITA harvesting over P-SITA 
harvesting in reducing the risk of sternal 
wound complications.

References

 1. Loop FD, Lytle BW, Cosgrove DM, Stewart RW, 
Goormastic M, Williams GW, Golding LA, Gill CC, 
Taylor PC, Sheldon WC et al (1986) Influence of the 
internal-mammary-artery graft on 10-year survival 
and other cardiac events. N Engl J Med 314:1–6

 2. Benedetto U, Raja SG, Albanese A, Amrani M, 
Biondi-Zoccai G, Frati G (2015) Searching for the 
second best graft for coronary artery bypass surgery: 
a network meta-analysis of randomized controlled tri-
als. Eur J Cardiothorac Surg 47:59–65

 3. Taggart DP, D’Amico R, Altman DG (2001) Effect 
of arterial revascularisation on survival: a systematic 
review of studies comparing bilateral and single inter-
nal mammary arteries. Lancet 358(9285):870–875

 4. Yi G, Shine B, Rehman SM, Altman DG, Taggart 
DP (2014) Effect of bilateral internal mammary 
artery grafts on long-term survival: a meta-analysis 
approach. Circulation 130:539–545

 5. Tabata M, Grab JD, Khalpey Z, Edwards FH, O’Brien 
SM, Cohn LH, Bolman RM 3rd (2009) Prevalence 
and variability of internal mammary artery graft use 
in contemporary multivessel coronary artery bypass 
graft surgery. Circulation 120:935–940

 6. Catarino PA, Black E, Taggart DP (2002) Why do 
UK cardiac surgeons not perform their first choice 
operation for coronary artery bypass graft? Heart 
88:643–644

 7. Taggart DP, Altman DG, Gray AM, Lees B, Gerry 
S, Benedetto U, Flather M, Investigators ART 
(2016) Randomized trial of bilateral versus sin-
gle internal- thoracic- artery grafts. N Engl J Med 
375:2540–2549

 8. Kamiya H, Akhyari P, Martens A, Karck M, Haverich 
A, Lichtenberg A (2008) Sternal microcirculation 
after skeletonized versus pedicled harvesting of the 
internal thoracic artery: a randomized study. J Thorac 
Cardiovasc Surg 135:32–37

 9. Boodhwani M, Lam BK, Nathan HJ, Mesana TG, 
Ruel M, Zeng W, Sellke FW, Rubens FD (2006) 
Skeletonized internal thoracic artery harvest reduces 
pain and dysesthesia and improves sternal perfusion 
after coronary artery bypass surgery: a randomized, 
double blind, within-patient comparison. Circulation 
114:766–773

 10. Sa MP, Cavalcanti PE, de Andrade Costa Santos HJ, 
Soares AF, Albuquerque Miranda RG, Araujo ML, 
Lima RC (2015) Skeletonized versus pedicled bilat-
eral internal mammary artery grafting: outcomes 
and concerns analyzed through a meta-analytical 
approach. Int J Surg 16(Pt B):146–152

Pedicled and Skeletonized Single and Bilateral Internal Thoracic Artery Grafts



56

 11. Sa MP, Ferraz PE, Escobar RR, Vasconcelos 
FP, Ferraz AA, Braile DM, Lima RC (2013) 
Skeletonized versus pedicled internal thoracic artery 
and risk of sternal wound infection after coronary 
bypass surgery: meta-analysis and meta-regression 
of 4817 patients. Interact Cardiovasc Thorac Surg 
16:849–857

 12. Onorati F, Esposito A, Pezzo F, di Virgilio A, 
Mastroroberto P, Renzulli A (2007) Hospital out-
come analysis after different techniques of left inter-
nal mammary grafts harvesting. Ann Thorac Surg 
84:1912–1919

 13. Raja SG, Dreyfus GD (2005) Internal thoracic artery: 
to skeletonize or not to skeletonize? Ann Thorac Surg 
79:1805–1811

 14. Benedetto U, Altman DG, Gerry S, Gray A, Lees 
B, Pawlaczyk R, Flather M, Taggart DP, Arterial 
Revascularization Trial investigators (2016) Pedicled 
and skeletonized single and bilateral internal thoracic 
artery grafts and the incidence of sternal wound com-
plications: insights from the Arterial Revascularization 
Trial. J Thorac Cardiovasc Surg 152:270–276

 15. Fitzgibbon GM, Kafka HP, Leach AJ, Keon WJ, 
Hooper GD, Burton JR (1996) Coronary bypass graft 
fate and patient outcome: angiographic follow-up of 
5,065 grafts related to survival and reoperation in 
1,388 patients during 25 years. J Am Coll Cardiol 
28:616–626

 16. Weintraub WS, Jones EL, Craver JM, Guyton RA 
(1994) Frequency of repeat coronary bypass or coro-
nary angioplasty after CABG using saphenous vein 
grafts. Am J Cardiol 73:103–112

 17. Gansera B, Schmidtler F, Angelis I, Kiask T, Kemkes 
BM, Botzenhardt F (2007) Patency of internal tho-
racic artery compared to vein grafts — postoperative 
angiographic findings in 1189 symptomatic patients 
in 12 years. Thorac Cardiovasc Surg 55:412–417

 18. Takagi H, Goto SN, Watanabe T, Mizuno Y, Kawai 
N, Umemoto T (2014) A meta-analysis of adjusted 
hazard ratios from 20 observational studies of bilat-
eral versus single internal thoracic artery coronary 
artery bypass grafting. J Thorac Cardiovasc Surg 
148:1282–1290

 19. Rizzoli G, Schiavon L, Bellini P (2002) Does the use 
of bilateral internal mammary artery (IMA) grafts 
provide incremental benefit relative to the use of a 

single IMA graft? A meta-analysis approach. Eur J 
Cardiothorac Surg 22:781–786

 20. Weiss AJ, Zhao S, Tian DH, Taggart DP, TD Y (2013) 
A meta-analysis comparing bilateral internal mam-
mary artery with left internal mammary artery for 
coronary artery bypass grafting. Ann Cardiothorac 
Surg 2:390–400

 21. Bridgewater B, Keogh B, Kinsman R, Walton P Sixth 
National Adult Cardiac Surgical Database Report 
2008. https://www.scts.org/_userfiles/resources/
SixthNACSDreport2008withcovers.pdf. Accessed 19 
Sep 2017

 22. Gray AM, Murphy J, Altman DG, Benedetto U, 
Campbell H, Flather M, Gerry S, Lees B, Taggart DP 
(2017) One-year costs of bilateral or single internal 
mammary grafts in the Arterial Revascularisation 
Trial. Heart 103(21):1719–1726

 23. Itagaki S, Cavallaro P, Adams DH, Chikwe J (2013) 
Bilateral internal mammary artery grafts, mortality 
and morbidity: an analysis of 1 526 360 coronary 
bypass operations. Heart 99:849–853

 24. Benedetto U, Montecalvo A, Kattach H, Amrani 
M, Raja SG, Harefield Cardiac Outcomes Research 
Group (2015) Impact of the second internal thoracic 
artery on short- and long-term outcomes in obese 
patients: a propensity score matched analysis. J 
Thorac Cardiovasc Surg 149:841–847

 25. Athanasiou T, Crossman MC, Asimakopoulos G, 
Cherian A, Weerasinghe A, Glenville B, Casula R 
(2004) Should the internal thoracic artery be skeleton-
ized? Ann Thorac Surg 77:2238–2246

 26. Buttar SN, Yan TD, Taggart DP, Tian DH (2017) 
Long-term and short-term outcomes of using bilateral 
internal mammary artery grafting versus left inter-
nal mammary artery grafting: a meta-analysis. Heart 
103:1419–1426

 27. Cho KR, Kim JS, Choi JS, Kim KB (2006) Serial 
angiographic follow-up of grafts one year and five 
years after coronary artery bypass surgery. Eur J 
Cardiothorac Surg 29:511–516

 28. Wee CC, Girotra S, Weinstein AR, Mittleman MA, 
Mukamal KJ (2008) The relationship between obe-
sity and atherosclerotic progression and prognosis 
among patients with coronary artery bypass grafts the 
effect of aggressive statin therapy. J Am Coll Cardiol 
52:620–625

A. Bridgeman and U. Benedetto

https://www.scts.org/_userfiles/resources/SixthNACSDreport2008withcovers.pdf
https://www.scts.org/_userfiles/resources/SixthNACSDreport2008withcovers.pdf


Part II

Neurosurgery



59Recent Clinical Techniques, Results, and Research in Wounds (2018)
DOI 10.1007/15695_2017_78, © Springer International Publishing AG
Published Online: 29 April 2018

Wound Management and Wound 
Infections in Neurosurgery

Stephanie Schipmann, Eric Suero Molina, 
Michael Schwake, and Walter Stummer

1  Introduction

The central nervous system (CNS) is known as 
a delicate and vulnerable system enjoying pro-
tection by multiple layers of covering, provid-
ing an anatomical barrier against microbial 
invasion. During surgery these barriers are 
breached, increasing the risk of infection. The 
CNS differs from other systems in having less 
immune activity and lower immunoglobulin 
levels [1]. Therefore, organisms are able to 
invade and multiply more quickly, harming the 
host with a higher mortality than in other parts 
of the body. Infections spreading to the CNS 
often have devastating complications increas-
ing morbidity and mortality [2].

Therefore, a thorough understanding of fac-
tors associated with infections in neurosurgical 
patients is crucial, in order to avoid infections in 
the first place. This chapter focuses on such fac-
tors and offers strategies for the control of infec-
tious complications.

2  History of Wounds and Their 
Management 
in Neurosurgery

The first neurosurgical operations, trepanations, 
were described more than 10,000  years ago. 
Surgery in the past was primarily done for emer-
gency and life-threatening cases, as wound infec-
tions were dreaded.

Hippocrates (460–377  BC), known as the 
“Father of Medicine,” was the first to document on 
treating cranial wounds. His treatise “On Wounds 
in the Head” comprises a collection of accurate 
observation of head wounds and detailed descrip-
tion of anatomic aspects of the layers involving the 
cranium [3]. Hippocrates stated that the localiza-
tion of the wound has an impact on outcome, as 
parts with thin layers of flesh, e.g., the bregma, are 
generally associated with a more unfavorable out-
come: “the bone in this part of the skull is more 
readily crushed, fractured or crushed in, and (the 
injuries) are more often fatal, and medical cure and 
escape from death more difficult (with wounds) 
here than in any other part of the head” [3]. He was 
aware that primary closure of head injuries might 
result in infectious complications and recom-
mended open healing so that the wound could 
drain and heal secondly by granulation [4]:

You should rather make the wound suppurate 
as quickly as possible [3].

In addition, Hippocrates depicted the impor-
tance of a dry wound for effective healing.
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In antique medicine the concept of the forma-
tion of pus was seen as a critical step in wound 
healing. This doctrine of suppuration was reiter-
ated by Galen (130–216) and maintained until 
the nineteenth century [5]. Therefore, surgeons of 
the early nineteenth century welcomed the 
appearance of pus in their wounds according to 
the assumption of Galen [5, 6].

A milestone in the development of modern 
neurosurgery clearly was the establishment of 
methods for the control of wound infections. 
Prior to infection control, half of all patients died 
due to infection after major operations [6].

In the second half of the nineteenth century, 
Joseph Lister (1827–1912) developed aseptic 
principles and introduced them into the world of 
surgery, leading to a significant reduction in the 
manifestation of postoperative wound infections 
[7]. Together with the studies of Robert Koch on 
pyogenic organisms and sterilization and Louis 
Pasteur’s germ theory, these methods allowed the 
results of elective surgery become acceptable [6]. 
William W. Keen (1837–1932) was the first neu-
rosurgeon to implement the infection control 
principles of Lister, comprising the generation of 
a clean operating environment, shaving and 
scrubbing the patients head, and cleaning of sur-
gical instruments and the surgeon’s hands [5]. In 
1887 Keen (Fig. 1) was the first American neuro-

surgeon operating on a meningioma on an elec-
tive basis. The patient, a young man, recovered 
from surgery without major deficit and lived for 
another 30 years after surgery [8].

During World War I, Harvey Cushing (1869–
1939), probably the most influential surgeon on 
modern neurosurgery, introduced techniques 
for the reduction of infections of traumatic 
brain wounds. Before Cushing, most traumatic 
brain injuries were treated by cruciate scalp 
incision, small craniotomy, and drainage of the 
wound through an unclosed scalp. These open 
drainage techniques lead to a mortality rate of 
up to 60% [9].

The most challenging aspects of Cushing’s 
treatment concept were primary wound closure, 
removing the bone around the site of cranial pen-
etration, the use of antiseptics (Dakin’s dichlora-
mine- T), and debridement [10].

Certainly infections cannot be attributed to 
the intervention of the devil but must be laid at 
the surgeon’s door [11].

Harvey Cushing’s precise surgical techniques, 
attention to closure of wounds, and perception to 
details enabled him a breakthrough in the treat-
ment of intracranial pathologies. In 1915, 
Cushing reported a mortality rate of 8.4% for his 
series of 130 surgically treated brain tumors. 
Only one of these deaths was attributed to a post-
operative wound infection [11]. These results 
compare favorably to today’s surgical site infec-
tion rates. Today, one hundred years later, infec-
tion rates for brain tumor surgery still range from 
2.04% [12] to 17.5% [13] in comparison.

3  Anatomy of the Scalp

Managing cranial wounds, planning surgical 
approaches and flaps, and a good knowledge of 
the anatomy of the scalp and its layers are essen-
tial. The scalp comprises the soft tissue covering 
the cranial vault. It extends from the eyebrows to 
the superior nuchal line; laterally it reaches down 
the zygomatic arch and the ear [14, 15]. The scalp 
consists of five layers, which are now described 
in detail (Fig. 2).

Fig. 1 Portrait of William W. Keen (1837–1932) (Image 
courtesy of the National Library of Medicine)
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3.1  Skin

The scalp skin is thicker than the skin elsewhere 
on the body ranging from 3 mm to 8 mm. The 
skin is divided into an external epidermis and 
inner dermis, containing sebaceous and sweat 
glands and hair follicles [15, 16]. It is firmly 
attached to the deeper tissues [14].

3.2  Subcutaneous

The subcutaneous connective tissue comprises 
the principal blood vessels and nerves of the 
scalps, forming a rich vascular network [15]. 
The fat lobules are separated by multiple fibrous 
septa [16].

3.3  Galea Aponeurotica

The galea aponeurotica arises from the superior 
nuchal line and connects the bellies of the 
occipitofrontalis muscle [16]. Laterally, it 
extends as a thin sheet overlying the temporalis 
fascia [15]. It is made of 1–2-mm-thick dense 
fibrous tissue. Its surface is closely attached to 
the subcutaneous tissue [16]. The galea contains 
the vessels that ramify into a plexus in the sub-
cutaneous layer as well as in the deeper subga-
leal layer [17].

3.4  Subgaleal Layer

This layer consists of loose connective tissue 
allowing the mobility of the scalp on the underly-
ing skull [15]. It becomes thicker in the temporo-
parietal regions [14]. The layer is less vascularized 
[16]. It is of great surgical importance as it is the 
level for the mobilization of scalp flaps.

3.5  Periosteum

The periosteum is a dense fibrous sheet that 
adheres tightly to the outer table of the skull, par-
ticularly along the suture lines [16].

4  Blood Supply of the Scalp

The blood supply of the scalp is provided by a 
system of anastomoses between arteries from the 
external and internal carotid artery (Fig. 3).

From the external carotid artery derive:

 1. Occipital artery
 2. Posterior auricular artery
 3. Superficial temporal artery

From the internal carotid artery derive (branch: 
ophthalmic artery):

 1. Supraorbital artery
 2. Supratrochlear artery

• Skin
• Subcutaneous tissue
• Musculoaponeurotic
  layer

Loose aerolar tissue

Fig. 2 Layers of the scalp (Reprinted with permission http://plasticsurgerykey.com/scalp-and-temple Accessed 
2/17/17)
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Corresponding veins accompany the arter-
ies. Additionally, veins have multiple connec-
tions to diploic veins and to the cerebral 
sinuses [18].

The main blood vessels run on the superficial 
surface of the galea aponeurotica, being closely 
attached to the subcutaneous fat tissue and sending 
penetrating branches superiorly to the subcutane-

ous tissue and to the less vascularized subgaleal 
layer [14, 16]. This anatomic principal is of great 
surgical importance as surgical dissection is usu-
ally performed within the subgaleal layer and the 
blood supply of the tissue is not at risk [16]. Due to 
the rich anastomoses, the viability of the scalp is 
not endangered even if only one major artery is 
preserved for an extensive scalp flap [15].

Galea aponeurotica

subgaleale Verschiebeschicht

Pericranium

N. zygomaticofacialis

Rami temporaies

Rami zygomatid

A. supraorbitalis

A. supratrochiearis

N. supratrochiearis
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A. transversa
faciei

A. labialis
superior

Ramus labialis

Ramus mentalis

Corpus adiposum buccae
= Bichat’scher Fettkorper

Dutus parotideus
= Stensen’scher Gang

A. labialis inferior

Nodus submentalis

Rami buccaies

Rami marginales mandibulae
Glandula submandibularis

Ramus colli

Nodi submandibulares

V. retromandibularis

N. auricuiaris magnus

N. occipitalis minor

N. auricularis posterior

N. occipitalis major

A. occipitalis

Ramus
auricularis
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Parietalis
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frontalis

Ramus
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Vv. temporaies
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V. temporalis media

A. auricularis
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lateralis
Ramus
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N. und
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Epidermis
Desmis = Corium

Teia subcutanea

Fig. 3 Blood and nerve supply of the scalp [43] (Reprinted with permission)

S. Schipmann et al.



63

5  Surgical Techniques 
of Wound Closure 
and Approaches: Practical 
Implications in Neurosurgery

5.1  Skin Incision and Design 
of Surgical Flap

Planning a surgical approach, several factors 
have to be considered. Beside enabling a suffi-
ciently large craniotomy to reach the underlying 
pathology, blood and nerve supply have to be 
considered when planning the skin incision. Due 
to the wide vascular network and several anasto-
moses, necrosis of the scalp flap is very uncom-
mon. However, in patients with the history of 
irradiation or patients that are likely to receive 
radiotherapy after tumor resection or in case of 
reoperation through the same approach, blood 
supply might be compromised. In these cases, 
special attention should be paid to preserve the 
mayor supplying vessels. In addition, the sensory 
nerve supply has to be considered, and incisions 
damaging large neurovascular trunks should be 
avoided as this might result in extensive hypes-
thetic and poorly vascularized tissues [16].

When cutting the scalp, some arteries are 
held open by dense connective tissue leading 
to profusely bleeding [19]. To avoid hemor-
rhage, the use of self-retaining scalp clips has 
been established. These clips are placed on the 
upper three layers of the scalp and provide suf-
ficient hemostasis due to their inherent closing 
pressure [20].

5.2  Shaving

For a long time preoperative shaving of the 
head has been a well-established practice 
among neurosurgeons. It was believed that hair 
removal led to a reduction of postoperative sur-
gical site infections and was essential for the 
maintenance of a sterile operating field. In 
addition, shaving improves visualization of the 
incision line and facilitates wound closure and 
dressing application. However, several studies 
failed to show an increase in wound infections 

in patients being not shaved [21, 22]. 
Conversely, study results indicated even a 
higher risk for infection after shaving. This 
might be due to bacterial colonization caused 
by razor-induced epidermal injury or change in 
the protective skin flora [23].

During the last decade, there has been a trend 
toward less hair removal. Some surgeons just per-
form hair clipping without any hair removal [21]. 
Beside a possible impact on the incidence of surgi-
cal site infections, limited hair removal has a con-
siderable cosmetic value for the patient [21]. Strictly 
speaking, however, prospective randomized con-
trolled trails are needed to investigate the exact role 
of shaving before neurosurgical procedures.

5.3  Suture

Not only is the aim of sutures to close the wound 
effectively and restore the physical integrity but 
also to create a cosmetically adequate wound 
without complications. The scar has become 
one of the patient’s measures to define a good 
standard of care. Given the anatomic features of 
the scalp and its layers, a two-layered wound 
closure is favored in neurosurgical practice [15]. 
The use of absorbable sutures like polyglycolic 
acid (Vicryl®) is recommended for closure of 
the deeper layers, including the galea aponeuro-
tica. It is important to incorporate the perios-
teum in deep wound closure as it contributes to 
the generation of a fine linear scalp scar [16]. 
For skin closure, monofilament nylon can be 
used due to its properties such as reduced tissue 
trauma and low incidence of adherence and 
descending microorganisms. As an alternative, 
metal skin staples can be applied, which are 
timesaving while producing cosmetically 
acceptable results.

5.4  Use of Prophylactic 
Antibiotics

In the past, the use of prophylactic antibiotics 
was common under neurosurgeons due to the fear 
of life-threatening infectious complications. The 
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choice of the antibiotic regime was based mainly 
on individual experience. Many surgeons tended 
to use wide-spectral and prolonged antibiotic 
therapies.

Over the years, several trials have been con-
ducted and showed the efficacy of prophylactic 
antibiotics in the reduction of postoperative surgi-
cal site infections and postoperative meningitis [24, 
25]. In the face of increasing antimicrobial resis-
tance and concerns about side effects, new guide-
lines recommending narrow-spectrum antibiotic 
prophylaxis have recently been implemented.

The major pathogen in clean neurosurgery is 
Staphylococcus aureus, arising from the skin 
flora. The main aim of antibiotic prophylaxis is to 
reduce the bacterial inoculum before skin incision 
and during surgery [26]. A prophylactic antibiotic 
regimen should cover the most likely organisms 
and be adapted to local hospital guidelines. 
Regular examinations of the main organism caus-
ing wound infections should be performed, and 
local stakeholders should include these results in 
their specific hospital guidelines [27].

For clean neurosurgical procedures, e.g., crani-
otomies, preoperative narrow-spectrum single- 
shot antibiotics, e.g., cefuroxime 30–60 min before 
incision, are recommended [28]. Depending on 
the length of surgery, the administration of the 
antibiotics should be repeated every 3–4  h. The 
prolonged use of antibiotic prophylaxis has failed 
to show benefits. However, there is a lack of ran-
domized controlled trails addressing this issue.

6  Risk Factors for Wound 
Infections

Due to its rich vascular network, the scalp is an 
area with a high wound healing potential. 
However, about 2.47% of all neurosurgical 
patients develop wound infections [26]. Several 
risk factors for wound infections have been 
described. The number of previous surgeries was 
found to be an independent risk factor for wound 
infections after craniotomy [25, 26, 29]. Multiple 
operations lead to the formation of scar tissue and 
altered blood supply, possibly contributing to 
higher susceptibility to wound infections. In 

addition, the duration of surgery is another inde-
pendent risk factor [12, 25, 30, 31]. Duration of 
surgery can reflect surgical difficulties, complex-
ity of the operation, and the surgeon’s experi-
ence, among others [26]. In long-lasting 
operations, the risk of contamination during sur-
gery is increased making the surgical site vulner-
able to pathogens for a longer time period [30, 
32]. Hardy et al. [30] could show a 43% increase 
of the risk to develop wound infections with each 
additional hour in surgery in patients undergoing 
craniotomy due to a brain tumor. As a conse-
quence, strategies for optimizing structural pro-
cesses are necessary, e.g., minimizing delays 
once the patient is in the operating room.

Several authors reported postoperative CSF 
leak as a risk factor for neurosurgical wound 
infections [25, 33–35]. CSF leaks provide a por-
tal of entry for organisms and lead to a higher risk 
for meningitis [36].

The patient’s immune status might influence 
the manifestation of wound infection. Referring 
to this, risk factors associated with the develop-
ment of wound infections are preoperative use of 
steroids, chemotherapy within 30 days preopera-
tive, diabetes mellitus, postoperative sepsis, and 
recent systemic infection [12, 31, 37].

Furthermore, studies revealed the implanta-
tion of foreign material as a risk factor for wound 
infection. Other studies reported the use of surgi-
cal drains and external ventricular drains as being 
significantly associated with the occurrence of 
wound infections [29, 32, 34, 38].

In addition, length of stay on the intensive 
care unit (ICU) was shown to be associated with 
a higher risk for wound infections. This might be 
due to multifactorial reasons, comprising con-
comitant diseases, immunosuppression, and a 
higher likelihood of skin colonization in the ICU 
[26]. Complementarily, other studies revealed the 
factor length of stay as being associated with 
wound infections [25, 39].

The knowledge of potential risk factors is 
essential for risk stratification, planning, and tim-
ing of surgery. Based on the risk factors, a patient 
collective at high risk can be identified, requiring 
a close follow-up in order not to miss potentially 
devastating wound infections.
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7  Diagnosis and Management 
of Wound Infections

Surgical site infections are classified by the 
Centers for Disease Control and Prevention 
(CDC) as superficial, deep incisional, and 
organ- space infections. Superficial infections 
comprise infections of the scalp [40]. Deep inci-
sional infections affect the bone and epidural 
space, e.g., leading to an epidural empyema 
(Fig. 4). Organ-space infections in neurosurgery 
include brain abscess, subdural empyema, and 
meningitis.

7.1  Diagnosis of Wound Infections

Local signs of neurosurgical wound infections 
comprise swelling, warmth, pain, erythema, and 
purulent discharge. Systemic symptoms like high 
temperature, elevated infectious parameters in 
the blood, lassitude, and meningism can occur.

Assuming deeper wound and craniotomy flap 
infections, contrast-enhanced MRI or CT scan 
helps in defining the extent of the infection. In 
addition, diffusion-weighted MR imaging (DWI) 
and apparent diffusion coefficient (ADC) help in 
distinguishing abscess from other pathologies 
(Fig. 5) [41]. Lumbar puncture for cerebrospinal 

a b

c

Fig. 4 Types of wound infections. (a) Superficial wound infection. (b) Deep wound infection. (c) Deep wound infec-
tion with exposure of cranioplasty
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a b

c d

Fig. 5 (a) Contrast-enhanced CT scan of a patient after 
decompressive hemicraniectomy due to stroke with ring- 
enhancing lesion with central low attenuation, typical for 
a cerebral abscess. (b) Contrast-enhanced MRI scan of a 
patient after multimodal treatment of a left parietal glio-

blastoma showing a contrast-enhancing lesion, that has a 
high DWI signal centrally. (c) Shows low signal on ADC. 
(d) Representing true restricted diffusion, indicating the 
presence of a cerebral abscess (Reprinted with 
permission)
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fluid (CSF) examination is necessary for the 
diagnosis of meningitis.

7.2  Treatment

Due to the potential spreading of the infection 
into the brain, an aggressive treatment should be 
advocated. Only minor superficial infections 
should be treated with local antiseptic means and 
wound dressings. Failure of local therapy and 
presence of deeper infections require treatment 
consisting of systemic antibiotics and surgical 
debridement.

Surgical wound revision comprises removal of 
all purulent material, visible sutures, and mechani-
cal debridement. In case of infected bone flap, the 
bone should be removed preventing it from being 
a source for chronic infection. The dura mater pro-
vides a mechanical barrier and should not be 
opened unless subdural infection is assumed. In 
case of organ-space infection, thorough drainage 
and insertion of abscess and/or subdural drains are 
recommended. After bone flap removal, a cranio-
plasty with computer- assisted designed implants 
can be performed subsequently. There is no clear 
consensus at which time cranioplasty should be 
performed; intervals of 6–12  weeks have been 
advocated. Medical treatment of infection should 
be finished, and the wound should be closed at the 
time of cranioplasty [42].

Systemic antibiotic therapy should be adapted 
to the depth and extent of the infection according 
to the CDC classification. Prior to the administra-
tion of antibiotics, microbiological cultures 
should be obtained. The most likely organisms 
causing neurosurgical wound infections are 
gram-positive cocci, with Staphylococcus aureus 
being the most frequent organism found, fol-
lowed by Staphylococcus epidermidis, both 
accounting for 40% of wound infections after 
craniotomy [26].

The choice for initial calculated antibiotic 
therapy should consider the most likely causative 
organisms and the ability of the antibiotics to 
penetrate into the infected region.

Duration of antibiotic therapy depends on the 
extent of the infection. In case of deep infections 
involving the bone and brain, treatment durations 
up to 6 weeks are required.

In case of superficial wound infections, 
second- generation cephalosporins like cefurox-
ime are recommended; in case of known aller-
gies, clindamycin is favored. For deep wound 
infections, broad-spectrum ß-lactam antibiotics 
in combination with ß-lactam inhibitors are fea-
sible. Infections extending into the CSF space 
and brain require broad antibiotic therapy cover-
ing anaerobic organisms, e.g., with a combina-
tion metronidazole, vancomycin, and 
third-generation cephalosporins like ceftriaxone. 
According to the microbiological results, the 
presence of multiresistant organisms and antibio-
gram antibiotic therapy should be adapted.
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Venous Ulcers: General 
Information

Melvin A. Shiffman

1  Introduction

Venous leg ulcers affect about 500,000–2 million 
people annually in the USA [1]. Chronic venous 
ulcers remain the leading causes for nonhealing 
wounds in the lower extremities [2].

A leg ulcer has been defined as the loss of skin 
below the knee on the leg or foot, which takes 
more than 6 weeks to heal [3]. 80% of leg ulcers 
have a venous component [3].

Venous leg ulcers are a common, chronic, and 
recurring condition. Ulcers take longer to heal in 
lower socioeconomic groups. This may be due to 
difficulties in accessing evidence-based manage-
ment, such as Doppler assessment and compres-
sion therapy [4].

2  Community and Environmental 
Assessment Process Categories 
of Venous Disorders [5]

 1. Reticular and spider veins
 2. Varicose veins
 3. Varicose veins and leg swelling
 4. Varicose veins and evidence of venous stasis 

skin changes

 5. Varicose veins and a healed venous stasis 
ulceration

 6. Varicose veins and an open venous ulceration. 
CEAP 2004 revised classification (Table 16.1)

3   Cause

Sustained venous hypertension that results from 
chronic venous insufficiency or an impaired calf 
muscle pump [3]. The blood tends to collect and 
pool because the valves in the larger veins 
become damaged by a previous thrombosis in the 
vein or varicose veins. Gravity causes blood to 
flow back through the damaged valves and pool 
in the lower veins.

4  Risk Factors

 1. Obesity
 2. Immobility
 3. Varicose veins
 4. Deep vein thrombosis
 5. Congestive heart failure
 6. Incompetent valves
 7. Congenital absence of valves
 8. Pregnancy
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5  Appearance

Venous ulcers are usually large, irregular shaped, 
shallow, painless, and situated around the medial 
or lateral malleolus. Pain is related to edema, 
phlebitis, or infection. The ulcers may be associ-
ated with other signs of venous hypertension:

 1. Varicose veins
 2. Varicose eczema
 3. Atrophie blanche (Fig. 16.1)
 4. Hemosiderin pigmentation
 5. Venous flare (spider veins) (Fig. 16.2)
 6. Edema of the lower leg
 7. Chronic venous stasis

 (a) Warty hyperplasia of the skin
 (b) Thickening of the subcutaneous tissues

 8. Lipodermatosclerosis

6  Past History

The following history may suggest venous 
ulceration:

 1. Preexisting varicose veins
 2. Deep vein thrombosis
 3. Phlebitis
 4. Previous fracture
 5. Trauma or surgery
 6. Family history of venous disease

Symptoms of venous insufficiency such as 
pains or heaviness in the legs, aching, itching, 
swelling, breakdown of the skin surface, pigmen-
tation, and eczema may indicate early pre-venous 
ulceration.

7  Differential Diagnosis

7.1  Arterial Ulcer

Check for reduced pulses in the foot and ankle 
and possibly the femoral artery. The most com-
mon areas of poor blood supply are the tip of the 
toes or over the tibia and are typically painful and 

Table 16.1 CEAP Classification Revision 2004

Clinical classification
C0 No evidence of venous disease
C1 Superficial spider veins (telangiectasia or 

reticular veins)
C2 Simple varicose veins only
C3 Ankle edema of venous origin
C4a Skin pigmentation in the ankle area, dermatitis, 

and/or eczema
C4b Lipodermatosclerosis
C5 Healed venous ulcer
C6 Open venous ulcer
S Symptomatic
A Asymptomatic
Etiologic classification
Ec Congenital
Ep Primary
Es Secondary
En No venous cause
Anatomic classification
As Superficial veins
Ap Perforating veins
Ad Deep veins
An No venous anatomy identified
Pathophysiologic classification
Pr Reflux
Po Obstruction
Pr, 
o

Reflux and obstruction

Pn No venous pathology

Modified from Images for CEAP Classification Revision 
2004

Fig. 16.1 Atrophie blanche

Fig. 16.2 Venous flare (spider veins)
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deep. There may be peripheral cyanosis and 
claudication.

Measurement of ankle brachial pressure index 
using Doppler will determine the presence of 
arterial ulcer.

7.2  Neuropathic Ulcer

The neuropathic ulcer is painless and deep, often 
with overlying hyperkeratosis.

It occurs in sites of loss of nerve supply and 
recurrent trauma such as the heel and metatarsal 
heads.

7.3  Malignancy

Chronic venous ulcers can develop into malig-
nant ones. Malignant ulcers in the area of the legs 
may be rare but attention should be paid to an 
ulcer with rolled edges and ulceration occurring 
in the area of scar tissue. Marjolin’s ulcer should 
be considered [6].

7.4  Rheumatoid Ulcer

Rheumatoid ulcers are sharp, deep, and well 
demarcated with a punched-out appearance. 
They occur typically on the dorsum of the foot 
and calf and may be slow to heal. Venous ulcers 
also occur in rheumatoid patients, so the differen-
tiation may be difficult. The ulcers often will 
respond to a disease-modifying antirheumatic 
drug (DMARDs).

8  Tests

Measurement of surface area of the ulcer will allow 
the physician to follow the rate of healing or failure 
to progress. Look for signs of infection or cellulitis. 
Culture any discharge for culture and sensitivity. 
Biopsy the ulcer that has an atypical appearance or 
fails to heal after 12 weeks of active treatment.

If there is an associated dermatitis in chronic 
ulcer patients, they should be referred for patch 

testing (“leg ulcer series”) to determine allergens 
to which a leg ulcer patient may be exposed to, 
i.e., wound dressings.

Other tests can be performed if there is suspi-
cion of an alternative or additional cause for the 
ulcer: tests such as complete blood count, eryth-
rocyte sedimentation rate, C-reactive protein, 
albumin, HbAlc, autoantibody screen, and clot-
ting and hemoglobinopathy screen.

9  Treatment

Control edema and reduce venous hypertension 
through compression therapy. Debride all dead 
tissue and control infection with antibiotics. 
Topical antibiotics can cause sensitivity and there 
is no place for them, except for metronidazole 
gel, which may be useful for malodorous ulcers.

Although multilayer compression dressing 
remains the gold standard treatment, there are 
various surgical procedures aimed at healing 
chronic venous ulcers (CVUs) with little or no 
evidence on the efficacy of these treatment meth-
ods. Adding superficial vein ligation and strip-
ping to compression do not improve 
wound-healing rate [2] but may reduce the risk of 
recurrence [4].

Wounds that do not close at 4  weeks are 
unlikely to achieve complete wound healing and 
may benefit from surgery or other therapies. 
Autograft or allograft may be helpful. Pinched 
skin grafting may be indicated in patients with 
extensive areas of ulceration. Bioengineered skin 
substitutes may be considered.

Adjunctive therapies, such as ultrasound, 
pulsed electromagnetic fields, and electrical 
stimulation, may aid in treating chronic venous 
ulcers.

10  Complications

 1. Immobility due to pain
 2. Infection
 3. Negative impacts on daily life and functioning
 4. Osteomyelitis
 5. Septicemia
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 6. Recurrence
 7. Mortality
 8. Loss of quality of life

11  Secondary Prevention 
of a Recurrent Ulcer

Correctly fitted compression hosiery should be 
worn for 5  years after an ulcer has healed. 
Underlying comorbidities, e.g., diabetes and rheu-
matoid arthritis, should be managed appropriately.
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Review of Clinical 
Pharmacokinetics of Levofloxacin 
with Special Emphasis in Burn 
Wound Patients

Ranjeet Prasad Dash, Rana Rais, 
and Nuggehally R. Srinivas

1  Introduction

Novel fluoroquinolones as a class have attained 
good prescription rate over the past two decades. 
The advantage of fluoroquinolones is that they 
provide options against gram-positive organisms 
and/or anaerobes while still maintaining impres-
sive activity against gram-negative pathogens [1, 
2]. Furthermore, it has been observed that newer 
fluoroquinolones provide distinctive pharmaco-
kinetic profile with availability of higher drug 
concentrations in respiratory tract tissues and flu-
ids relative to serum concentrations, following 
oral and intravenous administration [3, 4]. 
Amongst the novel fluoroquinolones, levofloxa-
cin has gained significant importance in manag-
ing community-acquired pneumonia [5]. 
Levofloxacin (Fig. 1) offers broad-spectrum anti-
bacterial activity especially against gram- 
negative organisms [5]. From the pharmacokinetic 
perspective, levofloxacin can be used both via 
oral and intravenous routes since it exhibits 
higher systemic and tissue concentrations after 
both oral and intravenous administration [5]. 

Levofloxacin is also a preferred drug for the man-
agement of burn-associated infections [6].

A major concern associated with the treatment 
in burn injury patients is the effect of pathological 
condition on the pharmacokinetic disposition of 
the drug being used in the treatment [5]. The path-
ological changes that occur in a burn injury patient 
have been suggested to have pharmacokinetic 
implications which may result in the alteration of 
either protein binding, volume of distribution, 
clearance or oral bioavailability [7]. The extent of 
impact on the pharmacokinetics of the drug is 
dependent on the type and degree of burn injury 
and the time that elapsed between burn injury and 
drug administration [7]. It should also be noted 
that burn/thermal injury would result in the 
enhanced intestinal permeability that will subse-
quently increase the bioavailability of large and 
hydrophilic molecules [8]. Because the levels of 
albumin and α1-acid glycoprotein decrease in burn 
injury patients, it may lead to increase in the free 
fraction of the drug in plasma [9]. The volume of 
distribution may change as a result of altered pro-
tein binding and/or enlarged extracellular volume 
[10]. The above mechanistic episodes with other 
related changes such as glomerular filtration rate, 
tubular secretion, hepatic blood flow and drug-
metabolizing enzyme activity may in totality affect 
the drug clearance and overall drug exposures in 
burn injury patients [10].

The pathological condition of burn injury has 
a significant impact on the pharmacokinetic of 
antibacterial [6]. Several antimicrobials such as 
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ciprofloxacin, vancomycin, gentamicin and ami-
kacin have demonstrated significant pharmacoki-
netic alterations in severely burned patients 
[11–14]. Burn injury may result in suboptimal 
dosing and impaired efficacy of the antimicrobial 
therapies and may result in development of resis-
tance against bacterial pathogens [6]. This 
requires dose titration to achieve desired efficacy. 
Keeping in view the significance of antibacterial 
pharmacokinetics in burn injury patients, this 
article will focus on understanding the pharma-
cokinetic aspects of levofloxacin in healthy, dis-
eased and burn injury patients.

2  Case Study of Levofloxacin

2.1  Levofloxacin 
Pharmacokinetics in Healthy 
Subjects

Chow et al. [15] carried out the pharmacokinetic 
study of levofloxacin administered as 750  mg 
intravenous infusion once daily for 7 days. The 
subjects were classified in two groups based on 
their renal clearance (≤ or ≥80  mL/min). The 
steady-state plasma concentration was attained in 
2 days in all the subjects. However, the maximum 
plasma concentration (Cmax) and area under the 
curve (AUC) values of subjects with clearance 
≤80  mL/min were 1.6 and 1.8 times higher as 
compared to the subjects with clearance ≥80 mL/
min, thus suggesting that dose adjustments were 
needed in subjects with higher degree of renal 

impairment [15]. Multiple-dose intravenous 
pharmacokinetic study of levofloxacin carried 
out for 7 days (200 mg single dose on days 1 and 
7 and 200 mg twice daily doses from days 2 to 6) 
in healthy Chinese volunteers resulted in the 
achievement of steady-state concentration of 
levofloxacin in 3 days. The half-life was found to 
be 6 h, and cumulative urinary excretion rate was 
88  ±  5%. No significant differences were 
observed in the AUCs measured on days 1 and 7, 
thus implying that levofloxacin did not accumu-
late even after multiple dosing [16]. Nakashima 
et al. [17] conducted a phase 1 pharmacokinetic 
study following single (200  mg) and multiple 
(200 mg given 3 times daily for 7 days) oral dose 
of levofloxacin under fed condition. The half-life 
was found to range between 4 and 6 h. Almost, 
85–92% of levofloxacin was excreted in urine 
within 48 h, and a minimal amount of the intact 
levofloxacin (approximately 4%) was recovered 
in faeces in 72 h, thus confirming both complete 
oral absorption of levofloxacin and renal route as 
the primary path for the elimination of levofloxa-
cin. Furthermore, as noted earlier levofloxacin 
did not show any accumulation; additionally, 
lack of chiral conversion of levofloxacin was 
documented in this study.

2.2  Levofloxacin 
Pharmacokinetics in Special 
Populations

Madhavi and Priyanka [18] studied the effect of 
menstrual cycles on the pharmacokinetics of levo-
floxacin. The findings suggested that the salivary 
concentration of levofloxacin decreased during 
the luteal phase owing to the fact that luteal phase 
exhibits high progesterone levels which in turn 
induced cytochrome P450 (CYP) enzymes and 
accelerated the drug metabolism of CYP substrate 
such as levofloxacin. By the same token, elevated 
oestrogen levels observed during the follicular 
stage inhibited the CYP enzymes and resulted in 
higher salivary levofloxacin concentration [18]. 
Based on these findings, it was suggested that 
female subjects may develop resistance towards 
bacterial infection during the luteal phase [18]. A 
formal gender effect study observed differences in 
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the pharmacokinetics of levofloxacin in male ver-
sus female subjects [19]. Following a single intra-
venous dose of  levofloxacin (500 mg), the female 
subjects showed 43 and 23% higher Cmax and 
AUC, respectively, as compared to the male coun-
terparts. Although, no significant differences were 
observed in the half-life, the clearance and volume 
of distribution in males were 1.3 and 1.5 times 
higher in male subjects relative to female subjects 
[19]. Thee et al. [20] described the pharmacoki-
netic study of levofloxacin in paediatric subjects 
in three age groups such as 0–2, 2–6 and >6 years, 
who received body weight adjusted oral dosing of 
15 mg/kg of levofloxacin. In this study, no signifi-
cant differences in the systemic exposure and half-
life of levofloxacin were observed amongst the 
stratified groups. However, the half-life of levo-
floxacin in the paediatric group was found to be 
3 h almost two-fold lower relative to the adult sub-
jects (6 h), conferring a somewhat faster clearance 
of levofloxacin in paediatric subjects. With respect 
to the infection status, no significant difference in 
the pharmacokinetic parameters of levofloxacin 
was observed between the human immunodefi-
ciency virus (HIV)-infected and HIV-noninfected 
paediatric subjects [17, 20].

The concentrations of levofloxacin in skin 
blister fluid relative to those of serum have been 
reported after a 500 mg oral dose of levofloxacin 
[21]. The Cmax of levofloxacin observed for serum 
samples was approximately two times higher as 
compared to blister fluid samples. The half-life of 
levofloxacin appeared to be comparable between 
the two (8.1  h for serum and 9.2  h for blister 
fluid). Therefore, this study demonstrated the 
accessibility of levofloxacin to the deeper tissues 
and body fluids. Chow et al. [22] observed that 
levofloxacin (750  mg once daily for 3  days, 
orally) achieved higher concentrations in the skin 
tissues as compared to plasma. The tissue/plasma 
ratio was 1.37 and 1.97 for Cmax and AUC, respec-
tively. Child et  al. [23] conducted a crossover 
study in six healthy subjects where they received 
500 mg of levofloxacin orally every 12 h for five 
doses in period 1 and 500 mg every 24 h for three 
doses. No significant difference was found for 
levofloxacin concentration in plasma and inflam-
matory fluid collected from the blisters. The 
overall penetration into inflammatory fluid 

ranged from 88 to 101% with the 12-h regimen 
and 83 to 112% with the 24-h regimen. As judged 
by the mean urinary recoveries of 87 and 86% 
over the corresponding interval of the 12- and 
24-h regimens, respectively, there was no accu-
mulation of levofloxacin.

2.3  Levofloxacin 
Pharmacokinetics in Patients

2.3.1  Respiratory Infection
Benko et  al. [24] carried out a pharmacoki-
netic/pharmacodynamic study involving mul-
tiples doses of levofloxacin (500  mg, 
intravenous infusion) in 12 patients with respi-
ratory infections caused by various pathogens. 
The maximum plasma levofloxacin concentra-
tion and the area under the free concentration-
time curve for the free fraction of levofloxacin 
were 8.13 ± 1.64 mg/L and 49.63 ± 15.60 mg 
h/L, respectively [24].

Boselli et  al. [25] conducted a pharmacoki-
netic study of levofloxacin (500  mg), adminis-
tered once or twice daily in critically ill patients 
with severe community-acquired pneumonia. 
The concentrations of levofloxacin were moni-
tored both in plasma and epithelial lining fluid of 
the patients. From a pharmacodynamic/clinical 
perspective, the data demonstrated that the con-
centrations of levofloxacin exceeded the required 
minimum inhibitory concentration values of 
<1 mg/L (serum) and >1 mg/L (epithelial lining 
fluid) for inhibiting the pathogens. The clearance 
in the patients dosed once daily was 45.3 mL/min 
as compared to 40.0  mL/min in patients dosed 
twice daily, suggesting there was no accumula-
tion of levofloxacin in patients despite multiple 
dosing of the drug. Pharmacokinetic study fol-
lowing multiple intravenous administration of 
levofloxacin (1000  mg, once daily) in stable 
chronic lung disease patients showed signifi-
cantly higher levofloxacin concentration in the 
alveolar cells (11.5 times) and epithelial lining 
fluid (2 times) as compared to the plasma tissue. 
No significant difference was observed in the 
half-life for levofloxacin in plasma (8.7  h) and 
epithelial lining fluid (7 h); however, the half-life 
of levofloxacin was found to be five to six times 
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higher for the alveolar cells (49.5 h). The findings 
of this study indicated that levofloxacin showed 
deep tissue penetration following a single intra-
venous dose of 1000 mg once daily and was well 
tolerated.

Furlanut et al. [26] described the pharmacoki-
netic study of oral/intravenous levofloxacin in 17 
elderly patients suffering from the lower respira-
tory tract infection. The elderly patients showed 
slightly longer elimination half-life (9  h) and 
higher AUC (80 μg h/mL) as compared to healthy 
subjects who showed a half-life of 6.6 h and AUC 
of 55.3 μg h/mL [26, 27]. The probable reason for 
this altered pharmacokinetics of levofloxacin 
may be due to the declined renal function in the 
aged patients because 71% of levofloxacin is 
excreted via renal route [26]. The overall clinical 
success rate in this study was 94.1% [26]. 
Noreddin et  al. [28] carried out a pharmacoki-
netic study at three intravenous dose levels; 500, 
750 and 1000 mg of levofloxacin in young and 
elderly patients with community-acquired pneu-
monia. Younger patients showed higher clearance 
of levofloxacin (10.4 L/h) as compared to elderly 
patients (7.4 L/h), whereas the half-life of levo-
floxacin was longer in elderly patients (9.8 h as 
compared to younger patients with 7.2  h half- 
life). Regardless of the three dose levels, the AUC 
values for levofloxacin were 1.4 times higher in 
elderly patients (in comparison to younger 
patients. Based on the AUC/MIC data, 750  mg 
provided optimum efficacy. An interesting com-
parative pharmacokinetic study of levofloxacin 
(500 mg twice daily) in healthy and early-onset 
ventilator-associated pneumonia (VAP) patients 
showed a 20–40% lower exposure in patients as 
compared to healthy individuals [29]. Cumulative 
urinary excretion during the 12-h dosage interval 
confirmed the greater excretion of unchanged 
drug in these patients compared with healthy sub-
jects (76% versus 68%) [29].

2.3.2  Miscellaneous
Bellmann et al. [30] observed that inflammatory 
condition slightly increased the tissue distribu-
tion of levofloxacin as compared to normal adi-
pose tissue following single-dose intravenous 
administration. Interindividual variability in tis-
sue penetration was high, as indicated by a coef-

ficient of variation of approximately 82%. Geller 
et  al. [31] evaluated the pharmacokinetics of 
levofloxacin (240  mg for 7  days) administered 
as an aerosol in the patients with cystic fibrosis. 
The sputum concentration of levofloxacin was 
150-fold higher as compared to plasma concen-
tration with no significant difference in time to 
reach maximum plasma concentration (Tmax). 
The plasma half-life was 7.49 h as compared to 
sputum half-life of 4.58 h. Thus, it may be pre-
sumed that aerosol delivery system may be con-
sidered as a better alternative for treating 
respiratory infection as compared to oral and 
intravenous therapies. The patients with cystic 
fibrosis, although did not show any significant 
difference in the total clearance, volume of dis-
tribution, maximum serum concentration and 
elimination half-life for levofloxacin (500  mg 
daily, for 14 days, oral), displayed a rapid attain-
ment of Tmax as compared to non-cystic fibrotic 
patients [32]. Rebuck et  al. [33] described the 
pharmacokinetic study of levofloxacin (500 mg 
once daily) following intravenous and oral 
administration in critically ill and healthy 
patients. A 1.2 times higher exposure and lower 
clearance were observed in patients as compared 
to healthy subjects. Levofloxacin showed higher 
penetration to the prostate tissues in acute pros-
tatitis patients undergoing prostatectomies fol-
lowing administration of 500 mg of levofloxacin 
orally every 24 h for 2 days prior to surgery, and 
then on the day of surgery, 500 mg was adminis-
tered as an hour-long, constant-rate intravenous 
(IV) infusion [34]. The AUCprostate:AUCplasma was 
found to be 2.96 suggesting the efficiency of the 
penetration of levofloxacin into prostrate tissue 
for combating infections [34]. Single- and mul-
tiple-dose (10 days once daily) oral pharmacoki-
netic study of levofloxacin (350  mg) in 10 
HIV-infected patients did not show any signifi-
cant difference in the pharmacokinetic parame-
ters except for peak concentrations in plasma, 
which were 4.79 ± 1.00 and 6.92 ± 1.56 μg/mL 
for single- and multiple- dose data, respectively, 
suggesting no accumulation even after multiple 
dosing and infected condition had no effect on 
drug clearance [35]. Another study in 30 HIV-
infected patients who received 750 mg of drug 
for 14  days followed with placebo for another 
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14  days showed that levofloxacin was rapidly 
absorbed with a maximum plasma concentration 
(Tmax) of 1.5 h and elimination half-life ranging 
from 7.2 to 9.4  h [36]. Hutschala et  al. [37] 
observed that the accessibility of levofloxacin 
(500 mg intravenous) to the cardiac tissues fol-
lowing cardiac surgery was low as observed 
from the AUCtissue:AUCplasma ratio of 0.6. 
Pharmacokinetic profile of levofloxacin (single 
dose 500  mg oral) did not change in typhoid 
patients when compared to that of healthy indi-
viduals except 1.3 higher volume of distribution 
in typhoid patients [38]. Weinrich et  al. [39] 
observed significantly higher liver penetration 
for levofloxacin (500 mg intravenous) in patients 
for liver resection. The tissue/serum ratio of 
levofloxacin was found to be 3.72 at the time of 
liver resection, thus suggesting that levofloxacin 
is a good candidate for antibiotic prophylaxis 
before invasive hepatobiliary procedures [39].

2.3.3  Renal Impairment
Bellmann et al. [40] described the pharmacoki-
netic study of levofloxacin (500 mg intravenous) 
in 11 critically ill patients who were managed 
with continuous venovenous infiltration. Out of 
the 11 patients, 4 patients were on haemofiltra-
tion, 4 patients showed moderate renal impair-
ment but were not put on haemofiltration, and 3 
had normal renal function. The observed clear-
ance of levofloxacin in patients with normal 
renal function was comparable to that of healthy 
subjects. The half-life in renal impaired patients 
who were not on haemofiltration was 20–25  h 
which was slightly higher as compared to 30 h as 
seen in patients on haemofiltration. Thus, levo-
floxacin dose adjustment was necessary in 
patients with renal failure without haemofiltra-
tion. It was noted that haemofiltration decreased 
the systemic exposure of levofloxacin and 
increased the volume of distribution. Malone 
et al. (2001) also observed that the clearance of 
levofloxacin was substantially increased during 
continuous venovenous haemofiltration (CVVH) 
and continuous venovenous haemodiafiltration 
(CVVHDF) [41].

Sowinski et  al. [42] conducted pharmacoki-
netic study in noninfected patients with end-stage 
renal disease upon intravenous infusion (over 

1  h) dosing of levofloxacin (250  mg), after a 
scheduled haemodialysis session [42]. The clear-
ance of levofloxacin reduced to approximately 
75% in renal impaired patients. The half-life 
value of levofloxacin was 35  h in the renal 
impaired patients and thus supported the need for 
dose adjustment. The condition of pyelonephritis 
in women, however, did not have any effect on 
the elimination of the intravenously administered 
levofloxacin since the half-life of levofloxacin 
was found to be 7 h which was comparable to the 
value observed in healthy male subjects [43]. 
Additionally, in this study it was confirmed that 
E. coli was completely eradicated from urine 
within 3–6  h duration following first dose of 
levofloxacin [43].

Tsaganos et al. [44] determined the effect of 
intermittent haemodialysis on pharmacokinetics 
of levofloxacin (500  mg single dose and for 
3 days) in patients with end-stage renal disease. 
Although, the plasma concentration and half-life 
of levofloxacin was higher in the patients as com-
pared to single dose, the clearance of levofloxa-
cin was equivalent in both the cases, thus 
indicating no drug accumulation of levofloxacin 
in patients that were undergoing haemodialysis 
[44]. A study by Guenter et al. [45] in five renal 
impaired patients at a dose level of 500 mg/day as 
an intravenous infusion showed higher clearance 
of 154  L/h, thus suggesting dose adjustment in 
renal impaired patients.

2.3.4  Levofloxacin Pharmacokinetics 
in Burn Injury Patients

Kiser et  al. [6] conducted a pharmacokinetic 
study in 11 severe burn injury patients following 
intravenous dosing of levofloxacin (750 mg, once 
daily for 4  days). The various pharmacokinetic 
parameters such as total body clearance, renal 
clearance, volume of distribution and elimination 
half-file for levofloxacin were similar between 
the single intravenous dose (i.e., day 1) and 
repeated daily intravenous doses (i.e., day 4) of 
levofloxacin. The mean values of the various 
pharmacokinetic parameters observed in burn 
injury patients were similar to the reported values 
either in healthy subjects or critically ill patients 
who received similar intravenous doses of levo-
floxacin. However, one key observation from the 
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study was the observation of high interindividual 
variability amongst the burn injury patients. The 
various pharmacokinetic/pharmacodynamic 
measures such as minimum inhibitory concentra-
tion (MIC)/Cmax and/or MIC/AUC reported in 
this study suggested the effectiveness of levoflox-
acin either used alone and/or in combination with 
other antibiotics in burn injury patients [6]. 
Figure 2 shows a comparison of dose-normalized 
Cmax and AUC of levofloxacin in healthy subjects 
with that of burn injury patients, whereas Fig. 3 
shows the clearance of levofloxacin in healthy 
and burn patients. A summary of pharmacoki-
netic parameters in healthy subjects and patients 
is shown in Table 1.

3  Discussion

The popularity and continued success of levo-
floxacin as one of the leading fluoroquinolones 
can be attributed to its favourable safety and tol-
erability profiles. Furthermore, levofloxacin has 
demonstrated very impressive pharmacodynamic 

profile which is accompanied by a consistent and 
dependable pharmacokinetic behaviour.

On the basis of the review of the pharmacoki-
netic disposition of levofloxacin, the following 
deductions can be summarized:

 (a) The clinical pharmacokinetics of levofloxa-
cin remained unaltered when single-dose data 
was compared with multiple-dose data with 
key parameters such as half-life, clearance 
and volume of distribution almost indistin-
guishable suggesting the existence of station-
ary pharmacokinetics for levofloxacin [46].

 (b) The lack of any noticeable disparity between 
intravenous and oral pharmacokinetics of 
levofloxacin with almost complete oral bio-
availability of the drug was an advantage in 
making switch decisions between oral and 
intravenous therapy in the targeted patient 
population [46].

 (c) To a large extent, the existence of similarity 
in the pharmacokinetics of levofloxacin has 
been confirmed between healthy human vol-
unteers and intensive care patient population 
(e.g., respiratory infection), however, with 
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the caveat that any compromised renal func-
tion would result in the altered pharmacoki-
netics of levofloxacin which may have to be 
factored in proper dosing decisions [15, 33].

 (d) The lack of the effect of either sex or age on 
the pharmacokinetics of levofloxacin in 
healthy subjects that have uncompromised 
renal function should be advantageous in 
treating disease population at large [47].

 (e) The penetration of levofloxacin to body flu-
ids (i.e., blister fluid), tissues of interest and 
respiratory cavities was shown to be adequate 
for levofloxacin to exhibit its promising 
pharmacodynamic activity [25, 34, 48, 49].

On the topic of drug-drug interaction liability 
of levofloxacin as either a perpetrator or a victim, 
a few studies have been published. Chien [46] 
showed that the pharmacokinetic profile of levo-
floxacin in HIV-infected patients was not altered 
by the concomitant administration of zidovudine; 
by the same token, the pharmacokinetics of zid-
ovudine pharmacokinetics was unaffected by 
levofloxacin. Lee et  al. [50] showed that co- 
administration of sucralfate, approximately 2  h 
post oral levofloxacin administration, had no 
bearing on the absorption and overall disposition 
of levofloxacin, and therefore, the non-inclusion 
of sucralfate was not considered essential in levo-
floxacin therapy. The co-administration of levo-

floxacin with other fluoroquinolones such as 
ciprofloxacin, norfloxacin and ofloxacin slightly 
increased the exposure by 10–17% [51]. The 
addition of levofloxacin to the steady-state regi-
men of theophylline marginally increased the 
serum concentration of theophylline [52]. Studies 
carried out with several oral antacid preparations 
such as aluminium or magnesium hydroxide 
preparations suggested that levofloxacin absorp-
tion and exposure was significantly affected by 
the simultaneous intake of levofloxacin with 
 antacid preparations [53]. However, a 2-h win-
dow, either before or after levofloxacin dosing, 
was necessary, to permit the intake of antacids 
without any altered pharmacokinetics of levo-
floxacin [53]. Co-administration of cimetidine 
and probenecid resulted in the alteration in the 
pharmacokinetic profile of levofloxacin with 
respect to increased exposure and half-life by 
approximately 30–38% [54].

One important consideration is that how to put 
the various pharmacokinetic data of levofloxacin 
including drug-drug interaction potential in the 
context of burn injury patients. Although gener-
ally it appeared that pharmacokinetic parameters 
of levofloxacin were similar between burn injury 
patients and other studied population, there may 
be some situations of either a faster or slower 
clearance of levofloxacin that need to be antici-
pated in the therapy. One important caveat that 
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needs to be considered is that if burn injury 
patients have an underlying renal impairment 
issue, it is quite possible that levofloxacin phar-
macokinetics will likely be altered and consider-
ation of dose adjustment in such patients would 
become critical. Another observation worthy of 
discussion is the high degree of variability in the 
inter-patient pharmacokinetics of levofloxacin in 
the burn injury patients. As pointed out earlier, 
burn injury has the potential to alter several phys-
iological process key for the drug disposition, 
which in turn contributes for the observed vari-
ability. Such high degree of variability in burn 
injury patients was not unique for levofloxacin 
but has been also reported for other antibiotics 
such as vancomycin, ciprofloxacin, etc. [11, 12]. 
From the drug-drug interaction perspective, only 
thing of relevance was with respect to the 
observed pharmacokinetic interaction between 
levofloxacin and cimetidine/probenecid. Because 
both probenecid and cimetidine interfere in the 
renal excretory process of levofloxacin, they 
tended to decrease the excretion of levofloxacin 
and increase its half-life and exposure. Hence, as 
a precautionary measure for treating burn injury 

patients with levofloxacin, other co-medications 
that influence the urinary excretory processes 
should be replaced with other agents that will not 
interfere in the urinary excretory process of levo-
floxacin (Fig. 4).

Despite the high degree of variability in the 
pharmacokinetic parameters of levofloxacin in 
burn injury patients, a simple linear regression 
model was proposed to predict the pharmacoki-
netics of levofloxacin with a limited sampling 
strategy [5]. Furthermore, the developed linear 
regression model using pharmacokinetic data in 
burn injury patients was also shown to be appli-
cable for the prediction of levofloxacin pharma-
cokinetics in healthy subjects who were dosed 
either orally or intravenously [5].

 Conclusions
The focus of the review was to provide a com-
prehensive report on the pharmacokinetics of 
levofloxacin in healthy subjects, critical care 
patients and burn injury patients. In addition 
to describing the general clinical pharmacoki-
netics of levofloxacin across the population 
spread, other important factors that may play a 
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Fig. 4 Dose-normalized Cmax and AUC values of levo-
floxacin in healthy subjects and renal impaired patients 
with respect to the dose administered in respiratory infec-

tion patients (500 mg). Data represented for healthy sub-
jects, respiratory infection and renal impaired patients 
corresponds to Refs. [6, 19, 26], respectively
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role in the pharmacokinetics of levofloxacin 
such as age, sex, renal impairment status, etc. 
have been summarized. Based on the review, 
levofloxacin showed comparable pharmacoki-
netics across the varied population including 
burn injury patients. The burn injury patients 
tended to exhibit higher degree of pharmaco-
kinetic variability. Regardless of the popula-
tion, renal function status was shown to alter 
the pharmacokinetics of levofloxacin. 
Therefore, dose adjustment decision of levo-
floxacin in burn injury patients and/or critical 
care patients should consider the renal func-
tion. Another important consideration in clini-
cal therapy with levofloxacin was to examine 
the probable role of co-medication on the 
renal functionality in burn injury or critical 
care patients who were stabilized with an 
appropriate dose of levofloxacin.

References

 1. Hooper DC (2000) New uses for new and old quino-
lones and the challenge of resistance. Clin Infect Dis 
30(2):243–254

 2. Zhanel GG, Ennis K, Vercaigne L, Walkty A, Gin AS, 
Embil J, Smith H, Hobon DJ (2002) A critical review 
of the fluoroquinolones: focus on respiratory infec-
tions. Drugs 62(1):13–59

 3. Zhanel GG, Walkty A, Vercaigne L, Karlowsky 
JA, Embil J, Gin AS, Hoban DJ (1999) The new 
fluoroquinolones: a critical review. Can J  Infect Dis 
10:207–238

 4. O’Donnell JA, Gelone SP (2000) Fluoroquinolones. 
Infect Dis Clin North Am 14:489–513

 5. Srinivas NR (2016) Predictions of the pharmacoki-
netics in burn injury patients using regression mod-
els - case study with levofloxacin. Drug Res (Stuttg) 
66(10):555–560

 6. Kiser TH, Hoody DW, Obritsch MD, Wegzyn CO, 
Bauling PC, Fish DN (2006) Levofloxacin pharma-
cokinetics and pharmacodynamics in patients with 
severe burn injury. Antimicrob Agents Chemother 
50(6):1937–1945

 7. Jaehde U, Sorge F (1995) Clinical pharmacoki-
netics in patients with burns. Clin Pharmacokinet 
29(1):15–28

 8. Epstein MD, Tchervenkov JI, Alexander JW, Johnson 
JR, Vester JW (1991) Increased gut permeability fol-
lowing bum trauma. Arch Surg 126:198–200

 9. Zini R, Riant P, Barre J, Tillement JP (1990) 
Disease-induced variations in plasma protein levels. 
Implications for drug dosage regimens (part 1). Clin 
Pharmacokinet 19(2):147–159

 10. Rowland M, Tozer TN (1989) Clinical pharmaco-
kinetics: concepts and applications. Lea &Febiger, 
Philadelphia, pp 145–146. 187–8

 11. Garrelts JC, Jost G, Kowalsky SF, Krol GJ, 
Lettieri JT (1996) Ciprofloxacin pharmacokinet-
ics in burn patients. Antimicrob Agents Chemother 
40:1153–1156

 12. Garrelts JC, Peterie JD (1988) Altered vancomycin 
dose vs. serum concentration relationship in burn 
patients. Clin Pharmacol Ther 44:9–13

 13. Zaske DE, Sawchuk RJ, Gerding DN, Strate RG 
(1976) Increased dosage requirements of gentamicin 
in burn patients. J Trauma 16:824–828

 14. Zaske DE, Sawchuk RJ, Strate RG (1978) The neces-
sity of increased doses of amikacin in burn patients. 
Surgery 84:603–608

 15. Chow AT, Fowler C, Williams RR, Morgan N, 
Kaminski S, Natarajan J  (2001) Safety and pharma-
cokinetics of multiple 750-milligram doses of intrave-
nous levofloxacin in healthy volunteers. Antimicrob 
Agents Chemother 45(7):2122–2125

 16. Zhang L, Li JT, Lu Y, Li MN, Zhang YL, Liu Y, Li TY, 
Zhang JW (2002) Pharmacokinetics of multiple intra-
venous instillation of levofloxacin in Chinese healthy 
subjects. Acta Pharmacol Sin 23(4):381–384

 17. Nakashima M, Uematsu T, Kanamaru M, Okazaki O, 
Hakusui H (1992) Phase I study of levofloxacin, (S)-(-
)-ofloxacin. Jpn J Clin Pharmacol Ther 23(2):515–520

 18. Madhavi M, Priyanka UM (2014) Influence of fol-
licular and luteal phase on levofloxacin pharmaco-
kinetics in female volunteers. Int J  Pharm Bio Sci 
5(1):305–312

 19. Abuelkheir MM (2009) Effect of pharmacokinetic 
differences between men and women on phar-
macodynamic target attainment of levofloxacin 
against Streptococcus pneumoniae. Saudi Pharm 
J 17(1):29–39

 20. Thee S, Garcia-Prats AJ, McIlleron HM, Wiesner L, 
Castel S, Norman J, Draper HR, van der Merwe PL, 
Hesseling AC, Schaaf HS (2014) Pharmacokinetics of 
ofloxacin and levofloxacin for prevention and treat-
ment of multidrug-resistant tuberculosis in children. 
Antimicrob Agents Chemother 58(5):2948–2951

 21. Trampuz A, Wenk M, Rajacic Z, Zimmerli W (2000) 
Pharmacokinetics and pharmacodynamics of levo-
floxacin against Streptococcus pneumoniae and 
Staphylococcus aureus in human skin blister fluid. 
Antimicrob Agents Chemother 44(5):1352–1355

 22. Chow AT, Chen A, Lattime H, Morgan N, Wong 
F, Fowler C, Williams RR (2002) Penetration of 
 levofloxacin into skin tissue after oral administration 
of multiple 750  mg once-daily doses. J  Clin Pharm 
Ther 27(2):143–150

 23. Child J, Mortiboy D, Andrews JM, Chow AT, Wise R 
(1995) Open-label crossover study to determine phar-
macokinetics and penetration of two dose regimens 
of levofloxacin into inflammatory fluid. Antimicrob 
Agents Chemother 39(12):2749–2751

 24. Benko R, Matuz M, Doro P, Peto Z, Molnar A, Hajdu 
E, Nagy E, Gardi J, Soos G (2007) Pharmacokinetics 
and pharmacodynamics of levofloxacin in critically 

R. P. Dash et al. 



93

ill patients with ventilator-associated pneumonia. Int 
J Antimicrob Agents 30(2):162–168

 25. Boselli E, Breilh D, Rimmelé T, Djabarouti S, 
Saux MC, Chassard D, Allaouchiche B (2005) 
Pharmacokinetics and intrapulmonary diffusion 
of levofloxacin in critically ill patients with severe 
community-acquired pneumonia. Crit Care Med 
33(1):104–109

 26. Furlanut M, Brollo L, Lugatti E, Di Qual E, Dolcet F, 
Talmassons G, Pea F (2003) Pharmacokinetic aspects 
of levofloxacin 500  mg once daily during sequen-
tial intravenous/oral therapy in patients with lower 
respiratory tract infections. J Antimicrob Chemother 
51(1):101–106

 27. Lubasch A, Keller I, Borner K, Koeppe P, Lode H 
(2000) Comparative pharmacokinetics of cipro-
floxacin, gatifloxacin, grepafloxacin, levofloxacin, 
trovafloxacin, and moxifloxacin after single oral 
administration in healthy volunteers. Antimicrob 
Agents Chemother 44(10):2600–2603

 28. Noreddin AM, Marras TK, Sanders K, Chan CK, 
Hoban DJ, Zhanel GG (2004) Pharmacodynamic 
target attainment analysis against Streptococcus 
pneumoniae using levofloxacin 500 mg, 750 mg and 
1000 mg once daily in plasma (P) and epithelial lining 
fluid (ELF) of hospitalized patients with community 
acquired pneumonia (CAP). Int J Antimicrob Agents 
24(5):479–484

 29. Pea F, Di Qual E, Cusenza A, Brollo L, Baldassarre 
M, Furlanut M (2003) Pharmacokinetics and pharma-
codynamics of intravenous levofloxacin in patients 
with early-onset ventilator-associated pneumonia. 
Clin Pharmacokinet 42(6):589–598

 30. Bellmann R, Kuchling G, Dehghanyar P, Zeitlinger 
M, Minar E, Mayer BX, Müller M, Joukhadar C 
(2004) Tissue pharmacokinetics of levofloxacin in 
human soft tissue infections. Br J  Clin Pharmacol 
57(5):563–568

 31. Geller DE, Flume PA, Griffith DC, Morgan E, White 
D, Loutit JS, Dudley MN (2011) Pharmacokinetics 
and safety of MP-376 (levofloxacin inhalation solu-
tion) in cystic fibrosis subjects. Antimicrob Agents 
Chemother 55(6):2636–2640

 32. Lee CK, Boyle MP, Diener-West M, Brass-Ernst L, 
Noschese M, Zeitlin PL (2007) Levofloxacin pharmaco-
kinetics in adult cystic fibrosis. Chest 131(3):796–802

 33. Rebuck JA, Fish DN, Abraham E (2002) 
Pharmacokinetics of intravenous and oral levofloxa-
cin in critically ill adults in a medical intensive care 
unit. Pharmacotherapy 22(10):1216–1225

 34. Drusano GL, Preston SL, Van Guilder M, North D, 
Gombert M, Oefelein M, Boccumini L, Weisinger 
B, Corrado M, Kahn J  (2000) A population phar-
macokinetic analysis of the penetration of the pros-
tate by levofloxacin. Antimicrob Agents Chemother 
44(8):2046–2051

 35. Goodwin SD, Gallis HA, Chow AT, Wong FA, 
Flor SC, Bartlett JA (1994) Pharmacokinetics and 
safety of levofloxacin in patients with human immu-
nodeficiency virus infection. Antimicrob Agents 
Chemother 38(4):799–804

 36. Piscitelli SC, Spooner K, Baird B, Chow AT, Fowler 
CL, Williams RR, Natarajan J, Masur H, Walker RE 
(1999) Pharmacokinetics and safety of high-dose 
and extended-interval regimens of levofloxacin in 
human immunodeficiency virus-infected patients. 
Antimicrob Agents Chemother 43(9):2323–2327

 37. Hutschala D, Skhirtladze K, Zuckermann A, Wisser 
W, Jaksch P, Mayer-Helm BX, Burgmann H, Wolner 
E, Müller M, Tschernko EM (2005) In vivo mea-
surement of levofloxacin penetration into lung tissue 
after cardiac surgery. Antimicrob Agents Chemother 
49(12):5107–5111

 38. Usman M, Ashraf M, Khokhar MI, Ashiq B, Masood 
MI, Afzal S, Omer O, Ali M, Qadir MI (2013) 
Comparative pharmacokinetics of levofloxacin in 
healthy volunteers and in patients suffering from 
typhoid Fever. Iran J Pharm Res 12(1):147–154

 39. Weinrich M, Scheingraber S, Stremovskaia T, 
Schilling MK, Kees F, Pistorius GA (2006) Liver 
tissue concentrations of levofloxacin after single 
intravenous administration of 500  mg for antibiotic 
prophylaxis in liver surgery. Int J Antimicrob Agents 
28(3):221–225

 40. Bellmann R, Egger P, Gritsch W, Bellmann-Weiler R, 
Joannidis M, Dunzendorfer S, Wiedermann CJ (2002) 
Elimination of levofloxacin in critically ill patients 
with renal failure: influence of continuous veno- 
venous hemofiltration. Int J  Clin Pharmacol Ther 
40(4):142–149

 41. Malone RS, Fish DN, Abraham E, Teitelbaum I (2001) 
Pharmacokinetics of levofloxacin and ciprofloxa-
cin during continuous renal replacement therapy in 
critically ill patients. Antimicrob Agents Chemother 
45(10):2949–2954

 42. Sowinski KM, Lucksiri A, Kays MB, Scott MK, 
Mueller BA, Hamburger RJ (2003) Levofloxacin 
pharmacokinetics in ESRD and removal by the cellu-
lose acetate high performance-210 hemodialyzer. Am 
J Kidney Dis 42(2):342–349

 43. Nicolle L, Duckworth H, Sitar D, Bryski L, Harding 
G, Zhanel G (2008) Pharmacokinetics/pharmacody-
namics of levofloxacin 750 mg once daily in young 
women with acute uncomplicated pyelonephritis. Int 
J Antimicrob Agents 31(3):287–289

 44. Tsaganos T, Kouki P, Digenis P, Giamarellou H, 
Giamarellos-Bourboulis EJ, Kanellakopoulou K 
(2008) Pharmacokinetics of levofloxacin after  single 
and multiple oral doses in patients undergoing inter-
mittent haemodialysis. Int J  Antimicrob Agents 
32(1):46–49

 45. Guenter SG, Iven H, Boos C, Bruch HP, Muhl E 
(2002) Pharmacokinetics of levofloxacin during con-
tinuous venovenous hemodiafiltration and continuous 
venovenous hemofiltration in critically ill patients. 
Pharmacotherapy 22(2):175–183

 46. Chien SC, Chow AT, Rogge MC, Williams RR, 
Hendrix CW (1997) Pharmacokinetics and safety 
of oral levofloxacin in human immunodeficiency 
virus- infected individuals receiving concomitant 
zidovudine. Antimicrob Agents Chemother 41(8): 
1765–1769

Review of Clinical Pharmacokinetics of Levofloxacin with Special Emphasis in Burn Wound Patients



94

 47. Fish DN, Chow AT (1997) The clinical pharmacokinet-
ics of levofloxacin. Clin Pharmacokinet 32(2):101–119

 48. Conte JE Jr, Golden JA, McIver M, Little E, Zurlinden 
E (2007) Intrapulmonary pharmacodynamics of high- 
dose levofloxacin in subjects with chronic bronchi-
tis or chronic obstructive pulmonary disease. Int 
J Antimicrob Agents 30(5):422–427

 49. Kempker RR, Barth AB, Vashakidze S, Nikolaishvili 
K, Sabulua I, Tukvadze N, Bablishvili N, Gogishvili 
S, Singh RS, Guarner J, Derendorf H, Peloquin 
CA, Blumberg HM (2015) Cavitary penetration 
of levofloxacin among patients with multidrug- 
resistant tuberculosis. Antimicrob Agents Chemother 
59(6):3149–3155

 50. Lee LJ, Hafkin B, Lee ID, Hoh J, Dix R (1997) 
Effects of food and sucralfate on a single oral dose 
of 500 milligrams of levofloxacin in healthy subjects. 
Antimicrob Agents Chemother 41(10):2196–2200

 51. Radandt JM, Marchbanks CR, Dudley MN (1992) 
Interactions of fluoroquinolones with other drugs: 

mechanisms, variability, clinical significance, and 
management. Clin Infect Dis 14:272–284

 52. Okimoto N, Niki Y, Soejima R (1992) Effect of levo-
floxacin on serum concentration of theophylline. 
Chemotherapy 40(Suppl 3):68–74

 53. Shiba K, Sakai O, Shimada J, Okazaki O, Aoki H, 
Hakusui H (1992) Effect of antacids, ferrous sulfate, 
and ranitidine on absorption of DR-3355 in humans. 
Antimicrob Agents Chemother 36:2270–2274

 54. Gaitonde MD, Mendes P, House ESA, Lehr KH 
(1995) The effects of cimetidine and probenecid on 
the pharmacokinetics of levofloxacin [abstract no. 
A41]. American Society for Microbiology: Abstracts 
of the 35th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, 35; 8

 55. Sánchez Navarro A, Colino Gandarillas CI, Alvarez 
Lerma F, Menacho YA, Domínguez-Gil A (2005) 
Pharmacokinetics and pharmacodynamics of levo-
floxacin in intensive care patients. Clin Pharmacokinet 
44(6):627–635

R. P. Dash et al. 



95Recent Clinical Techniques, Results, and Research in Wounds (2018)
DOI 10.1007/15695_2017_81, © Springer International Publishing AG
Published Online: 23 May 2018

Bacteriology of Naja atra 
Snakebite Wound and Its 
Implications for Antibiotic Therapy

Yan-Chiao Mao, Po-Yu Liu, Liao-Chun Chiang, 
and Chen-Chang Yang

1  Introduction

Six major venomous snake species are distrib-
uted throughout Taiwan, including Trimeresurus 
stejnegeri, Protobothrops mucrosquamatus, 
Deinagkistrodon acutus, and Daboia siamensis 
in the Viperidae family and Naja atra and 
Bungarus multicinctus in the Elapidae family. N. 
atra, the only cobra species, is also distributed 
throughout Southeastern Asia, including 

Vietnam, Laos, and Southern China (Fig. 1) [1]. 
In Taiwan, N. atra infrequently bites humans and 
causes 6% (range, 0%–36%) of all snakebite 
cases [2]. However, once envenomated, the 
majority of patients develop wound infections, 
including cellulitis, tissues necrosis, finger or toe 
gangrene, and/or extensive necrotizing fasciitis 
(Figs.  2  and  3); therefore, empirical antibiotic 
therapy is frequently advocated [3]. In Taiwan, 
bacteriology studies of N. atra bite wounds 
remain scarce and fragmented [4–6]. Although 
studies of the oral bacteriology of N. atra have 
been conducted in Hong Kong [7, 8], little is 
known about snakebite wound bacteriology and 
the effects of geographic differences in the same 
species [9–11]. To better understand the bacteri-
ology of N. atra bite wounds, we retrospectively 
analyzed 112 cases from two referring medical 
centers: Taichung Veterans General Hospital 
(VGH-TC) in central Taiwan and Taipei Veterans 
General Hospital (VGH-TP) in Northern Taiwan.
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a b

Fig. 1 Features of Naja atra (pictures were provided and 
used with the permission from Chih-Ming Lai). (a) N. 
atra (dorsal side). The hood mark shape is variable from 
spectacle, mask to horseshoe, or O-shape and is often 

linked to light throat area on at least one side. (b) N. atra 
(ventral side). The throat area is clearly defined light 
which is usually with a pair of clearly defined lateral spots

a b

Fig. 2 (a) N. atra bite over right foot, manifesting local 
tissue necrosis and abscess formation which occurred 
33 h later. (b) Second debridement was performed 7 days 

after the bite. M. morganii and E. faecalis were identified 
in the deep tissue biopsy culture
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2  Study Population

This was a retrospective cohort study. The study 
protocol followed the principles of the Declaration 
of Helsinki. All cases of N. atra envenomation 
were admitted to VGH-TC between April 2005 
and July 2009 (4 years) and to VGH-TP between 
October 1995 and September 2009 (14  years). 
Cases were identified by searching the computer-
ized databases at both VGH-TC and VGH-TP, 
using the keywords “snake,” “cobra,” “N. atra,” 
and “N. n. atra” both in English and Chinese. 
Two authors independently reviewed the medical 
records of all subjects with possible cobra enven-

omations. A definite diagnosis was made by the 
identification of the culprit snake, which included 
the examination of the snake, identification of the 
snake by the patient through a picture, or labora-
tory testing of the venom by the treating physi-
cian [12–14]. Patients with typical manifestations, 
as determined through physical examination, 
serial wound inspection, a relevant history, and 
clinical improvement after receiving specific 
antivenom for N. atra, were included in the “clin-
ical case” group (Table  1) [2, 3, 15]. After a 
 careful review of the medical records, patients 
with snakebites other than those of N. atra [e.g., 
patients with snakebites of the other five medi-

a b
Fig. 3 (a) N. atra bite 
over left index finger. 
Swelling extended to the 
ipsilateral shoulder, and 
gangrenous change in 
the finger developed 
3 days later. (b) A 
close-up picture. Patient 
underwent finger 
amputation 5 days 
post-bite. A. hydrophila 
was identified in the 
wound discharge culture

Bacteriology of Naja atra Snakebite Wound and Its Implications for Antibiotic Therapy



98

Table 1 Bacteria isolated from Naja atra bite cases and diagnostic methods of its envenomation

Diagnostic methods

VGH-TC VGH-TP Overall
P 
value

Definitive 
casea

Clinical 
caseb Overall

P 
value

Case numbers N = 78 N = 34 N = 112 79 (54/25)c 33 (24/9)c 112 0.646d

First aid
 Topical herbs 2 6 8 – – –
 Rope bindinge 4 0 4 – – –
 Incision and suction 2 1 3 – – –
Wound infection 52 34 86 61 25 86
Any surgery 36 25 61 42 19 61
Any form of bacterial culture 32 27 59 41 18 59
Positive bacterial cultures 29 21 50 34 16 50
Aerobic gram-positive bacteria 13 11 24 16 8 24
 Bacillus cereus 1 0 1 1 1 0 1 1
 Enterococcus spp. 10 11 21 0.015 13 8 21 0.336
 Coagulase -negative 2 2 4 0.584 3 1 4 1
  Staphylococcus species
 Staphylococcus aureus 1 1 2 0.517 2 0 2 1
Aerobic gram-negative 
bacteria

27 22 49 33 16 49

 Acinetobacter baumannii 1 0 1 1 1 0 1 1
 Aeromonas hydrophila 6 1 7 0.673 6 1 7 0.672
 Citrobacter freundii 1 1 2 0.517 1 1 2 0.504
 Escherichia coli 2 3 5 0.163 3 2 5 0.63
 Klebsiella pneumoniae 0 1 1 0.304 0 1 1 0.295
 Morganella morganii 17 15 32 0.016 17 15 32 0.011
 Proteus spp. 4 4 8 0.242 6 2 8 1
  Proteus mirabilis 1 2 3 0.218 3 0 3 0.554
  Proteus penneri 1 1 2 0.517 2 0 2 1
  Proteus vulgaris 3 2 5 0.638 3 2 5 0.63
 Pseudomonas aeruginosa 2 4 6 0.068 4 2 6 1
 Providencia spp. 4 2 6 1 3 3 6 0.358
  Providencia alcalifaciens 1 l 2 0.517 1 1 2 0.504
  Providencia rettgeri 3 1 4 1 2 2 4 0.58
 Serratia spp. 1 2 3 0.218 3 0 3 0.554
  Serratia liquefaciens 0 1 1 0.304 1 0 1 1
  Serratia marcescens 1 1 2 0.517 2 0 2 1
 Shewanella spp. 3 2 5 0.638 4 1 5 1
 Yokenella regensburgei 1 0 1 1 1 0 1 1
Anaerobic bacteria
 Bacteroides spp. 5 2 7 5 2 7
  Bacteroides fragilis 5 2 7 1 5 2 7 1
  Bacteroides uniformis 0 1 1 0.304 1 0 1 1
Fungus
 Candida parapsilosis 1 0 1 1 1 0 1 1
Polymicrobial (≥2 pathogens) 14 18 32 < 0.001 21 11 32 0.471

aDiagnosed by examining the snake, having the patients to identify snake through a picture, or laboratory testing of the 
venom
bDiagnosed by physical examination, serial wound inspection, a relevant history, and clinical improvement after receiv-
ing specific antivenom for N. atra bite
cThe bracket number represents the cases in Taichung Veterans General Hospital/Taipei Veterans General Hospital, 
respectively
dNo significant variation in the diagnostic methods between the two hospitals
eIncluded any form of rope, rubber band, or towel/clothes bindings
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cally important snakes (T. stejnegeri, P. mucro-
squamatus, D. acutus, D. siamensis, and B. 
multicinctus) and less toxic or nonvenomous 
snakes] and patients with equivocal manifesta-
tions and a negative identification of culprit snake 
were excluded.

3  Definition of Wound 
Infection

Besides purulence/abscess and organisms isolated 
from the fluid/tissue/blood, the appearance of cer-
tain symptoms or signs such as pain, erythema, 
local warmth, swelling, lymphangitis, delayed 
healing, malodor, crepitus in soft tissues, discol-
ored or friable granulation tissue, or wound break-
down or dehiscence was also indicative of wound 
infections [16–18]. Since this was a retrospective 
study, we employed stricter criteria for infected 
wound following snakebites, which are defined as 
the presence of two of the following three criteria: 
onset of new or increasing pain, localized ery-
thema or swelling at the bite site, or purulence at 
the bite site. The presence of fever and one of the 
above criteria also satisfied the definition of 
wound infection [19]. Fever is arbitrarily defined 
as a body temperature above 38 °C as measured 
with a tympanic thermometer, a device commonly 
used in both hospitals. If no abnormalities were 
mentioned in the case notes, it was assumed that 
no complication was present.

4  Bacteriology and Statistics

An aerobic and/or anaerobic bacterial culture was 
performed when infection was suspected in a 
snakebite wound. A deep tissue or biopsy culture 
was performed during surgical debridement, and 
blood culture was performed during febrile epi-
sodes. The culture sampling technique has been 
described in the literature [20]. Polymicrobial 
infection was defined as the growth of two or 
more microbes on the same infected or purulent 
wound [21]. Bacterial identification was per-
formed using traditional biochemical methods 
with the VITEK 2 system (BioMérieux, Inc., 
Durham, NC, USA). Susceptibility to antimicro-
bial agents was determined by the disk diffusion 

method. Inhibition zone diameters were inter-
preted according to the zone diameter breakpoints 
recommended by the Clinical and Laboratory 
Standards Institute. All positive cultures were 
subjected to antibiotic susceptibility test analysis 
to maximize the test precision. The distribution of 
bacterial species between VGH-TC and VGH-TP 
and different diagnostic methods were compared 
using chi-square or Fisher’s exact test. All data 
were analyzed with Statistical Package for the 
Social Sciences, version 22.0 (2013 release, IBM 
Corp. Armonk, NY, USA). A two-tailed p value 
<0.05 was considered statistically significant.

5  Results

Fifteen patients received first aid, including topi-
cal herbs in eight, rope binding in four, and inci-
sion and suction in three. According to the two 
diagnostic methods, 79 patients were diagnosed 
as “definitive case” (positive snake identification), 
including 54 at VGH-TC and 25 at VGH-TP and 
33 as “clinical case” (typical manifestations), 
including 24 at VGH-TC and 9 at VGH-TP 
(Table 1). No patients received antibiotics prior to 
reaching the study hospitals. Clinically suspected 
wound infection, including cellulitis, tissue necro-
sis, finger or toe gangrene, or necrotizing fasciitis, 
developed in 86 out of 112 (77%) envenoming 
cases. Sixty-one (54%) patients eventually under-
went various types of surgery, including local 
debridement, incision and drainage, fasciotomy 
or fasciectomy, finger or toe amputation, and skin 
grafting, which were all performed in the study 
hospitals. Bacterial cultures from any type of bio-
logical sample, including wound discharge, deep 
tissue or biopsy, or blood, were obtained from 59 
of the 86 cases. Fifty patients (50/59, 85%) had 
positive bacterial cultures, and more than two 
organisms were isolated from 32 (32/50, 64%) 
patients. A total of 23 organisms were identified 
(Table  1). Gram-negative rod bacteria, such as 
members of the Enterobacteriaceae family, were 
more frequently identified than gram-positive 
cocci. The following pathogens were detected (in 
descending order): Morganella morganii, 32 
cases; Enterococcus spp., 21; Proteus spp., 8; 
Aeromonas hydrophila, 7; and anaerobic 
Bacteroides spp., 7. Bacteroides spp. were the 
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only anaerobes implicated in these cases. 
Statistically, a higher incidence of Morganella, 
Enterococcus spp., and polymicrobial infection 
(≥2 pathogens) was observed at VGH-TP.

In this study, all 59 patients produced more 
than one set of bacterial cultures during hospital-
ization. Overall, 155 wound discharge, 23 deep 
tissue or biopsy, and 44 blood samples were 
obtained. Anaerobic culture was not always con-
comitantly performed with aerobic culture; there-
fore, only 47 and 2 anaerobic cultures were 
obtained from wound discharge and deep tissue or 
biopsy, respectively. The positive proportions of 
bacterial culture were 62.6% (97/155) in wound 
discharge, 78.3% (18/23) in deep tissue or biopsy, 
and 6.8% (3/44) in blood samples. Only members 
of the Bacteroides fragilis and Shewanella species 
were isolated from blood samples. The results of 
antibiotic susceptibility tests of Enterococcus and 
Bacteroides spp. and the most frequently occur-
ring gram-negative pathogens are listed in 
Tables 2 and 3, respectively.

6  Discussion

The oral flora of snakes comprises a wide range 
of aerobic and anaerobic microorganisms, par-
ticularly fecal gram-negative rods, because their 
prey (e.g., rodents or reptiles) usually defecate 
while being ingested [10, 22, 23]. The bacterial 
compositions vary among snake species and may 
be influenced by venom properties [9, 19, 24] and 
the fecal flora of the prey in different geographic 
regions [23]. Laboratory bacteriological investi-
gations of aerobic isolates from the venom and 
oral cavities of the North American pit viper 
Crotalus atrox demonstrated a preponderance of 
enteric and coliform organisms, particularly 
Aerobacter, Proteus, and Pseudomonas, with 
Clostridium as the most common anaerobic 
genus [25]. In the venom of C. viridis helleri and 
C. scutulatus scutulatus, Proteus spp., P. aerugi-
nosa, and coagulase-negative Staphylococcus 
spp. are the most common aerobic species, and 
Clostridium is the most common anaerobic spe-
cies [23]. In Thailand, Enterobacter, 
Pseudomonas, and Staphylococcus spp. are the 

most common aerobic species, and Clostridium 
is the most common anaerobic species in the 
venom or mouth of the Malayan pit viper 
(Calloselasma rhodostoma). In a recent study 
conducted by Shek et al. in Hong Kong, M. mor-
ganii, Aeromonas hydrophila, Proteus spp., 
Enterococcus faecalis, coagulase-negative 
Staphylococcus, and anaerobic Clostridium were 
the most commonly isolated pathogens in the 
oropharynx of N. atra [7].

The mouth of N. atra harbors larger numbers 
of bacterial species associated with snakebite 
wound infections than crotaline or colubrid 
snake species [7, 8]. In our study, M. morganii 
was the most predominant bacteria isolated 
from bite wounds, followed by Enterococcus 
spp., Proteus spp., A. hydrophila, P. aeruginosa, 
and Providencia spp., in descending order. Our 
human case study is largely consistent with the 
experimental findings of Shek et al. [7] with the 
exception of anaerobic pathogen species. 
Bacteroides spp. were the only anaerobe iso-
lated from the N. atra bite wounds in our study. 
Notably, a previously healthy 31-year-old man 
developed Bacteroides fragilis bacteremia after 
a N. atra bite over his hand. This patient recov-
ered after antibiotic therapy and serial wound 
debridement and grafting. Another previously 
healthy 35-year-old man developed Shewanella 
bacteremia after a N. atra bite over his finger. 
He also recovered after the administration of 
antibiotics, finger amputation, and grafting sur-
gery. In both cases, polymicrobial wound infec-
tions were also present: M. morganii, P. rettgeri, 
P. aeruginosa, Shewanella sp., and Enterococcus 
spp. in the first case and Enterococcus spp., P. 
mirabilis, P. penneri, Shewanella sp., and B. fra-
gilis in the second case. Although Bacteroides 
and Shewanella bacteremia are usually associ-
ated with an underlying immunocompromised 
status (e.g., malignancy), hepatobiliary disease, 
and high mortality rates [26, 27], the pathogenic 
effects of these types of bacteremia in immuno-
competent patients and in the context of polymi-
crobial infection remain poorly understood. 
Snakebite may be a benign cause of Bacteroides 
or Shewanella bacteremia with a favorable 
outcome.

Y.-C. Mao et al.
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In-hospital snakebite management comprises 
the administration of antivenom, antibiotics for 
wound infections, or surgery to ameliorate infec-
tious complications. In Brazil, Jorge et  al. sug-
gested chloramphenicol as the antibiotic of 
choice for the management of Bothrops enven-
omation because the most frequently isolated 
pathogens from these wounds include M. morga-
nii, P. rettgeri, Enterobacter spp., Escherichia 
coli, Enterococcus spp., and Bacteroides spp. 
[28]. In Northern Thailand, Threaten et  al. rec-
ommended benzylpenicillin with gentamicin as a 
prophylactic antibiotic regimen after Malayan pit 
viper (Calloselasma rhodostoma) envenomation 
because Enterobacter spp., Pseudomonas spp., 
and occasionally Staphylococcus and Clostridia 
have been cultured from the venom and mouth of 
this snake species [9]. However, a positive bacte-
rial culture obtained from the mouth or venom of 
a snake does not necessarily correspond to a high 
risk of snakebite wound infection. Hence, the use 
of prophylactic antibiotics during snakebite man-
agement remains controversial [22]. For exam-
ple, a low incidence of wound infection was 
documented in snakebites from certain crotaline 
species, despite the isolation of several pathogens 
from the snake venom [19, 23, 29]. Furthermore, 
the antibacterial effect of crotaline snake venom 
was previously described [7–9, 24], and prophy-
lactic antibiotics have not been found to reduce 
the incidence of wound infection in prospective 
evaluations [30, 31].

In Taiwan, the crotaline snakes T. stejnegeri 
and P. mucrosquamatus cause more than 70% of 
all snakebite incidents [2]; however, these species 
rarely induce wound infections after envenom-
ation. Chen et al. previously investigated snake-
bites from T. stejnegeri and P. mucrosquamatus 
and found that 6% and 26% cases, respectively, 
developed clinically suspected wound infections 
and 0% and 9% cases, respectively, underwent 
surgery, including dermatomy/fasciotomy, skin 
graft, and digit amputation, after envenomation 
[32]. In our study, 77% (86/112) of the cases 
developed clinically suspected wound infections, 
and 54% (61/112) required surgery secondary to 
tissue necrosis, finger or toe gangrene, and/or 
necrotizing fasciitis. N. atra venom comprises 

cardiotoxins, neurotoxins, hemotoxins, and phos-
pholipase A2, among others. Cardiotoxins and 
neurotoxins represent the major components and 
account for 55% and 10% of the dry weight of 
crude venom, respectively [3]. Although neuro-
toxins are the most lethal fraction in small mam-
mals, they causes only mild neurotoxicity in 
humans; instead, the major concern in humans is 
cardiotoxins, which work synergistically with 
phospholipase A2 to induce local tissue necrosis 
after snakebites, predispose the wound to bacte-
rial infection from the indigenous oral flora of the 
snake, and necessitate limb amputation or cause 
mortality in rare circumstances [3, 33].

In our study, we identified “clinical cases” of 
N. atra bites by the typical presentations of N. 
atra envenomation. N. atra bites induce distinct 
effects, including wound necrosis (63%–100%), 
fever, necrotizing fasciitis, gastrointestinal effects, 
and systemic neurotoxicity, which are rarely or 
not found in crotaline (T. stejnegeri and P. mucro-
squamatus) bites [3, 32, 34]. Most N. atra bite 
cases can be accurately diagnosed and treated 
using the diagnostic algorithm established by the 
Taiwan Poison Control Center, which includes 
physical examination, serial wound inspection, a 
relevant history, and clinical improvement after 
receiving a specific antivenom [2, 3, 15]. Only a 
few cases with equivocal manifestations necessi-
tated laboratory testing of the venom to establish 
a definitive diagnosis [12–14]. Moreover, we did 
not find significant variations in the distribution of 
bacteriology between definitive and clinical cases, 
which might favor the misclassification of infected 
crotaline snakebite wounds into N. atra bites 
among clinical cases [7, 8].

The diagnosis of wound infection following 
snake envenomation remains problematic not 
only because the venom causes toxicological 
effects similar to those caused by pathogenic 
flora (e.g., local swelling, heat, tenderness, 
regional lymphadenopathy, fever, and increased 
white blood cell counts) [25, 35] but also because 
no validated physical criteria are available for the 
diagnosis of this particular type of wound infec-
tion [17, 19]. Nevertheless, we have tried our best 
to employ stricter criteria in the diagnosis of 
wound infection (i.e., clinical symptoms/signs 
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supporting the diagnosis of wound infection and 
organisms isolated from the wound discharge, 
deep tissue or biopsy, or blood). Although the 
incidence of wound infection might still have 
been overestimated in this study, we believed the 
overestimate was likely to be of limited magni-
tude given that a very high proportion of positive 
bacterial cultures was obtained in cases with clin-
ically suspected infection and more than half of 
the patients with a diagnosis of wound infection 
underwent surgery because of infectious compli-
cations. Furthermore, a high incidence of wound 
necrosis (63%–100%), which has been recog-
nized as a factor significantly associated with cer-
tain types of wound infection [16], was frequently 
observed with N. atra envenomation in contrast 
to crotaline envenomation in Taiwan [3, 32, 34]. 
The importance of wound infection following N. 
atra envenomation should not be overlooked. We 
suggested that snakebite wound infection should 
be considered a special wound infection entity. 
More objective measurements such as sono-
graphic, laboratory, and/or validated physical cri-
teria for snakebite wound infections should be 
established in the future [36–39].

The judicious use of antibiotics based on local 
bacteriology patterns should be considered to 
improve the management of N. atra bite wound 
infections. Chen et  al. inspected 21 snakebite 
cases with wound infections and isolated at least 
17 bacterial species from these wounds, includ-
ing 17 caused by N. atra, 1 by T. stejnegeri, 1 by 
P. mucrosquamatus, and 2 by unknown snake 
species [4]. M. morganii, Enterococcus spp., and 
P. aeruginosa were the most common aerobic 
species and Bacteroides spp. the most common 
anaerobe species isolated from snakebites. Huang 
et al. analyzed 17 cases of snakebite with wound 
infections, including 16 caused by N. atra snake-
bite and 1 by T. stejnegeri, and isolated 13 bacte-
rial species [5]. M. morganii, Enterococcus spp., 
and A. hydrophila were the most common aero-
bic species, and Bacteroides spp. were the only 
anaerobic species isolated in that study. Although 
those two studies did not specify the bacteria 
with respect to snake species, our findings sug-
gest that these pathogens more likely arose from 
N. atra snakebite wounds. Accordingly, we do 

not recommend the routine use of antibiotics in 
the management of crotaline snakebites [7, 8]. In 
our study, no significant differences in bacterial 
distribution or antibiotic resistance were observed 
between the two hospitals, except for an increased 
incidence of M. morganii, Enterococcus spp., and 
polymicrobial infections among cases from 
VGH-TP, which may have been related to varia-
tions in the fecal flora of prey and oral flora of 
individual snakes in different geographic areas in 
Taiwan [40]. As M. morganii is naturally resistant 
to benzylpenicillin, aminopenicillins, oxacillin, 
first- and second-generation cephalosporins, and 
sulfamethoxazole, and given the safety profile of 
chloramphenicol, monotherapy with ureidopeni-
cillin or combination therapy with aminopenicil-
lin and a third-generation cephalosporin or 
fluoroquinolone may be the initial drugs of choice 
for the management of N. atra snakebite wound 
infection [41]. However, as increased antibiotic 
resistance of gram-negative bacteria to fluoroqui-
nolone and of Enterococcus spp. to penicillins 
has been observed, we recommend the continu-
ous surveillance of antibiotic resistance among 
these pathogens [42, 43].

7  Limitations

This study has several limitations. First, there is 
always a time delay in bacterial culture collection 
from snakebite wounds because of the natural 
course of N. atra envenoming [3]. Patients may 
have received several forms of treatment (e.g., 
wound cleansing, application of topical medi-
cines, surgical debridement, or antimicrobial 
therapy) in a prehospital setting or during trans-
portation or hospitalization that may have altered 
the bacterial composition before bacterial culture 
collection; therefore, the management timing 
cannot always be addressed in detail.

Second, in our study, anaerobic cultures were 
not always concomitantly performed with aero-
bic cultures; therefore, the incidence and num-
bers of cases affected by anaerobic infection may 
have been underestimated [22, 44].

Third, both VGH-TC and VGH-TP are referral 
centers; therefore, the incidence of wound infection 
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and the bacteriological pattern in this study may 
not be generalizable to all primary care facilities 
because of possible referral bias. Furthermore, 
this is a retrospective study, which suffers certain 
inherent limitations of the study design; hence, 
the results should be interpreted cautiously. 
Nevertheless, this is the first study to investigate a 
single snake species that most frequently causes 
snakebite wound infections in Taiwan, and the 
findings may have important clinical implications 
in the better management of N. atra bite.

 Conclusions
A high incidence of clinically suspected wound 
infection was observed in cases of N. atra 
envenomation. No significant differences were 
observed in the distribution of bacteriology 
between the study hospitals, except for an 
increase in the incidence of M. morganii, 
Enterococcus spp., and polymicrobial infec-
tions at VGH-TP, which may have been related 
to variations in the fecal flora of prey and oral 
flora of individual snakes in different geo-
graphic areas in Taiwan. With the exception of 
anaerobic pathogens, our human case study 
findings support the experimental findings 
obtained in Hong Kong [7]. Based on the bacte-
riological findings, we suggest that either mono-
therapy with ureidopenicillin or combination 
therapy with aminopenicillin and a third-gener-
ation cephalosporin or fluoroquinolone is the 
preferred drug of choice in the initial manage-
ment of N. atra snakebite wound infections.
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Managing Patients with Fistulas

Kersten Reider

1  Introduction

Fistulas are abnormal communications between 
two epithelialized surfaces. Most occur after sur-
gical intervention. Enteric fistulas represent 
abnormal connections between the gastrointesti-
nal tract and the skin or open surgical wound. 
Common etiologies include surgical intervention, 
Crohn’s disease, trauma, foreign bodies, infec-
tious disease, and tumors. An enterocutaneous 
fistula is a devastating complication for both sur-
geon, clinical provider, and patient. Prior to the 
advent of sophisticated treatment plans, enterocu-
taneous fistulas held a large mortality rate. In cur-
rent era, the mortality rate has been reduced from 
5 to 20% [1]. However, the development and man-
agement of an ECF remain a chronic, debilitating 
condition associated with prolonged intensive 
care stay, increased length of hospital stay, and 
hospital costs of over $500,000 [1].

The primary goals of a patient with an entero-
cutaneous fistula include skin protection, control, 
containment, quantification of fistula effluent, 
and patient comfort. Control of effluent is critical 
to protect the wound bed from the corrosive 
effects of the enteric contents and to allow the 
surrounding wound bed to develop granulation 
tissue before skin grafting or closure. Failure to 

control effluent has been associated with poor 
wound healing.

2  Goals of Treatment

Protection and prevention of skin breakdown sur-
rounding the ECF are essential components in the 
wound care aspects of treatment. There are sev-
eral causes of impaired skin integrity at the site of 
the ECF.  The four most common causes are 
mechanical trauma, allergic responses, infections, 
and chemical irritants [2]. Frequent dressing 
changes with pouches that contain abrasive adhe-
sives along with poor pouching techniques can 
cause repetitive mechanical trauma to the peri-
wound skin. Weeping skin, edema, and erythema 
can be seen in an allergic response to the materials 
that construct the pouches. When the pouches 
begin to lift along the wound edge, effluent gets 
trapped against the skin causing moisture- related 
skin damage, fungal rashes, and skin infections. 
The most common chemical irritant is bowel con-
tents. The enzymatic contents of the effluent can 
be very caustic to skin integrity. Healing the sur-
rounding skin, preventing further skin breakdown, 
and minimizing wound contamination are key 
components in wound management [2].

Skin irritation and discomfort can seriously 
compromise the healing potential of the patient. 
The proper application of an appropriate inter-
vention can prevent unnecessary patient 
 discomfort and promote adequate wound healing. 
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Mobility should not be restricted in ambulatory 
patients as this may hinder their recovery. 
Treatment plans should be individualized to meet 
the needs desired by each patient.

Effluent containment is key to improving skin 
integrity. Enteric contents can spill onto the sur-
rounding skin leading to persistent tissue inflam-
mation and infection and, if left untreated, can 
develop into sepsis [2]. Containment of effluent 
can be accomplished with pouching devices, spe-
cialized dressings, or a combination of both tech-
niques. Patient status will ultimately dictate the 
best treatment option.

Odor from the ECF can be a cause of great 
anxiety for these patients. Containment of efflu-
ent is obviously the best way to control odor. 
Most pouches have odor-proof linings, and exter-
nal deodorizers are also available. Deodorizers 
are available in tablet, liquid, and powder form 
from a multitude of distributors.

Measurement of the fluid and electrolyte bal-
ances in these patients is another important goal 
in the management of the ECF patient. Certain 
dressings can give an inaccurate reading of actual 
fluid loss while others can be more precise. These 
factors must be considered while managing these 
patients. In patients with short bowel and proxi-
mal ECFs, fluid losses can be up to multiple liters 
daily [2]. Electrolyte abnormalities can lead to 
secondary conditions that may be life- threatening. 
Nutritional needs of these patients are often over-
looked. Accurate measurement of the effluent 
will help guide supplementation and caloric 
intake.

3  Techniques

There are several methods to managing the 
patient with a complex abdomen and fistula. The 
goals of treatment are to contain effluent, to 
maintain periwound skin integrity, to promote 
granulation tissue, and most importantly to sup-
port the patient’s emotional well-being. Initial 
treatment consists of an overall assessment of the 
patient, nature of the fistula, and assessment of 
the wound. The patient also needs to be evaluated 
for sepsis and electrolyte abnormalities, and 

imaging of the fistula needs to be completed. 
Radiologic fistulograms and abdominal CT scans 
generally assist in identifying the source and 
anatomy of the fistulas and indicate whether there 
is a distal bowel obstruction [3]. Once radio-
graphic studies are completed, patients are typi-
cally made NPO, and nutritional support with 
total parenteral nutrition is initiated. Nasogastric 
tubes may or may not be placed depending on the 
location of the fistula. Nonoperative medical 
management continues to be the main objective 
when tackling fistulas in the hopes for spontane-
ous closure. When spontaneous closure does not 
occur, containment of fistula content and protec-
tion of the periwound skin become an imperative 
part of the treatment plan [3].

Containment of fistula effluent can be achieved 
in several ways. Over the years, there have been 
several enhancements in the products and clinical 
techniques in achieving containment. One of the 
techniques used include the use of roll gauze, an 
occlusive dressing, and wall suction. Roll gauze is 
placed into the wound ensuring that it comes into 
contact with the entire wound base. Once the base 
is covered, a red rubber catheter is placed on top of 
the gauze. This procedure is accomplished by cut-
ting extra holes into the catheter to facilitate the 
removal of drainage. The catheter is then covered 
with the remaining roll gauze ensuring that the 
entire wound space is filled. The roll gauze is then 
held in place with an occlusive dressing that is 
applied over the entire wound. Barrier rings may 
be used to encompass the catheter or applied in 
skin folds to achieve an airtight seal. The catheter 
is then connected to low continuous bedside suc-
tion. This technique has proven to contain drain-
age and quantify output, but it does not allow the 
patient to be ambulatory, dressing changes tend to 
cause the patient discomfort, granulation tissue 
promotion is minimal, and it also becomes a bar-
rier to discharge from an acute care facility (Fig. 1).

Another method to contain effluent from a 
functioning fistula is to apply a fistula manage-
ment pouch. Fistula management pouches are 
available in many shapes and sizes. These pouches 
can be applied by a clinician, or the patient can be 
taught to change the pouch independently. 
Depending on the size of the wound and location 
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of the fistula, the fistula management pouch is cut 
to encompass the entire area. Barrier rings may be 
utilized to fill creases and gaps where leaking may 
occur. Pouches are typically changed on a regular 
basis to eliminate the risk of leaking and peri-
wound skin breakdown. Just like the prior tech-
nique, this method also helps to contain drainage 
and quantify output. This technique allows the 
patient to be ambulatory, pouch application can be 
taught to the patient, and barriers to discharge can 
be minimal but are dependent on each individual 
case. Despite more positive outcomes with this 
technique, it also has some less attractive clinical 
outcomes which include the following. The caus-
tic effluent from the fistula may wash away the 
barrier of the fistula management pouch and bar-
rier rings quickly causing frequent leaking epi-
sodes and periwound skin breakdown. Application 
of the pouches can also be labor-intensive. 
Pouches may be costly depending on the patient’s 
need and insurance coverage (Fig. 2).

A newer method of treatment includes the use 
of fistula isolation devices along with negative- 

pressure wound therapy (NPWT). This method 
has proven to contain effluent while promoting 
wound healing. By isolating the fistula with an 
isolation device, it provides a conduit to allow the 
effluent to easily pass into a pouching system [4]. 
There are three types of fistula isolation devices 
that can be used to isolate a fistula. These prod-
ucts include a wound crown, fistula funnel, and 
isolator strip (Table 1). Location of the fistula and 
depth of the wound will be the deciding factors as 
to what product will be best suited to contain fis-
tula output while promoting wound healing.

The wound is cleansed with a wound cleanser. 
The fistula isolation device is then cut to contour 
the wound bed while also encompassing the fis-
tula. The base of the wound crown and fistula 
funnel is cut open with a scissors and trimmed to 
fit around the fistula before placement over the 
fistula. The base of these isolation devices are 
intended to be cut to best fit the contours of the 
wound bed and should be tailored for each 
individual patient to mirror the wound bed and 
create the best possible seal. Depending on the 

a b

Fig. 1 The use of roll gauze, a red rubber catheter with extra holes placed into it, and occlusive dressing connected to 
bedside suction
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a b

Fig. 2 The use of a fistula management pouch to contain output

• Small intestinal fistula
• Ileostomy

Item #00860013000301

Item #00860013000325

Item #00860013000318

• General applications
• Isolates and controls the effluent of enteric fistulas and
  ostomy stomas

Wound Crown®

• Tapered design flexes to isolate sidewall fistulas
• Sizeable to 1, 2, or 3 centimeter isolation area diameter

Fistula Funnel®

• Flexible strip designed to be shaped as needed for
  specific isolation applications

Isolator Strip®

• Small sized fistulas
• Sidewell fistulas
• Deep crevice wound bed areas

• Large fistulas
• Group of fistulas
• Large or uniquely shaped wound
  bed areas

One–piece, compressible isolation devices to contain and control effluent

FISTULA SOLUTION® Devices

You Need to Isolate Solution

Table 1 KCI fistula devices

contour of the wound bed, a barrier ring may be 
used between the fistula isolation device and the 
wound bed to assist with the seal. Table  2 
describes the procedure for a dressing application 

with negative-pressure wound therapy and a fis-
tula isolation device. Figure 3 demonstrates the 
use of a fistula isolation device and negative- 
pressure wound therapy on an actual patient.
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a b

c d

Fig. 3 (a) Presentation of the wound with two stomatized 
fistulas. (b) Fistula isolation device is fit into holes cut into 
NPWT foam dressing that is cut to fit the dimensions of 

the wound. (c) Fistula isolation devices and NPWT in 
place. (d) Pouching system applied over the fistula isola-
tion device to contain effluent
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4  Discussion

Enteric fistulas are a relatively common compli-
cations of bowel surgery where the bowel has 
been exposed. The primary goal when a fistula 
develops is to ensure the patient is stabilized 
systemically [5]. Fluid and electrolyte imbal-
ance, sepsis, nutrition, and skin care are the 
focus areas of clinical concern. Control of the 
effluent is critical not only to protect the skin 
from the corrosiveness of the enteric contents 
but also to facilitate adequate nursing care of the 
patient until definitive closure can be under-
taken [6]. Application of a dressing to help man-
age effluent and promote healing of the 
abdominal wound is imperative. Dressings and 
techniques used will be dependent upon the out-
put and depth of the fistula along with the sur-
geons specific recommendations [6]. Closure of 
the fistula using acellular dermal matrix and 
fibrin glue has been described in the literature 
and sounds attractive but neither tends to be suc-
cessful in clinical practice. The same can be said 
for local, extraperitoneal repair of the hole in 
the bowel followed by split-thickness skin graft 
[7]. Intubating the fistula with a tube draining 
system may result in the creation of a larger 
lesion that is more difficult to control. The tube 

may enlarge the hole causing erosion into the 
adjacent bowel [8]. Until recently, fistulas were 
commonly managed with large bags such as 
Eakin fistula bags, which could be placed over 
the wound to collect and contain effluent. While 
this is satisfactorily efficient at containing efflu-
ent, there was no active treatment applied to the 
wound bed to promote granulation tissue and 
wound contracture [5]. In addition depending 
on the wound, contour of the patient abdomen, 
and amount of effluent, the bags tend to leak 
causing periwound skin breakdown and patient 
dissatisfaction.

The most promising techniques combine 
NPWT with fistula isolation devices and ostomy 
appliances. This technique enables isolation of 
the fistula necessary for effective containment of 
effluent while protecting the surrounding wound 
bed and promoting sufficient granulation tissue 
to accept a split-thickness skin graft or recon-
struction and closure [4].

 Conclusions
Enterocutaneous fistulas are uniquely challeng-
ing for care providers and the patient. Goals for 
treatment of an ECF include effective contain-
ment of effluent from the fistula, along with 
topical and systemic therapies designed to pro-
mote granulation of the surrounding wound 
bed essential to primary healing, or secondary 
surgical closure. Utilizing a collapsible fistula 
isolation device along with NPWT has proven 
to be the most effective form of treatment.
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1  Introduction

Wound assessment is an important aspect of 
monitoring wound progression to healing and the 
efficacy of treatment. There are many aspects that 
contribute to wound assessment including wound 
size, wound edge, site, wound bed, the presence 
of necrotic tissue, wound depth, surrounding 
skin, the presence of infection, and pain [1]. Of 
these variables, wound measurement is a helpful 
quantitative finding that provides a practical 
approach to track wound healing. In fact, specific 
measurements such as wound measurement were 
the most frequently used outcome measure across 
research studies involving chronic wounds [2]. 
Changes in wound measurement can also be used 
as a predictive tool for wound resolution, particu-
larly if used early in the course [3, 4].

Though there is currently no gold standard 
technique to quantitatively evaluate wound heal-
ing, manual metric measurement has historically 
been most often utilized. More recently, software- 
based and advance device-based methods were 
developed to provide more accurate and precise 
measurements. Digital alternatives including dig-

ital planimetry, stereophotogrammetry, and other 
digital imaging methods have now become pre-
ferred measurement techniques over traditional 
manual metric measurement.

2  Techniques

In general, there are six main approaches for 
measuring wound area (Table 1). These include 
manual metric measurement, mathematical mod-
els, manual planimetry, digital planimetry, ste-
reophotogrammetry, and digital imaging methods 
[5]. Other less common methods include the 
volume-based method [6], bipolar bioimpedance 
measurement [7], histogram planimetry [8], or 
high-frequency ultrasound [9, 10].

2.1  Manual Metric Measurement

Wound measurement has traditionally been com-
pleted using a ruler-based technique. This method 
typically involves using a ruler to measure the lon-
gest length and widest width of a wound and then 
multiplying these two numbers to estimate wound 
area. It is quick, convenient, simple, and inexpen-
sive. However, manual metric measurement not 
only has shown poor inter-rater reliability [11], but 
it is also inaccurate and tends to overestimate 
wound size [12, 13]. Furthermore, the measure-
ments tend to become even less reliable as wounds 
became larger and more irregularly shaped [14]. 
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Regardless of the evidence against manual metric 
measurement, there is no current gold standard for 
wound measurement. Therefore, most studies are 
compared to this technique, and it is still widely in 
use today.

2.2  Mathematical Models

Manual metric measurement typically involves 
multiplying the measured length and width of the 
wound. This formula assumes the wound is a rect-
angular or square shape. Mathematical models such 
as the elliptical method apply basic geometric prin-
ciples to calculate the area of an elliptical instead, as 
most wounds are closer to an elliptical shape. This 
method involves measuring the shortest and longest 
radii of the wound and using the following formula: 
Area (mm2) = Length (mm) × Width (mm) × 0.25 × π 
[15]. While manual metric measurement generally 
overestimates size, the elliptical method often 
underestimates size in small wounds [16].

2.3  Manual Planimetry

Another manual measurement technique 
method is acetate tracing/contact planimetry. 
Manual planimetry involves placing a transpar-
ency with a metric grid above a wound and 
counting the number of square centimeters 
within the wound perimeter. Inter- and intra-
rater reliability are higher than the manual met-

ric measurement, though still inferior to 
computerized or digitalized methods overall 
[17]. Since this method involves direct contact 
with the wound, several disadvantages exist 
including contamination of the wound bed and 
discomfort to the patient [18].

2.4  Digital Planimetry

Digital planimetry is similar to manual planime-
try, though it involves using a computer to per-
form calculations instead of manually counting 
squares on a metric grid [19]. Overall, digital pla-
nimetry is more accurate and precise than manual 
planimetry, though both can be more time- 
consuming than other measurement methods [5, 
20]. Digital planimetry devices such as Visitrak™ 
require contact with the wound and come with 
the same disadvantages of doing so [5]. This pro-
cess involves tracing the wound onto a transpar-
ent sheet and then retracing the outline onto a 
digital device that calculates the surface area. 
However, some digital planimetry techniques 
require minimal or no wound contact [21, 22]. 
Noncontact digital planimetry is discussed fur-
ther in the digital imaging section below.

2.5  Stereophotogrammetry

Unlike some planimetry methods, stereophoto-
grammetry using structured light devices does 

Table 1 Summary of the advantages and disadvantages of the six most common wound measurement techniques

Technique Advantages Disadvantages
Manual
Manual metric measurement Cost efficient

Time efficient
Unreliable
Overestimates size

Mathematical models Cost efficient
Time efficient

Unreliable
Underestimates size

Manual planimetry Accurate and reliable Requires wound contact
Time-consuming

Digital
Digital planimetry Accurate and reliable Time-consuming
Stereophotogrammetry Accurate and reliable High cost

Time-consuming
Digital imaging Accurate and reliable

Time efficient
Poor depth measurement
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not require contact with the wound. In this 
method, a stereographical camera is used to take 
an image of the wound. The camera is linked to a 
computer, where the clinician then traces the 
wound perimeter using a cursor. The wound area, 
length, and width are calculated via the computer 
software, and wound size can be measured in two 
or three dimensions. Stereophotogrammetry with 
the 3D LifeViz™ camera was found to be as 
accurate as digital planimetry, and the wound 
measurements were taken significantly quicker 
[23]. However, overall stereophotogrammetry is 
still a time-consuming method, especially when 
compared to newer measurement methods.

2.6  Digital Imaging Methods

Digital imaging methods are similar to stereopho-
togrammetry and digital planimetry, where an 
image of a wound is captured and transferred to a 
computer. If the computer software uses a scale 
placed near the wound in the photo to estimate the 
area of the wound and then calculate the wound 
area, this is sometimes referred to as noncontact 
digital planimetry. This and other noncontact pho-
tographic methods have been found to be as accu-
rate as traditional digital planimetry [24].

In addition to noncontact digital planimetry, 
there are multiple other types of digital imaging 
methods including optical imaging, hyperspec-
tral imaging, thermal imaging, laser Doppler 
imaging, confocal microscopy, optical coherence 
tomography, and NIR spectroscopy imaging 
[25]. Other innovative wound measurement tech-
niques involve a structured light or laser approach. 
Laser-assisted wound measurement devices do 
not require wound contact and involve the use of 
a digital camera and projected laser beams. The 
main limitation of this method is an artificially 
low measurement of wound depth, likely attrib-
uted to the decreasing resolution of imaging shal-
low wounds [26].

One laser-assisted device in particular has 
recently shown encouraging results [27]. The 3D 
wound measurement device, inSight (eKare Inc., 
Fairfax, VA), demonstrated high inter-rater and 
intra-rater values for both wound area and vol-

ume. It functions by retrofitting a standard iPad 
with an infrared laser and utilizing associated 
software to measure the wound. Similar to other 
laser-assisted wound measurement devices, the 
major limitation of the device is an accurate mea-
surement of wound depth.

Besides the inSight (eKare Inc., Fairfax, VA) 
3D wound measurement device, multiple other 
devices are also now in use. Other devices include 
Silhouette Mobile® system (ARANZ Medical, 
Christchurch, New Zealand) [28, 29], a smart-
phone wound measurement device (WMD) [30], 
SilhouetteStar™ (System E; ARANZ Medical, 
Christchurch, New Zealand) [26], VeV MD Vista 
Medical (Winnipeg, Manitoba, Canada) [31], and 
the TeleDiaFoS® (Nalecz Institute of 
Biocybernetics and Biomedical Engineering, 
Warsaw, Poland) [32, 33], to name a few. Overall, 
digital imaging devices have been superior to 
most other wound measurement methods by 
reducing clinician measurement variability and 
improving accuracy and reliability. Additionally, 
many of the devices are inexpensive and have the 
potential to integrate into patients’ electronic 
medical records.

3  Discussion

Wound measurement is of particular value in the 
setting of diabetic foot ulcers, venous ulcers, pres-
sure ulcers, burns, ostomy sites, and other postop-
erative sites such as amputations. Ideally, 
measurement techniques should maximize inter- 
rater and intra-rater reliability, account for ana-
tomical variations, and allow for sequential 
wound assessment and documentation. Tracking 
wound area over time allows clinicians to assess 
responses to treatment and tailor intervention 
accordingly. Proper wound assessment is vital, 
particularly within the first 1–4  weeks of treat-
ment. The total reduction in wound area during 
this time is a strong predictor of healing [3, 4, 34]. 
When assessing healing rate, the wound size mea-
surements do not necessarily need to be accurate 
as long as they are reliable and the percent change 
can be followed [35]. Early identification of 
wounds with less percentage change and there-
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fore less healing potential with standard therapy 
could ultimately direct clinicians to provide ear-
lier or more aggressive interventions. Identifying 
these at-risk patients would likely lead to 
improved outcomes and lower cost, though these 
particular questions have not yet been studied.

The number of risk factors for poor wound 
healing is increasing as the population ages and 
lives with more comorbidities. These risk factors 
include diabetes, smoking, alcohol use, older 
age, male sex, heart failure, the inability to stand 
or walk without help, end-stage renal disease, 
larger wound size, history of poor wound heal-
ing, peripheral neuropathy, and peripheral artery 
disease [36–38]. Patients with the potential for 
poor healing can be identified, perhaps more 
aggressive treatments initiated, and wound prog-
ress tracked. Ideally, both treatment and wound 
monitoring would be individualized, conceivably 
using more involved wound measurement meth-
ods for at-risk patients.

 Conclusions
Wound measurement is an important aspect of 
wound assessment, tracking progression to 
healing, and identification of at-risk patients. 
Multiple wound measurement techniques are 
available, with digital methods preferred due 
to higher accuracy and reliability. Newer 
devices significantly reduce clinician mea-
surement variability and show potential for 
replacing commonly used manual metric mea-
surement. With the emergence of new tech-
niques and technology, there is a possibility of 
measuring more wound dimensions and is the 
topic of current study in the field.

References

 1. Grey JE, Enoch S, Harding KG (2006) Wound assess-
ment. Br Med J 332(7536):285–288

 2. Liu Z, Saldanha IJ, Margolis D, Dumville JC, Cullum 
NA (2017) Outcomes in Cochrane systematic reviews 
related to wound care: an investigation into pre- 
specification. Wound Repair Regen 25(2):292–308

 3. Sheehan P, Jones P, Caselli A, Giurini JM, Veves 
A (2003) Percent change in wound area of diabetic 
foot ulcers over a 4-week period is a robust predic-

tor of complete healing in a 12-week prospective trial. 
Diabetes Care 26(6):1879–1882

 4. Lavery LA, Barnes SA, Keith MS, Seaman JW Jr, 
Armstrong DG (2008) Prediction of healing for post-
operative diabetic foot wounds based on early wound 
area progression. Diabetes Care 31(1):26–29

 5. Jorgensen LB, Sorensen JA, Jemec GB, Yderstraede 
KB (2016) Methods to assess area and volume of 
wounds  - a systematic review. Int Wound J  13(4): 
540–553

 6. Schubert V, Zander M (1996) Analysis of the mea-
surement of four wound variables in elderly patients 
with pressure ulcers. Adv Wound Care 9(4):29–36

 7. Kekonen A, Bergelin M, Eriksson JE, Vaalasti A, 
Ylanen H, Viik J (2017) Bioimpedance measurement 
based evaluation of wound healing. Physiol Meas 
38(7):1373–1383

 8. Yesiloglu N, Yildiz K, Cem Akpinar A, Gorgulu T, 
Sirinoglu H, Ozcan A (2016) Histogram planimetry 
method for the measurement of irregular wounds. 
Wounds 28(9):328–333

 9. Zang CY, Cao YQ, Xue WJ, Zhao R, Zhang M, Zhang 
YH, Feng Z, Wang YB (2017) Application of high- 
frequency ultrasound in dermabrasion of patients with 
deep partial-thickness burns. Zhonghua Shao Shang 
Za Zhi 33(2):97–102

 10. Agabalyan NA, Su S, Sinha S, Gabriel V (2017) 
Comparison between high-frequency ultrasonogra-
phy and histological assessment reveals weak correla-
tion for measurements of scar tissue thickness. Burns 
43(3):531–538

 11. Bryant JL, Brooks TL, Schmidt B, Mostow EN 
(2001) Reliability of wound measuring techniques in 
an outpatient wound center. Ostomy Wound Manage 
47(4):44–51

 12. Rogers LC, Bevilacqua NJ, Armstrong DG, Andros 
G (2010) Digital planimetry results in more accurate 
wound measurements: a comparison to standard ruler 
measurements. J Diabetes Sci Technol 4(4):799–802

 13. Langemo D, Anderson J, Hanson D, Hunter S, 
Thompson P (2008) Measuring wound length, width, 
and area: which technique? Adv Skin Wound Care 
21(1):42–45

 14. Bilgin M, Gunes UY (2013) A comparison of 3 
wound measurement techniques: effects of pressure 
ulcer size and shape. J  Wound Ostomy Continence 
Nurs 40(6):590–593

 15. Bowling FL, King L, Fadavi H, Paterson JA, Preece 
K, Daniel RW, Matthews DJ, Boulton AJ (2009) An 
assessment of the accuracy and usability of a novel 
optical wound measurement system. Diabet Med 
26(1):93–96

 16. Shaw J, Hughes CM, Lagan KM, Bell PM, Stevenson 
MR (2007) An evaluation of three wound measure-
ment techniques in diabetic foot wounds. Diabetes 
Care 30(10):2641–2642

 17. Thawer HA, Houghton PE, Woodbury MG, Keast 
D, Campbell K (2002) A comparison of computer- 
assisted and manual wound size measurement. 
Ostomy Wound Manage 48(10):46–53

K.M. Marsh and E.L. Anghel



123

 18. Gethin G, Cowman S (2006) Wound measurement 
comparing the use of acetate tracings and Visitrak 
digital planimetry. J Clin Nurs 15(4):422–427

 19. Wunderlich RP, Peters EJ, Armstrong DG, Lavery LA 
(2000) Reliability of digital videometry and acetate 
tracing in measuring the surface area of cutaneous 
wounds. Diabetes Res Clin Pract 49(2–3):87–92

 20. Sugama J, Matsui Y, Sanada H, Konya C, Okuwa M, 
Kitagawa A (2007) A study of the efficiency and con-
venience of an advanced portable wound measurement 
system (VISITRAK). J Clin Nurs 16(7):1265–1269

 21. Wendelken ME, Berg WT, Lichtenstein P, Markowitz 
L, Comfort C, Alvarez OM (2011) Wounds measured 
from digital photographs using photodigital planim-
etry software: validation and rater reliability. Wounds 
23(9):267–275

 22. Bien P, De Anda C, Prokocimer P (2014) Comparison 
of digital planimetry and ruler technique to measure 
ABSSSI lesion sizes in the ESTABLISH–1 study. 
Surg Infect (Larchmt) 15(2):105–110

 23. Stockton KA, McMillan CM, Storey KJ, David MC, 
Kimble RM (2015) 3D photography is as accurate as 
digital planimetry tracing in determining burn wound 
area. Burns 41(1):80–84

 24. Chang AC, Dearman B, Greenwood JE (2011) A 
comparison of wound area measurement techniques: 
Visitrak versus photography. Eplasty 11:e18

 25. Mukherjee R, Tewary S, Routray A (2017) Diagnostic 
and prognostic utility of non-invasive multimodal 
imaging in chronic wound monitoring: a systematic 
review. J Med Syst 41(3):46

 26. Davis KE, Constantine FC, Macaslan EC, Bills 
JD, Noble DL, Lavery LA (2013) Validation of 
a laser-assisted wound measurement device for 
measuring wound volume. J  Diabetes Sci Technol 
7(5):1161–1166

 27. Anghel EL, Kumar A, Bigham TE, Maselli KM, 
Steinberg JS, Evans KK, Kim PJ, Attinger CE (2016) 
The reliability of a novel mobile 3-dimensional 
wound measurement device. Wounds 28(11):379–386

 28. Hammond CE, Nixon MA (2011) The reliability of 
a handheld wound measurement and documenta-
tion device in clinical practice. J  Wound Ostomy 
Continence Nurs 38(3):260–264

 29. Miller C, Karimi L, Donohue L, Kapp S (2012) 
Interrater and intrarater reliability of silhouette 
wound imaging device. Adv Skin Wound Care 
25(11):513–518

 30. Sprigle S, Nemeth M, Gajjala A (2012) Iterative 
design and testing of a hand-held, non-contact wound 
measurement device. J Tissue Viability 21(1):17–26

 31. Haghpanah S, Bogie K, Wang X, Banks PG, Ho CH 
(2006) Reliability of electronic versus manual wound 
measurement techniques. Arch Phys Med Rehabil 
87(10):1396–1402

 32. Foltynski P, Ladyzynski P, Sabalinska S, Wojcicki 
JM (2013) Accuracy and precision of selected wound 
area measurement methods in diabetic foot ulceration. 
Diabetes Technol Ther 15(8):712–721

 33. Ladyzynski P, Foltynski P, Molik M, Tarwacka J, 
Migalska-Musial K, Mlynarczuk M, Wojcicki JM, 
Krzymien J, Karnafel W (2011) Area of the diabetic 
ulcers estimated applying a foot scanner-based home 
telecare system and three reference methods. Diabetes 
Technol Ther 13(11):1101–1107

 34. Khoo R, Jansen S (2016) The evolving field of wound 
measurement techniques: a literature review. Wounds 
28(6):175–181

 35. Santamaria N, Ogce F, Gorelik A (2012) Healing 
rate calculation in the diabetic foot ulcer: compar-
ing different methods. Wound Repair Regen 20(5): 
786–789

 36. Prompers L, Schaper N, Apelqvist J, Edmonds M, 
Jude E, Mauricio D, Uccioli L, Urbancic V, Bakker 
K, Holstein P, Jirkovska A, Piaggesi A, Ragnarson- 
Tennvall G, Reike H et  al (2008) Prediction of out-
come in individuals with diabetic foot ulcers: focus on 
the differences between individuals with and without 
peripheral arterial disease. The EURODIALE Study. 
Diabetologia 51(5):747–755

 37. Parker CN, Finlayson KJ, Shuter P, Edwards HE 
(2015) Risk factors for delayed healing in venous 
leg ulcers: a review of the literature. Int J Clin Pract 
69(9):967–977

 38. Harris LS, Luck JE, Atherton RR (2017) Suboptimal 
identification of patient-specific risk factors for poor 
wound healing can be improved by simple interven-
tions. Int Wound J 14(1):138–141

Wound Measurement, Score



125Recent Clinical Techniques, Results, and Research in Wounds (2018) 
https://doi.org/10.1007/15695_2018_130, © Springer International Publishing AG
Published Online: 11 July 2018

Influence of Sensory Innervation 
on Epithelial Renewal and Wound 
Healing

Juan Alfonso Martínez-Greene 
and E. Martínez-Martínez

1  Introduction

The main function classically attributed to 
peripheral somatosensory system is to receive, 
transduce, and channel external or internal infor-
mation toward central regions of the nervous sys-
tem. However, there are numerous examples 
throughout the body of mammals which indicate 
that some neurons from sensory ganglia are not 
restricted to generate afferent impulses. This 
population of neurons is characterized by its 
capacity to release neuropeptides from their 
peripheral terminals. It is postulated that through 
this neurosecretory character, peptidergic neu-
rons of dorsal root ganglia influence diverse pro-
cesses in their targets (efferent function). This 
notion is also supported by the presence of recep-
tor sites and degrading enzymes for neuropep-
tides in all tissues innervated by peptidergic 
neurons. Nevertheless, it is often assumed that 
efferent functions of sensory ganglia are only rel-
evant in clearly pathological events (e.g., neuro-
genic inflammation). Indeed, it is the fact that 
sensory nerves participate in pathological events 
that explains a resurgence of the study and an 
effort to characterize the effects and mechanisms 
that govern the interaction between sensory 

nerves and their peripheral targets such as the 
skin.

The synthesis and transport of neuropeptides 
to the peripheral terminals of dorsal root ganglion 
(DRG) neurons have been documented in various 
species [1–4]. Thus, efferent functions of DRG 
neurons may represent a conserved mechanism 
for tissue renewal and functional maintenance 
during normal physiological conditions. There 
are systematic observations about the deleterious 
effects related to sensory denervation which pro-
vokes major changes of gene regulation on its 
targets [5, 6]. Moreover, the generation of anti-
bodies to label fine terminals at the periphery has 
revealed that peptidergic terminals are in almost 
every part of the mammalian body, including the 
skin, muscle, bone, immune organs, teeth, blood 
vessels, and viscera. In these regions it has been 
observed both the existence of synaptic-like con-
tacts between peptidergic endings and some tar-
get cells and the expression of neuropeptide 
receptors by different cell types [7–10]. Overall 
the anatomical and functional studies suggest 
that peptidergic innervation plays an active and 
continuous role on epithelial renewal, wound 
repair, glandular secretion, and mineralized tis-
sue formation that is just beginning to be 
understood.

In this chapter, we will discuss several aspects 
of sensory innervation and the proposed mecha-
nisms by which sensory terminals influence epi-
thelial homeostasis. A brief survey of the main 
anatomical and neurochemical characteristics of 
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the nerve terminals that innervate the skin will be 
made. All of this will be discussed under the con-
text of the noceffector concept proposed by 
Kruger [11] which states that peptidergic neurons 
of DRG devote most of its biological existence to 
have an effector or trophic influence on its 
target.

2  Cytology 
and Neurochemistry 
of Dorsal Root Ganglion 
Neurons: An Overview

Broadly, two main classes of neurons have been 
described in sensory ganglia based on cell body 
size, cytoplasmic appearance, axonal diameter, 
and axonal myelin content. Due to light or dark 
appearance of its cytoplasm in electron and light 
microscopy studies, DRG neurons are subdivided 
into large light (also named A cells) and small 
dark neurons (also named B cells) [12, 13]. 
Furthermore, it has been determined by immuno-
histochemical studies that light appearance is 
given by a rich content of the 150 and 200 kDa 
neurofilament subunits [14]. Likewise, dark neu-
rons have a cytoskeleton primarily constituted by 
the intermediate filament protein called periph-
erin [15, 16]. Besides these cytological features, 
it is known that electrical properties such as con-
duction velocity correlate with soma size and 
fiber diameter [17]. Thus, large light neurons 
(soma diameter > 35 mm) correspond to neurons 
with myelinated fibers [14, 18, 19]. These large- 
caliber and myelinated axons are the well-known 
A-fibers which are divided into three subgroups, 
namely, A, B, and C, from fastest to slowest. In 
addition, the small dark neurons (<20 mm) give 
rise to C-fibers which are unmyelinated fibers 
and, consequently, the thinnest and slowest fibers 
in sensory nerves [17, 20]. This relationship 
between anatomical parameters and functional 
properties does not necessarily apply to medium- 
sized neurons (20–35 mm). For instance, some A 
cells skewed toward the large population are 
neurofilament- negative, and, conversely, neurons 
skewed toward the small population are 
neurofilament- positive [18, 21]. Rather than a 

clear subdivision of neuronal populations, there 
is a perplexing scenario of subpopulations with 
overlapping phenotypic and functional 
properties.

Besides its afferent (i.e., sensory) role, C- and 
Aδ-fiber neurons are mainly implicated in tissue 
management [22–24]. Although neuropeptide 
content is associated with pain modulation, it 
has been recently documented that a fraction of 
peptidergic neurons does not process exclusively 
nociceptive stimuli [2, 23, 25–27]. Moreover, 
efforts to define a biochemical profile to predict 
receptive modalities have not been successful at 
all. Some DRG neurons have the intrinsic genetic 
program to express neuropeptides, and others 
acquire a peptidergic phenotype only after they 
have contacted a target in late embrionary stages 
[28–30]. Apparently, peptidergic phenotype is 
related to localization of peripheral terminals in 
the target tissue rather than to a sensory modality 
[2, 23, 25]. Indeed, it has been postulated that 
peptidergic neurons constitute a nocifensor sys-
tem that probably lacks a sensory function [31]. 
In fact, there is still much debate about the exis-
tence of two separate populations for afferent 
and efferent role in dorsal root ganglion. For the 
sake of convenience, we will refer for those cra-
nial and DRG neurons having an efferent role 
only as peptidergic neurons or noceffectors, 
assuming that if a neuron presents vesicles with 
peptides in the peripheral terminals, it conveys a 
specific message that helps maintain tissue 
homeostasis, regardless if this neuron transmits 
a sensory stimuli or whether it is a noxious/non-
noxious stimuli [11].

In elegant studies using genetic axonal tracers, 
the peptidergic and non-peptidergic populations 
in mice are shown to be topographically segre-
gated. For instance, in mouse epidermis, non- 
peptidergic fibers terminate in the stratum 
granulosum, while most of the peptidergic fibers 
terminate in the stratum spinosum [32]. Similarly, 
this segregation continues in the spinal cord and 
in ascending pathways. Peptidergic neurons proj-
ect to spinal lamina I and the outer region of lam-
ina II (IIo), and these spinal neurons project 
heavily to the brain stem (parabrachial nuclei) 
and thalamus, while non-peptidergic neurons 

J. A. Martínez-Greene and E. Martínez-Martínez



127

connect with second-order interneurons in the 
internal region of lamina II (IIinner). These inter-
neurons project to lamina V which then project to 
several limbic and striatal regions [32, 33]. The 
spatially segregated pathways suggest that these 
groups of neurons have at least different sensory 
processing capacities. If this anatomical separa-
tion could also be relevant for efferent functions 
of sensory neurons remains to be determined.

Neuropeptide content in DRG neurons has 
been reported in various vertebrates as rodents, 
primates, felines, birds, and reptiles [1–4]. The 
proportion of peptidergic neurons varies depend-
ing on the species, and inside a species varies 
according to the spinal cord level [34]. Regardless 
of the animal species, the peptidergic population 
is consistently composed by a subpopulation of 
C-fibers neurons and in smaller fraction by a sub-
population of A-fiber neurons [2, 3, 25, 35]. The 
major peptides synthesized by DRG neurons are 
substance P (SP) and calcitonin gene-related pep-
tide (CGRP). In addition, DRG neurons also syn-
thesize other peptides such as somatostatin, 
neuropeptide Y, galanin, vasoactive intestinal 
polypeptide, pituitary adenylate cyclase- 
activating polypeptide-38, and opioids.

3  CGRP and Substance P 
in Dorsal Root Ganglia: 
Synthesis, Release, 
and Receptors

3.1  CGRP

The calcitonin gene peptide superfamily consists 
of four members with potent vasoactive properties 
that include calcitonin, CGRP, adrenomedullin, 
and amylin [36, 37]. CGRP exists in two isoforms 
encoded by different genes, α and β in rat and I 
and II in human. While the rat isoforms differ in 
one amino acid residue, in humans they differ in 
three [38, 39]. The most noticeable site of synthe-
sis of α-CGRP in the peripheral nervous system is 
the DRG, whereas β-CGRP is preferentially 
expressed by enteric neurons. The translation of 
I-CGRP mRNA generates a 121 and 128 amino 
acid precursor in rats and humans, respectively. 

The first 25 amino acids of this precursor 
correspond to the signal peptide, a sequence that 
assists the targeting of the messenger to the endo-
plasmic reticulum. The next 103 residues corre-
spond to the proCGRP [40]. The final 37 amino 
acid peptide is created by proteolytic cleavage of 
flanking peptides in proCGRP [41].

CGRP receptor belongs to the G-protein- 
coupled receptor superfamily. A molecular, bio-
logical approach has revealed that CGRP receptor 
is a heterodimer composed of the calcitonin 
receptor-like receptor protein (CRLR or CLR) 
and receptor activity-modifying protein 1 
(RAMP-1) [37]. The latter is required to trans-
port CRLR to the plasma membrane and to con-
trol a specific pattern of glycosylation that 
determines the affinity for CGRP [42]. The 
CGRP receptor is associated with the formation 
of cAMP through the activation of adenylyl 
cyclase. The biological effects of CGRP end with 
a proteolytic cleavage by proteases as neutral 
endopeptidase, insulin-degrading enzyme, and 
endothelin-converting enzyme-1 [43, 44].

3.2  Substance P

SP is a member of the tachykinin family that 
includes peptides with a conserved FXGLM-NH2 
C-terminal sequence. The mRNAs that encode 
SP, neurokinin A, neuropeptide K, and neuropep-
tide G are derived from the preprotachykinin 1 
gene. In DRG neurons, alternative RNA splicing 
of the primary transcript results in the generation 
of four mRNAs called α-, β-, γ-, and δ-TAC1 [45, 
46]. SP precursor sequences are encoded by all 
four TAC1 mRNAs, but what directs the alterna-
tive splicing in the range of tissues where tachy-
kinins are expressed is still unknown [47–49]. 
Putatively, the posttranslational processing of all 
these precursors gives rise to the active form of 
substance P that consists of 11 amino acid resi-
dues [50, 51].

The effects of tachykinins are mediated 
through a group of three G-protein-coupled 
metabotropic receptors: neurokinin-1 (NK1), 
neurokinin-2 (NK2), and neurokinin-3 (NK3). 
Substance P binds preferentially to NK1 receptor 
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[52, 53]. The activation of tachykinin receptor 
leads to inositol phosphate accumulation [54]. 
NK1 receptor stimulation in tracheal smooth 
muscle causes Ca2+ release from intracellular 
stores through the activation of both inositol tri-
phosphate and ryanodine receptors. In muscle 
cells, the Ca2+ release from the sarcoplasmic retic-
ulum in response to NK1 activation is coupled to 
Ca2+ influx through channels located in the plasma 
membrane [55]. Once released, SP is inactivated 
by the action of the neutral endopeptidase and the 
angiotensin-converting enzyme [56].

4  Release of SP and CGRP 
from Somatosensory Nerves

CGRP and SP are strongly expressed in normal 
DRG neurons, which suggests that they are ready 
to use whenever it is needed. A great portion of 
the neurons with capacity of peptide release are 
recognized for being capsaicin sensitive. 
Capsaicin is the pungent ingredient in hot chili 
peppers of the Capsicum genus, and it has been a 
valuable pharmacological and clinical tool, 
because it has allowed studying both afferent and 
efferent functions of DRG neurons [57]. The 
notion that C- and Aδ-fibers have a neurosecre-
tory function dates from the early years of the 
twentieth century. Experiments by Bayliss [58] 
assigned an efferent role for the nerve fibers that 
emerge from posterior roots. They noticed that, 
when central ends of these fibers were excited at 
lumbar level, the impulse generated (i.e., anti-
dromic process) provoked vascular dilatation at 
their peripheral ends in the hind limbs of various 
species. Nowadays it is known that antidromic 
stimulation of C and Aδ produces vasodilatation 
and increases plasma extravasation [59, 60]. 
Immunohistochemical and pharmacological 
experiments had revealed that CGRP induces 
arterial vasodilatation, whereas SP provokes an 
increase in vascular permeability [61, 62]. 
Overall, these vascular changes and concomitant 
activation of mast cells, lymphocytes, and neu-
trophils lead to what is called neurogenic inflam-
mation. Thus, the main efforts to understand 

peptide release from peripheral terminals of 
peptidergic DRG neurons have been centered on 
factors involved in inflammation. In this regard, 
capsaicin is widely known for its capacity to 
induce neurogenic inflammation by releasing SP 
and CGRP from peripheral terminals. It is 
believed that capsaicin releases neuropeptides 
exclusively via activation of the vanilloid recep-
tor 1 (TRPV1), but other members of TRPV fam-
ily might be involved [63]. TRPV1 is a 
nonselective cation channel that allows entry of 
calcium and, besides capsaicin, is also gated by 
nociceptive stimuli such as low pH and heat [64, 
65].Classical exocytosis occurs when Ca2+ influx 
into the terminals and initiates exocytotic mecha-
nisms that release neuropeptides and/or other 
neurotransmitters [66]. The addition of capsaicin 
to nerve, skin, and mucosal explants induces pep-
tide release, but it is prevented if explants are 
incubated in Ca-free medium containing EGTA 
[67–69]. The notion that this effect is partially 
mediated by TRPV1 is supported by the fact that 
a competitive antagonist of TRPV1, namely, cap-
sazepine, diminished CGRP concentrations in 
eluates quantified by immunoassay or radioim-
munoassays [68, 69]. Ruthenium red, a noncom-
petitive channel blocker of TRPV1, attenuates 
neuropeptide release in response to capsaicin 
[67]. In addition, acidic stimulation promotes 
CGRP release in the nerves and skin through 
TRPV1-dependent mechanism [70]. Noxious 
heat (40–50  °C) evokes CGRP release in a 
calcium- dependent manner, as shown that both 
incubating in calcium-free medium and skin 
loaded with (BAPTA) diminished CGRP release 
[71, 72]. However, it has been shown that neither 
capsazepine nor Ruthenium Red abolished com-
pletely peptide release from nerve and skin 
explants [71, 73]. It is proposed that other heat- 
activated channels of TRPV subfamily (V1–V4) 
might be involved in neuropeptide release from 
peripheral terminals [71, 73]. This is supported 
by the fact that neonatal capsaicin denervation 
does not eliminate all peptidergic fibers in 
 different targets. Likewise, TRPV1 is not 
expressed by all peptidergic neurons, and its 
presence in fibers varies with the type of 
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target [74]. It is noteworthy that TRPV members 
are coexpressed in DRG neurons and potentially 
different members may heteromultimerize, con-
tributing to functional heterogeneity and a more 
complex pharmacology [75–77]. In considering 
TRPV channels as key elements for regulating 
peptide release from peripheral terminals, it must 
be taken into account that these channels are sen-
sitized by vanilloids, temperature, and proinflam-
matory mediators, which results in distinct 
biophysical and regulatory properties [78]. TRP 
participation in peptide release on both patho- 
and physiological conditions awaits further 
investigation to define its precise contribution.

Regarding factors coming from a target, there 
are some inflammatory mediators capable to 
evoke or sensitize SP and CGRP release in cer-
tain tissues and conditions. For instance, bradyki-
nin alone can induce neuropeptide release in the 
rat trachea and skin and in the heart of guinea pig 
[72, 79, 80]. Bradykinin evokes a significantly 
CGRP release only in the trachea, whereas in the 
skin, it only stimulates release of SP [72, 80]. The 
effects of bradykinin seem to be mediated through 
the activation of B2 receptor which activates 
phospholipase C, resulting in formation of diac-
ylglycerol and activation of protein kinase C [72, 
80, 81]. The sole action of histamine, serotonin, 
prostaglandin E2, or proinflammatory cytokines 
seems not to be sufficient to promote exocytosis 
in peripheral terminals [69, 79, 80, 82, 83]. The 
action of these mediators is favored by conditions 
such as acid pH or noxious heator in combination 
with other inflammatory mediators. The interac-
tion of serotonin and histamine sensitizes brady-
kinin effect on CGRP and SP release [72, 80]. 
Near inflammation zones and tumors, leukocytes 
and thrombocytes produced proinflammatory 
cytokines. In this regard, stimulation of rat skin 
from hind paw with IL-1b and TNF-a augmented 
heat-induced release of CGRP in a dose- 
dependent manner [82]. As in the case of brady-
kinin, cytokines activate receptors coupled with 
kinases which may sensitize heat-activated ion 
channels by phosphorylation and lead to a major 
release of peptides [84]. It has also been observed 
that noceffector activity is also exerted to 

inhibitory modulation. Plasma extravasation in 
rat skin, bronchoconstriction of guinea pig and 
human, and contraction of the left atrium of 
guinea pig heart are blocked by the presence of 
nociceptin, an opioid-related peptide [85–88]. 
These processes require neuropeptides release 
from noceffector terminals. Indeed, release of 
substance P and CGRP from rat isolated trachea 
in response to electrical field stimulation was 
diminished by nociception [89]. It has been pro-
posed that nociceptin stimulates the G-protein-
coupled orphan receptor ORL1 to activate an 
inward-rectifier K+ channel. The latter reduces 
neuropeptide release from noceffector endings 
via a membrane hyperpolarization which proba-
bly counteracts TRPV1 gating [86]. Likewise, 
μ-/κ-/δ-opioid receptor agonist inhibited electri-
cal-induced release from noceffector endings in 
several preparations, although not all agonists are 
effective in all sites tested [83, 90–93]. The actual 
effect of endogenous opioids and its physiologi-
cal relevance for efferent functions remains to be 
elucidated. Apart from these factors that can be 
found in most tissues, apparently there are some 
tissue-specific signals capable to evoke peptide 
release. That is the case of the conversion of 
trans-urocanic acid to cis-urocanic acid by ultra-
violet radiation in the stratum corneum of the 
skin. In rodents cis- urocanic acid may increment 
microvascular blood flow of hind paw and dimin-
ished contact hypersensitivity by means of releas-
ing SP and CGRP [94].

As could be inferred for the depleting effects 
of capsaicin in neuropeptide contents in different 
preparations in vitro, long-term synthesis of neu-
ropeptides is intimately related with the amount 
of these neuropeptides that are available for 
release from the noceffector endings. Several 
reports indicate that neuropeptide exocytosis can 
be achieved by two means: local factors that 
stimulate direct or indirectly TRP channels and 
antidromically stimulations of peripheral endings 
which rely in axonal conduction by activation of 
voltage-dependent calcium channels. Since much 
of the research has dealt with inflammatory 
conditions, little is known if the same factors 
could modulate synthesis and release of 
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neuropeptides in noninjury conditions. Although 
capsaicin has helped to elucidate the pharmacol-
ogy of noceffector terminals, it remains unclear 
which are the endogenous ligands that have simi-
lar effects as capsaicin and the dynamics of pro-
duction and sources of such TRPV1 agonist in 
normal and pathophysiological conditions. Only 
a few molecules such as anandamide, arachido-
nate, and diacylglycerol have been shown to acti-
vate TRPV1 in a capsaicin-like manner [95, 96]. 
An intriguing issue that deserves further study is 
the role of antidromic process in vivo. It is known 
that a suprathreshold stimulus depolarizes pri-
mary afferents in the spinal cord (i.e., dorsal root 
reflex), which could trigger efferent action of 
noceffector [97]. Furthermore, dorsal rhizotomy, 
periaqueductal gray matter stimulation, and 
blockage in the spinal cord of GABAA, non- 
NMDA, or 5-HT3 receptors interfere with devel-
opment of neurogenic cutaneous inflammation 
[98, 99]. This data implies that local mechanisms 
and/or central nervous mechanisms could modu-
late exocytotic release at periphery. The under-
standing of these mechanisms may clarify how 
noceffectors coordinate normal processes, such 
as hair growth, bone metabolism, gland secre-
tion, and vascular tone.

5  Efferent Effects of Peptides 
Released by Somatosensory 
Nerves on Skin Physiology

Noceffectors establish synaptic-like contacts 
with Langerhans cells, melanocytes, and mast 
cells in the skin [7–9]. In other targets like the 
smooth muscle, epithelium, viscera, lymphoid 
organs, blood vessels, teeth, and bone, where 
noceffectors lack specialized contacts, they 
appear to establish a paracrine way of communi-
cation [10, 11, 100]. Cellular elements located in 
the aforementioned targets not only possess 
receptors for the peptides released by noceffec-
tors from their C- and Aδ-fiber terminals but also 
express peptidases that terminate with the bio-
logical effects of such peptides [28, 29]. The 
anatomical and physiological evidence so far 
summarized suggests that, besides its ability to 

send information to the spinal cord (afferent 
role), the anatomical and functional organiza-
tions of ganglion sensory neurons render them 
capable of releasing the content of its vesicles 
and transmit a specific message to their periph-
eral targets (efferent role).

The skin receives innervation that originates 
from DRG and trigeminal ganglion. Nerve plexus 
of large caliber arrive at the deepest part of the 
dermis. As nerves ascend through the skin, they 
ramify in thinner plexuses. At the border between 
the dermis and the epidermis, individual fibers 
cross the basal membrane and terminate as free 
nerve endings in either stratum spinosum or stra-
tum granulosum (Fig. 1). Free nerve endings also 
innervate structures immersed in the dermis like 
hair follicles, blood vessels, and sebaceous 
glands [101–103]. Many of these free nerve end-
ings present immunoreactivity for SP and CGRP, 
and its distribution within the skin is conserved 
between individuals of the same species. The 
presence of SP and CGRP receptors in keratino-
cytes, fibroblasts, melanocytes, endothelial cells, 
and immune cells has been elucidated by immu-
nohistochemical studies and functional assays [8, 
104, 105].

A long-standing issue in the field of dermatol-
ogy is related to the observation that cutaneous 
denervation is followed by trophic changes which 
are manifested as alterations in skin, nails, and 
subcutaneous tissues [106, 107]. Not until recent 
investigation, anecdotal observations have been 
replaced for a careful quantification of efferent 
activity of peptidergic DRG neurons. Recently, it 
has been established that skin noceffector is 
involved in modulating expression of genes of 
cytoskeleton, extracellular matrix, transcription 
factors, proteases, receptors, intracellular trans-
ducers, and adhesion molecules [5]. Taken alto-
gether, these findings indicate that noceffector 
activity influences several kinds of cellular ele-
ments in its targets. Therefore, it is conceivable 
that malfunction of noceffectors may be a causal 
factor in some dermatological diseases.

In rodents and humans, epidermis becomes 
thinner after nerve injury [108, 109]. Sciatic 
nerve transection in rodents diminishes 
 keratinocyte incorporation of analogs of 
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thymidine up to 40% which suggest a reduction 
of keratinocyte proliferation [109–111]. Both 
epidermal thickness and proliferation are restored 
if reinnervation is permitted [108, 110, 111]. Due 
to alterations in motor innervation also affect 
keratinocyte proliferation, it is argued that lack of 
movement rather than neuropeptide secretion 
from noceffectors is the cause of skin atrophy. 
Dorsal rhizotomy or ganglionectomy, procedures 
that conserve normal gait, also produces epider-
mal thinning. Sensory denervation of dorsal skin, 
which does not support body weight, produces 
epidermal thinning [112, 113]. An insight into 
the mechanism of this phenomenon comes from 
in vitro and in vivo studies. In cultures of kerati-
nocytes, fibroblasts, and endothelial cells, sub-
stance P promotes cell proliferation [114, 115], 
while CGRP promotes the proliferation of mela-
nocytes and endothelial cells [8].

The hair follicles receive peptidergic innerva-
tion which shows immunoreactivity for substance 
P and CGRP (Fig.  1). Normal hair cycle is 
accompanied by substantial morphological, cel-
lular, and biochemical changes in many skin 
compartments, such as changes in the thickness 
of the epidermis and dermis, reorganization of 

the skin vasculature and the extracellular matrix, 
as well as variations in the number and functional 
activity of major skin cell populations [116]. This 
tissue remodeling is associated with tightly regu-
lated sprouting and regression of peptidergic 
fibers. The number of CGRP and SP fibers 
increases from telogen to anagen in the dermis 
and subcutis [117, 118]. Peptidergic nerve fibers 
are concentrated around and above the bulge 
region where one major population of epithelial 
hair follicle stem cells resides. Thus, it is con-
ceivable that noceffectors participate actively in 
hair cycle modulation and concomitant tissue 
remodeling. SP-releasing microcapsules 
implanted at resting growth phase of hair (telo-
gen) stimulate growth phase (anagen) in mice 
skin [119], while treatment with substance P in 
anagen induces a premature regression of hair 
follicles (catagen) [120]. CGRP subcutaneous 
implants failed to promote transition of telogen to 
anagen [118]. Further investigations are required 
to define the precise role of the combination of 
nerve-derived signals in hair cycle.

Overall, the evidence indicates that noceffec-
tors interact with almost all cell populations in 
the skin. By means of this interaction, the 

a b

Fig. 1 General arrangement of sensory innervation in 
mammalian skin. In (a) glabrous skin and (b) hairy skin 
axons from dorsal root ganglia are grouped in the dermis 
as large plexuses. As axons reach the superficial layers of 

the skin, they travel in smaller plexuses. Sebaceous 
glands, blood vessels, and epidermis are innervated by 
ramified terminal fibers
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optimum functioning of major physiological 
processes that maintain the skin in a healthy state 
is preserved. Neuropeptide release is involved in 
modulating epidermal renewal, hair growth, 
blood flow, and immunological priming. 
Accordingly, it is not surprising that alteration in 
the synthesis and release of neuropeptides may 
result in disturbance of skin homeostasis. That 
could be the case of some variants of dermato-
logical diseases like atopic dermatitis, psoriasis, 
urticaria, or vitiligo whose etiology is unknown 
and sometimes attributed to a neurological ori-
gin. A common denominator in these diseases is 
an elevated number of nerve fibers in the dermis 
and epidermis containing SP and CGRP com-
pared with healthy skin [121–123]. In addition, 
more frequent contacts of nerve fibers with mast 
cells and blood vessels are observed [124, 125]. 
Until now little is known if peripheral nerve fiber 
sprouting responds to a diminishing in peptide 
release which in turn evokes secretion of neuro-
trophic signals from a target organ. For instance, 
keratinocytes in psoriatic lesions have reduced 
expression of the transcription factor Jun B with 
concomitant augmented levels of mRNA of two 
chemotactic proteins, S100A8 and S100A9, 
which are involved in the onset of psoriasis [126]. 
Remarkably, sensory denervation leads to an 
upregulation of S100A8 and S1009 genes [5]. 
Likewise, psoriatic lesions contain an increased 
number of keratinocytes expressing NGF, whose 
synthesis is promoted by neuropeptide release 
[105, 127].

6  Role of Peptidergic Nerves 
on Epithelial Renewal 
and Wound Repair

To get a better understanding on how sensory 
nerves influence epithelium physiology, we per-
formed a series studies using neonatal capsaicin 
treatment. This chemical denervation model 
allowed us to reduce the amount of peptidergic 
terminals in the skin and to determine whether 
the reduction of peptidergic terminals affects 

epithelial homeostasis both in noninjury 
conditions and during wound repair [128, 129]. 
We employed design-based stereological meth-
ods to assure an unbiased quantification of bio-
logical structures (Fig.  2). Most of the 
dermatological research has relied on qualitative 
or 2D sampling which may overestimate or 
underestimate the magnitude of a certain cellular 
responses. For example, the data of cell number 
is usually expressed as a ratio quantity (i.e., cell/
unit area) which can be misinterpreted if the ref-
erence space is not the same between experimen-
tal conditions. In contrast, stereological 
estimations of the number, length volume, or area 
of biological objects are performed by a system-
atic random sampling without any assumption of 
spatial distribution, size, shape, and object orien-
tation. Stereological probes facilitate the com-
parison of experimental conditions by expressing 
the data of measured parameters as an absolute 
quantity (i.e., millions of cells). Rather than to 
offer a guide on how to design a stereological 
study, the main intention of this section is to show 
how this methodology was used to study the role 
of innervation during wound healing [130–132].

Although it is well-known that neonatal 
capsaicin treatment eliminates a great number 
of DRG neurons with C- and Aδ-axons, there 
was no quantitative data about the repercussion 
of capsaicin treatment on the development of 
epidermal innervation. For this purpose, we 
quantified the amount of intraepidermal nerve 
fibers (IENF) immunoreactive for protein gene 
product 9.5 (PGP+) and calcitonin gene-related 
peptide (CGRP+) in the glabrous skin of the rat 
[129]. In control animals, the total estimated 
length of PGP+ and CGRP+ fibers remained 
relatively constant at 1, 3, and 6 months. These 
findings suggest that nerve supply generated 
during development is only redistributed as 
animal ages. Moreover, we also observed 
changes on IENF morphology which indicate 
that nerve fibers undergo continual remodeling 
over time (Fig.  3). Accordingly, the arboriza-
tion and location of sensory endings in the 
mouse cornea showed substantial changes over 

J. A. Martínez-Greene and E. Martínez-Martínez



133

a 1-month period [133]. Capsaicin treatment 
reduced the total length of PGP+ fibers on aver-
age by 80%, and that of CGRP+ fibers was 
reduced by 55%. While IENF showed an intri-
cate morphology in control rats, the nerve end-
ings in the epidermis of treated animals had a 
straight thick morphology and were poorly 
ramified. Despite the reduction of the nerve 
supply to the epidermis, the keratinocyte pro-
liferation was not altered in capsaicin-treated 
rats. Interestingly, the quantitative analysis of 
IENF on capsaicin-treated rats revealed that 
peptidergic fibers were the predominant type 
of fibers in the epidermis as was also confirmed 
by a double-immunofluorescence staining for 
CGRP and beta III tubulin (Fig. 3). Thus, we 
hypothesized that the remaining peptidergic 
innervation is sufficient to maintain adequate 

epithelial renewal in noninjury conditions, but 
in conditions of high cell demand, denervated 
epithelia are not able to generate the number of 
cells required for epithelial expansion.

Until recently, all efforts to show a beneficial 
action of sensory nerves during skin wound 
repair have been limited to document the impact 
of denervation upon the time of wound closure 
[134–138]. Since the discovery of adult stem 
cells in different parts of the body, it became 
clear that the innervation is an essential part of 
the stem cell niche. Little is known about the 
exact interaction between neurons and progenitor 
cells. By using the neonatal capsaicin denerva-
tion, we explored whether sensory innervation 
was involved in the modulation of the epithelial 
progenitors that participate in reepithelialization 
of the hairy skin [128]. The hair follicle is an 

a

b

Fig. 2 Stereological quantification of cell number and 
fiber length. Reliable and unbiased estimates of volume, 
number, area, and length of biological objects are obtained 
by design-based stereology methods. (a) Sections and 
counting sites are determined by a systematic random 
sampling which assures a representative sampling through 

the analyzed area. (b) The estimation of the total number 
of cells is performed by counting the cells inside a virtual 
box or optical dissector. The fiber length is obtained by 
counting the intersections of the nerve fibers with a stereo-
logical probe called space balls. Both procedures require 
thick tissue sections (>20 mm)
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excellent model to study the signals and mecha-
nisms that may govern the neural modulation of 
stem cells. Based on the anatomical location of 
sensory fibers in the bulge region of the hair fol-
licle, we evaluated the possibility that 
nerve-derived signals may influence the activa-

tion or migration of epithelial progenitors 
(Fig.  4). During the first 47  h post-wound, the 
epidermal proliferation was reduced in the 
capsaicin-treated rats, while the proliferation in 
the hair follicles was the same as in control 
rats. To determine if the low number of 

a b

c d

e f

g h

Fig. 3 Effects of 
neonatal capsaicin 
treatment on skin 
innervation. (a) 
Glabrous skin sections 
were immunostained for 
protein gene product 
9.5. (b) Capsaicin 
treatment decreased the 
number of 
intraepidermal nerve 
fibers and fiber 
complexity. While in (c) 
control rats the most 
abundant type of nerve 
fibers was of non-
peptidergic type (green 
arrows: 
immunoreactivity for 
beta III tubulin), (d) the 
epidermis of treated rats 
showed almost 
exclusively peptidergic 
fibers (red and yellow 
arrows: 
immunoreactivity for 
CGRP). Despite the 
reduction of 
intraepidermal nerve 
fibers in capsaicin-
treated rats (F), the 
keratinocyte 
proliferation was similar 
in (e) control and (f) 
treated rats. (g) Sensory 
innervation in the 
epidermis of glabrous 
skin of control rats. (h) 
Summary of the changes 
induced by neonatal 
capsaicin treatment. 
Scale bar = 150 mm
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bromodeoxyuridine-positive cells (BrdU+) in the 
epidermis of treated rats resulted from a reduced 
mobilization of transit amplifying cells from the 

hair follicle, we performed pulse and chase 
 experiments with halogenated thymidine analogs 
(iododeoxyuridine, IdU; chlorodeoxyuridine, 

a b

c d

e f

Fig. 4 Effects of capsaicin treatment on wound healing. 
After 47h after wounding, the epidermis of (a) control rats 
was thicker and showed more BrdU+ nuclei than (b) 
capsaicin-treated rats. At 61h after wounding, the epidermis 
of (c) control rats presented more IdU/CldU labeled nuclei 
than (d) treated rats, which suggest that denervation is 

related to less migration of stem cell progeny from the hair 
follicle. Noteworthy, at 61 h after wounding, we observed 
an increased area of epidermis expressing keratin 6 in (f) 
capsaicin-treated rats than in (e) controls. epi epidermis, 
der dermis, sg sebaceous gland, b bulge, we wound edge, 
hf hair follicle. Scale bar = 200 mm. Modified from [128]
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CldU). This procedure is based on the principle 
that cells in the hair follicle proliferate faster than 
the cells in the  epidermis allowing to track the 
fate of the double-labeled cells in different skin 
compartments. Remarkably, the proportion of 
IdU+/CldU+ cells in the epidermis increased over 
time only in the control group. This finding sug-
gests that the deficiency of sensory nerves ham-
pers the traffic of cells from the follicle toward 
the epidermis. Although it has been shown that 
cells from the hair follicle are dispensable for 
reepithelialization, the migration of these cells 
accelerates the reestablishment of the epidermis 
[139, 140]. In capsaicin-treated animals, the 
efflux of hair follicle cells is diminished which 
correlates with an extended time for wound clo-
sure. Moreover, treated rats showed an extended 
recruitment of epithelial precursors as indicated 
by the broader area of epidermis expressing kera-
tin 6, a marker of epidermal activation. Our 
results revealed that epithelial precursors must 
migrate more distance to reach the border of the 
wound in denervated rats. Taken together, our 
findings may explain the delay in reepithelializa-
tion observed in several models of denervation. 
From a clinical perspective, it would be desirable 
to understand the mechanism and signals behind 
the activation of distinct regions of the epithelium 
to better contend with chronic wounds. In this 
regard, it is noteworthy that the stem cell niche of 
the bulge showed the presence of receptors for 
substance P and CGRP (Fig. 5).

 Conclusions
This chapter summarizes the evidence that 
sensory neurons of dorsal root ganglia are not 
restricted to transmit information toward the 
central nervous system. These neurons are 
thought to be crucial participants in the main-
tenance of tissue integrity and functionality. 
Nevertheless, we are just glimpsing the poten-
tial of neurosecretory function of the so-called 
sensory neurons for body health. Perhaps the 
notion that these neurons are merely transduc-
ers of noxious information has delayed 
advancement toward the understanding of 
efferent functions. Moreover, it is frequently 
assumed that peripheral release of 

neuropeptides is restricted to a noxious condi-
tion just because at spinal cord level, neuro-
peptides serves as cotransmitters of painful 
transmission. This view, however, responds in 
great extent to technical limitations for record-
ing peripheral activity. Therefore, this field 
awaits for future improvement in procedures 
to investigate peripheral release in more phys-
iological terms. This issue is extremely impor-
tant because the available preparations only 
permit to study local factors that regulate 
noceffector activity and overlook systemic 
factors which may be more important during 
normal conditions. Although tissue homeosta-
sis does not rely entirely on noceffectors, they 
seem to be an essential component because 
different cell populations express receptors 
and degradatory enzymes for neuropeptides. 
Accordingly, alterations in the communica-
tion between noceffectors and peripheral tar-
gets could lead to a variety of functional 
modifications in the innervated target. 
Although, at first glance, it could be consid-
ered that neuropeptide effects on different 
organs are non-related with each other, we 
think that such effects must be the manifesta-
tion whereby the brain interacts with the body 
regulating central issues for its homeostasis 
both in health and disease.

Regarding wound healing, dorsal root gan-
glion neurons are involved in processes such 
as reepithelialization, angiogenesis, and 
inflammation. Here we described a mecha-
nism based on neural regulation of epithelial 
SC physiology. Peptidergic neurons seem to 
promote the mobilization of stem cell progeny 
from the hair follicle and to modulate the acti-
vation of epidermal progenitors (Fig. 6). The 
myriad of nerve-derived signals is not limited 
to neuropeptides. Both sympathetic and sen-
sory neurons could act in concert to regulate 
diverse aspects of adult stem cells [141, 142]. 
Next research efforts should reveal the molec-
ular pathways that the nervous system modu-
late to understand how neurons regulate the 
activation and differentiation of SC in differ-
ent niches of the body and its possible impli-
cations for tumor formation.
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d1 d2 d3

Fig. 5 Neuropeptide receptors in the bulge region of the 
hair follicles. (a) Label-retaining cells were found in the 
bulge region of the rat hair follicles after 8 weeks of BrdU 
pulses in a region displaying expression of CD34. (b) By 

confocal microscopy, we found that (b) substance P 
receptor (NK-1) and (c, d) CGRP receptor (CLR and 
RAMP-1) were expressed by stem cells from the hair 
follicle. Scale bar = 20 mm. Modified from [128]
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1  Abdominal Wall Defects

The abdominal wall is an integral, yet often 
ignored, functional unit required to protect and 
maintain vital internal organs while simultane-
ously providing an integral aesthetic role. Perhaps 
even less appreciated is the contribution the 
abdominal wall makes to allowing for physical 
activity and its biomechanically, vital importance 
to all levels of activity, from sitting to complex 
sports.

Abdominal wall defects are generally 
divided into two major categories: congenitally 
acquired versus non-congenitally acquired. 
This chapter will focus mainly on non-congen-
itally acquired defects, as this comprises the 
majority of abdominal wounds that most recon-
structive surgeons will encounter. Acquired 
defects can be due to traumatic injuries; due to 
postsurgical, secondary to oncologic resec-
tions; and due to necrotizing infections. This 
chapter will also review abdominal wall recon-
struction in the context of chronic wounds in 

the settings of unstable scars, entero- cutaneous 
fistulas (ECFs), and mesh exposures.

1.1  Goals

The goals of abdominal wall reconstruction 
(AWR) are multiple, and include, providing a 
physiologic housing for internal viscera, support-
ing fascial integrity, and acting as a functional 
anatomic unit for physical activity. Producing a 
functional anatomic unit remains the most diffi-
cult goal to reliably achieve and is one of the 
most significant sources of postoperative physi-
cian and patient dissatisfaction. The difficulty in 
producing a functional abdominal unit is largely 
due to the inherent complexity involved in 
abdominal wall reconstruction due to the com-
posite nature of tissues involved.

1.2  Anatomy

In order to truly understand the complex nature 
of composite defects of the abdominal wall and 
to appropriately plan for reconstruction, one must 
have a solid foundation of abdominal wall 
anatomy.

Areas of the abdominal wall that must be con-
sidered for reconstructive purposes include:

 1. Soft tissue—skin, fat. Plastic surgeons have 
made significant contributions to understand-
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ing the skin’s blood supply. Huger zones were 
originally described in the context of abdomi-
noplasty surgery, but its implication in AWR 
cannot be understated. While the  reconstructive 
surgeon is usually providing a contributory 
role in solving a much larger surgical issue, 
whenever a surgeon makes an abdominal inci-
sion, they must consider the blood supply and 
how incisions will interrupt blood flow to the 
skin. This is especially pertinent when devel-
oping laterally based skin flaps, as the lateral 
perforators must be preserved. Although 
wound necrosis and/or dehiscence in the pres-
ence of intact fascia can present a significant 
cosmetic concern, it rarely leads to a life-
altering event. However, when fascia is com-
promised or when synthetic/biologic materials 
may be exposed following skin loss, the 
importance of an intact skin surface becomes 
paramount.

 2. Fascia—the major fascial components con-
sist of the muscular aponeuroses of the 
abdominal wall. Fascia is relatively avascular, 
which has implications both in primary 
reconstructive closure and in postoperative 
infections and recurrence. Primary fascial 
closure should be made with a monofilament, 
appropriately sized suture in a running tech-
nique 5–8  mm from the wound edge at 
4–5 mm intervals [1–6].

 3. Muscle—the muscles of the abdominal wall 
are composed of the paired rectus abdominis, 
external and internal obliques, and the trans-
versus abdominis.

 4. Peritoneum and viscera—these units are 
not typically discussed in the context of 
AWR, but they must be considered as they 
contribute to compartment pressures and 
are involved in ECF fistulas, enterotomies, 
and stomas.

The aforementioned components of the 
abdominal wall must be individually, as well as 
collectively, addressed when reconstructing 
abdominal wall defects. Every complex abdomi-
nal defect is unique, and there are often multiple 
appropriate options for reconstruction. However, 

by adhering to a specific construction algorithm, 
the surgeon will be able to successfully apply the 
necessary surgical principles and techniques to a 
wide variety of defects.

2  Preoperative Examination

A thorough physical exam should be performed 
with a focus on assessing the patient’s skin qual-
ity, overall health, existing scars and/or incisions, 
presence of a stoma, abdominal wall fascial 
integrity, and overall abdominal musculature.

Preoperative computed tomography (CT) 
imaging of the abdomen and pelvis can prove 
invaluable in surgical planning as it can provide 
information on the size, number, and relationship 
of abdominal wall defect(s). It can also elucidate 
the integrity of the abdominal wall musculature 
and demonstrate any previously placed prosthetic 
mesh. The extent of the loss of domain as mea-
sured on CT can also serve as a predictor of post-
operative abdominal compartment syndrome 
and/or respiratory compromise.

3  Preoperative Optimization

The importance of preoperative optimization 
cannot be underscored. Complex abdominal wall 
defects often result from complicated underlying 
disease states or suboptimal patient conditions.

In order to even attempt successful wound 
healing, nutrition must be appropriately 
addressed. While there are several laboratory 
indicators of patient nutrition, perhaps one of 
the most reliable is clinical evidence of healing. 
A patient who is not able to heal small wounds 
(e.g., port/IV sites) and does not demonstrate 
evidence of healing (granulation tissue), even 
with adequate laboratory values, should not be 
operated on until they are nutritionally opti-
mized. A large prospective trial from the VA 
found that an albumin level less than 3  g/dL 
was an independent risk factor for morbidity 
and mortality. While multiple studies suggest 
nutritional interventions, such as carbohydrate 

J. Gatherwright et al.



149

loading or amino acid supplementation, may 
have some benefit, a direct relationship with 
improved surgical wound healing has yet to be 
established. Increased BMI has been associated 
with surgical site infections and hernia recur-
rence [7, 8]. Similarly, glycemic control pre-, 
peri-, and postoperatively has been shown to 
have an impact on surgical site  infections and 
morbidity. While originally, a tight glucose reg-
imen was suggested, this was found to be asso-
ciated with the unacceptable risk of severe 
hypoglycemia, and, therefore, recommenda-
tions have been made for to the target glucose 
to be 140–160  mg/dL [9–13]. What is likely 
most important is correctly identifying high-
risk patients preoperatively in order to priori-
tize nutritional optimization pre-, peri-, and 
postoperatively [14–16].

4  Contamination/Infection

When determining the role of antibiotics in 
abdominal wall reconstruction, the classification 
of the case must be considered. Skin preparation 
should be performed with an alcohol-containing 
solution [17–21], and if there is known or sus-
pected MRSA colonization, preoperative treat-
ment with mupirocin and chlorhexidine showers 
should be considered [22, 23]. Prophylactic anti-
biotics have shown to decrease the risk of postop-
erative infection in clean cases. Typically, a 
cephalosporin, such as Ancef, should be given at 
least 30 min prior to incision and dosed accord-
ing to BMI (1 g < 30 BMI, 2 g > 30 BMI). In 
high-risk or allergic patients, vancomycin should 
be administered according to weight and creati-
nine clearance. Regardless of antibiotic choice, 
the antibiotic must be redosed based on its half- 
life, an idea which becomes especially pertinent 
during long AWR cases. As the reconstructive 
surgeon may perform his or her role toward the 
end of the case, this is a conversation that must be 
had with anesthesia and the other operative teams 
to ensure adequate coverage. There is no proven 
benefit of continuing antibiotics beyond inci-
sional closure [24–28].

The guidelines are mainly based on clean 
cases, absent of infection. If possible, certain 
patient factors should be reversed, and/or ade-
quately treated, to ensure the greatest chance of 
preventing infection. Similarly, the presence of 
an acute or subacute infection or contamination 
will dictate what type of mesh should be used. 
For example, the presence of a stoma may pre-
clude the use of synthetic mesh, as bioprosthetic 
materials have been shown to be more resistant to 
infection. Other conditions, such as exposed 
infected mesh and/or ECF fistulas, should be 
managed appropriately to minimize any potential 
untoward effects that they may have on 
AWR.  Some authors suggest a preoperative 
bowel preparation to decrease risk of contamina-
tion following an inadvertent enterotomy; how-
ever this is somewhat controversial [29]. Chronic 
wounds present a unique problem of unstable soft 
tissue coverage in the context of contamination/
infection and should be treated according to sur-
gical principles of adequate debridement. 
Following adequate washouts and debridement, 
these wounds can also be bridged to definitive 
repair utilizing lower rungs of the reconstructive 
ladder (e.g., skin grafting, NPWT). The impor-
tance of adequate infection/contamination treat-
ment is paramount as there is a significant 
increase in the incidence of wound complications 
(e.g., dehiscence, infection) and a threefold 
increase in hernia recurrence rates in these set-
tings compared to “clean” cases [30].

In addition to optimizing patient factors, two 
key surgical aspects that should be optimized 
during any abdominal surgery to reduce infection 
risk are the blood supply to the skin and the fas-
cial closure. These topics have been addressed to 
some extent above but they deserve to be high-
lighted again.

5  Reconstruction

5.1  Open Hernia Repair

In order to discuss AWR, one must address the 
reduction of visceral contents and hernia repair. 
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Techniques for simple fascial closure have been 
previously discussed and rarely require a special-
ized AWR. When the fascia cannot be closed pri-
marily, more advanced techniques are required, 
such as the utilization of mesh or component 
separation, with or without mesh. The anterior 
component separation as described by Ramirez [31] 
is one such technique, which has, since its origi-
nal description, undergone numerous refine-
ments. This approach involves the raising of 
 lipocutaneous flaps to allow access to the lateral 
abdominal wall. The external oblique fascia is 
released laterally at the semilunar line, thus 
allowing for advancement of the rectus abdomi-
nis, internal oblique and transversus abdominis 
muscle, and fascia as a single unit. Advancement 
has been cited to be as great as 10 cm at the mid-
line with less advancement available at the 
cephalic and caudal ends of the abdomen [31]. 
This technique can obviate the necessity of mesh 
in some cases but is often utilized with mesh to 
repair larger hernias. The raising of these large 
flaps generally results in the loss of the main 
blood supply from the deep inferior epigastric 
vessels, resulting in infection and/or necrosis in 
upward of 25% of cases. With perforator preser-
vation modifications, these risks have been 
decreased significantly [32, 33].

The most successful approach to circumvent 
skin necrosis would be to avoid dissections that 
disrupt the skin’s blood supply. Therefore, the 
originally described component separation was 
modified to have a posterior approach [33]. This 
involves the creation of a retro-rectus plane of 
dissection, taking care to avoid injury to the epi-
gastric vessels both as they enter the rectus mus-
cle and at their take off from external iliac vessels. 
This also allows for the preservation of the inner-
vation to the rectus. The dissection is carried lat-
eral to the semilunar line at which the transversus 
abdominis muscle is released to allow for 
advancement and closure of the defect. Similar to 
the originally described component separation, 
the posterior approach is often combined with 
mesh reinforcement. Laparoscopic techniques 
have been described to allow for release in a less 
invasive fashion while serving to preserve skin 
perforators [34].

5.2  Mesh

In general, mesh can be used either as reinforce-
ment or as a primary form of ventral hernia repair. 
If fascial edges are able to be approximated either 
directly or via some sort of component separa-
tion, mesh can be used as a reinforcement. There 
is substantial evidence that except in very small 
hernias, even less than 2 cm in diameter, the use 
of mesh as a reinforcement, either in an underlay 
or overlay fashion, decreases the risk of hernia 
recurrence [35, 36]. Thus, the use of mesh should 
be used to reinforce the majority of hernia repairs 
and all incisional ventral hernia repairs.

Mesh can be positioned at different anatomic 
layers (overlay, inlay, underlay, retro-rectus, ret-
roperitoneal, etc.). Mesh can be placed in either 
an underlay (underneath fascia) or overlay (on 
top of the fascia) when fascial edges can be 
approximated. The overlay technique minimizes 
the risk of bowel adhesions and ECF fistulas but 
increases the risk of infection and associated 
issues with exposure if not adequately covered 
with soft tissue. The underlay technique can 
potentially lead to bowel erosion, adhesions, and/
or ECF fistulas but may provide a repair that is 
more resistant to infection [37]. When the fascial 
edges are unable to be coapted, mesh can be used 
in a bridging technique. In general, regardless of 
choice of mesh material, it is generally recom-
mended to use an underlay approach, and all 
attempts at fascial closure should be exhausted 
before considering a bridging technique. 
Regardless of position, mesh should have three to 
5 cm overlap with the fascial edges [38–43].

5.3  Mesh Material

Materials for mesh hernia reconstruction are typ-
ically divided into two categories: synthetic and 
bioprosthetic. Synthetic materials can be further 
divided into macroporous and microporous. 
Macroporous materials are associated with 
higher rates of bowel erosion and ECF fistulas, 
while microporous materials tend to exhibit less 
integration and are associated with an increased 
risk of infection. There are several mesh products 
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available that attempt to combine the properties 
of each, but a full discussion of all available prod-
ucts is beyond the scope of this chapter. 
Bioprosthetic materials can generally be divided 
into either human or animal derived. The most 
common biologics include chemically treated 
human or porcine dermis (e.g., Alloderm and 
Strattice). Alloderm is thought to undergo better 
incorporation following repair and demonstrates 
increased resistance to infection but has ques-
tionably increased rates of hernia recurrence as 
compared to porcine materials [44–46]. The main 
advantage of prosthetic materials is their strength 
and associated decreased risk of hernia recur-
rence. However, the main disadvantages are the 
increased risk of contamination, infection, bowel 
adhesions, and ECF fistula development.

Historically, it was not recommended to use 
prosthetic materials in the setting of infection 
and/or contamination due to an increased risk of 
complications. Biologic materials, due to their 
ability to be vascularized, were thought to have 
an increased ability to clear infection and were 
therefore recommended in grossly contaminated 
wounds [44–66]. However, there is some contro-
versy over whether this still holds true in light of 
newly available materials, provided there is ade-
quate soft tissue coverage [67]. Therefore, the 
use of prosthetic mesh in contaminated fields 
(ECF, chronic wounds, etc.) should be done in a 
patient specific manner context [30, 68–70].

5.4  Soft Tissue Coverage

The success of abdominal wall reconstruction 
relies heavily on the presence of healthy, well- 
vascularized, pliable soft tissue coverage. The 
complexity of AWR runs the full gamut of the 
reconstructive ladder and will be addressed in a 
stepwise fashion with a particular focus on 
locoregional and free flap reconstruction.

The lowest rung of the reconstructive ladder is 
local wound care and had been the mainstay for a 
significant proportion of abdominal wounds. 
Local wound care had been advanced signifi-
cantly with the introduction of negative pressure 
wound (NPW) therapies which are able to create 

smaller wounds with a decreased bacterial bur-
den [71]. Thus, NPW therapy has increased the 
number of wounds that are able to be subse-
quently skin grafted or closed in a delayed pri-
mary fashion. However, by using NPW therapy, 
there is a protracted treatment course with associ-
ated costs and a potentially negative impact on 
the patient’s experience. With an increased 
understanding of anatomy and options for perfo-
rator and free flap reconstruction, there has been 
a trend toward early flap repair.

When utilizing a flap, in general, recon-
structive options are dictated by the location 
of the defect on the abdominal wall. Lower 
composite defects are more amenable to 
local and/or locoregional pedicled flaps, 
while central and upper abdominal defects 
typically require free flap reconstruction. 
While flaps may provide additional fascia, it 
is typically recommended that this approach 
is not used in bridging defects, and instead, 
mesh reconstruction is performed, with or 
without component separation, to reduce 
hernia recurrence [72].

5.5  Tissue Expansion

Tissue expansion of the abdominal wall has the 
advantage of providing well-vascularized autol-
ogous skin, subcutaneous tissue, and/or abdom-
inal fascia for the repair of large defects [73]. 
Tissue expanders can be placed in either a 
subcutaneous or submuscular plane [74]. 
Disadvantages of tissue expansion include the 
risks of expander rupture or extrusion, infection, 
patient intolerance, and expander failure. It also 
increases the duration of treatment and requires 
multiple, repeated patient visits to complete. 
Recently published data from our institution 
demonstrated favorable long-term outcomes 
with improved patient reported outcomes and 
low rates of hernia recurrence in a series of 
twelve patients who underwent two-stage 
abdominal wall reconstruction with tissue 
expansion and an anterior component separation 
[75]. A sample patient reconstructed with sub-
cutaneous tissue expanders is depicted in Fig. 1. 
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This patient had a large ventral hernia with a 
paucity of soft tissue available. The tissue 
expanders were placed bilaterally between the 
external and internal oblique muscles to allow 
for expansion of both sets of muscles. This 
patient then underwent posterior component 
separation with success.

5.6  Lower Abdominal Defects

Lower abdominal defects, due to their location, 
are usually amenable to thigh flap reconstruction. 
These flaps include the anterolateral thigh (ALT), 
tensor fascia lata (TFL), and rectus femoris(RF) 
flaps. All three flaps are based off the lateral fem-
oral circumflex vessels, which allows for combi-
nations of these flaps to be utilized.

5.6.1  ALT Flap
With the advent of fasciocutaneous flaps, the 
ALT flap has become a workhorse in AWR.  It 
provides a large surface area, up to eight by 
25  cm, with a reliable, relatively long, greater 
than 7 cm in some patients, vascular supply based 
on the descending branch of the lateral femoral 
circumflex. The ALT flap has been reported to be 
able to reach defects up to the costal margin 
cephalically [76], to the ipsilateral posterior 
superior iliac spine posteriorly, and to the contra-
lateral fossa laterally. There is minimal donor- 
site morbidity as the vastus lateralis is, for the 
most part, preserved and other extensor muscles 
are able to compensate adequately.

A sample patient reconstructed with Bard 
mesh, Davol Inc requiring a free ALT for cover-
age is depicted in Fig. 2.

a c
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b

d

Fig. 1 Patient with large ventral hernia repaired with pre-
operative tissue expansion. (a) Preoperative. (b) Removal 
of tissue expanders after being placed in the Scarpa’s tis-
sue plane. (c) Pocket created after tissue expansion. Note 

the pre-expanded skin and subcutaneous tissues. (d) 
Postoperative showing hernia repair posterior component 
separation and transverse rectus abdominis release with 
mesh
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5.6.2  TFL
The TFL flap, based off the ascending branch of the 
lateral femoral circumflex, can also provide a large 
skin paddle up to 15/40 cm. Its range is extensive 
and it can reliably be brought to the periumbilical 
area. However, it can be associated with distal skin 
necrosis when combined with the RF flap [77–79].

5.6.3  RF
The RF flap can be transferred as a muscle, mus-
culocutaneous, or as part of a combined thigh flap 
based on the lateral circumflex femoral vessels. It 
provides a long cylindrical muscle, approximately 
6 cm wide and can support a 12/20 cm skin island.

5.6.4  Combined Thigh Flaps
Combination thigh flaps take advantage of 
the versatile lateral circumflex femoral ves-
sel system and can include the RF, TFL, and 
ALT flaps. Near complete AWR has been 
described using bilateral pedicled subtotal 
thigh flaps [72].

5.7  Lateral and Central Defects

Pedicled options for lateral and central defects 
are limited to the latissimus dorsi (LD) and rectus 
abdominis (RA) flaps, respectively. However, 

a

c
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Fig. 2 Patient with large ventral hernia repaired with pos-
terior component separation and transverse rectus abdom-
inis release with ALT and mesh. (a) Preoperative. (b) 

Intraoperative demonstrating soft tissue deficit. (c) Soft 
tissue deficit reconstructed using ALT with left inferior 
epigastric vessels as recipient vessels
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most large defects in these areas will generally 
require free flap reconstruction.

5.7.1  LD
The LD flap can be used for coverage of the super-
olateral abdominal wall due to its arc of rotation. It 
can be transposed either with a skin paddle, as a 
musculocutaneous flap, or as a muscle flap alone.

5.7.2  RA
The RA flap is useful for peripheral defects but is 
counterproductive for large defects, as the donor 
site creates a second large abdominal wound. The 
skin paddle can be oriented vertically, horizon-
tally, as an extended deep inferior epigastric 
artery flap (musculocutaneous flap with.

lateral skin extension based on the periumbili-
cal perforators), or as a flag flap (skin from the 
upper abdomen with extensions to the inframam-
mary fold and the anterior axillary line) [80–83].

5.7.3  Free Flap Reconstruction
Free flap reconstruction is usually required for 
larger, upper/central defects where either pedicled 
flap size and/or reach are inadequate to cover the 
defect. The choice of flaps is similar to pedicled 
options and includes the TFL, ALT, and combina-
tion flaps [78, 84, 85]. Free flap reconstruction is 
complicated by its dependency on suitable recipi-
ent vessels. A recent systematic review found that 
the inferior epigastric artery was the most com-
monly utilized recipient vessel [86]. Other utilized 
vessels included the internal mammary, epigastric, 
and gastroepiploic vessels. If femoral vessels were 
used, they often required a vein graft to ensure 
adequate length. In fact, in this review of literature, 
30.8% of patients undergoing free flap abdominal 
wall reconstruction required either a vein graft or 
an AV loop to supply the transferred flap [86]. 
Gastroepiploic vessels are typically avoided as 
they require an intra-abdominal procedure and 
predispose the patient to an additional hernia or 
bulge, as well as present a risk for pedicle com-
pression and associated thrombosis. The status of 
the internal mammary and epigastric vessels can 
be a significant impediment in AWR as they may 
not be able for use due to inherent anatomical 
issues and/or iatrogenic sacrifice from trauma or 
previous surgeries. In addition, vessels may have 

been radiated as part of adjuvant or neo-adjuvant 
oncologic treatment. The lack of suitable vessels 
generally requires either vein grafting or arteriove-
nous loop creation based off one of the following 
vessels: femoral vessels, branches of the internal 
mammary, superior epigastric, inferior epigastric, 
thoracodorsal, superficial femoral, and gastroepi-
ploic vessels [86–90]. Free flap reconstruction 
with anastomosis to abdominal wall perforators 
has been described but is generally not feasible or 
recommended given variability, technical diffi-
culty, and size.

6  Perioperative Management

The operative room should be warmed to main-
tain patient temperature. Prior to induction, pre- 
oxygenation should be performed as well. A 
decompressive gastric tube, as well as a urinary 
catheter, should be placed. Antibiotics should be 
given at least a half-hour before skin incision. As 
previously discussed, the patient should be pre-
pared appropriately.

7  Postoperative Management

7.1  Airway Management

In cases with prolonged operative times, patients 
with underlying pulmonary disease, and/or if 
peak airway pressures increase more than 6 cm 
H20, the patient should be kept intubated over-
night. For significant rises in plateau pressure, 
9 cm H20 or greater, the patient may benefit from 
remaining intubated up to 48  h, and chemical 
paralysis may be required [91].

7.2  Pain Management

Placement of an epidural catheter is a useful 
adjunct and can serve to reduce adverse effects 
related to narcotics. If an epidural catheter cannot 
be placed, or is contraindicated, an intravenous 
patient-controlled analgesia device is used, and 
the patient is transitioned to oral narcotics when 
tolerating a diet.
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7.3  Diet

There is a delicate balance between avoiding 
increased abdominal pressure, retching, and emesis 
while optimizing nutrition. The patient’s diet 
should not be advanced until passing flatus, and the 
patient must be monitored for nausea and abdomi-
nal distension. Nasogastric tube decompression is 
strongly recommended in patients whom have had 
extensive adhesiolysis or a small bowel resection.

7.4  Flap Monitoring/Care

Routine flap checks should be performed with 
particular emphasis on the first 48 h. Given the 
location of the anastomosis and pedicle, care 
should be made to avoid any potential for com-
pression or kinking (e.g., hip flexion at the waist 
for pedicled ALT). Drains are typically placed 
and kept until output is less than 30 mL per day.

 Conclusions
Abdominal wounds are some of the most chal-
lenging problems reconstructive surgeons face, 
as the defects are typically large and composite 
in nature in the setting of complex patient 
comorbidities and often require the utilization 
of foreign bodies, such as mesh. The wounds 
are associated with significant physical, func-
tional, and psychological morbidity. In order to 
achieve a successful AWR, all parameters need 
to be optimized and a multidisciplinary team 
assembled. Even under the best of circum-
stances, reconstructive failure is a known con-
sequence and limits future options. The ability 
to provide definitive, well-vascularized soft 
tissue has significantly improved the chances 
of performing a successful reconstruction. 
While this chapter has examined the general 
reconstructive options of abdominal wounds, 
treatment plans should be individualized to the 
specifics of the patient and wound presentation 
addressing all components of the defect.
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1  Introduction

In 1676 Antoine van Leeuwenhoek made history 
with a new microscopic lens powerful enough 
to view bacteria and confirm the suspicion that 
bacterial contamination strongly affected the 
wound healing [1]. He informed the Royal 
Society of London of his findings [2–4]. Greater 
understanding of the physiology of the healing 
of acute and chronic wounds permitted the 
scientist to implement new treatment technologies 
in the late twentieth century [5, 6].

Wound healing is a complex process whereby 
the skin repairs according to a specific sequence: 
haemostasis, inflammation, proliferation and 
remodelling. A set of biochemical events take 
place in a closely orchestrated cascade to repair 
the damage [7].

Chronic wounds are those that fail to heal nor-
mally [5, 8, 9]. Factors such as hypoxia of the tissues, 
infection, exudates or an excess in the level of inflam-
matory cytokines extend one or more of the states of 
wound healing making the wound chronic [10].

Chronic wounds cannot heal successfully 
and do not respond to standard treatment [9]. 
Co-morbid clinical conditions like ageing, poor 
tissue perfusion, malnutrition, unrelieved pres-

sure to the surface of the wound, immune sup-
pression, malignancy, infection, obesity and 
certain medication can also affect healing. Tissue 
reconstruction in patients with loss of fat, bone 
and muscle due to trauma, tumour resection or 
vascular damage is also challenging [11].

The social impact of this pathology is impor-
tant. Chronic wounds affect around 120 of 
100,000 people aged between 45 and 65 and 800 
per 100,000 people over 75 [5, 8]. Over 4 mil-
lion patients in the United States have chronic 
wounds, and nearly US$ 50 billion is spent 
every year on their treatment [12, 13]. When 
an acute wound cannot be closed normally due 
to extended cutaneous loss and traumatic tissue 
damage other procedures are attempted. One pos-
sibility is to wait for the granulation of the wound 
and perform a cutaneous graft.

The first recorded skin graft to cover a skin 
defect was performed in India over 2500  years 
ago for reconstruction of noses, which had been 
cut as a sentence of justice [14]. In 1869 Davis 
described the first pinch graft to cover the skin 
lost and in 1872 Thiersch described the split- 
thickness skin graft. Three years later Wolfe 
described the use of total skin grafting [15–18].

The cutaneous graft is used when other meth-
ods of reconstruction such as primary closure, 
secondary intention healing, local cutaneous 
flaps or free flaps cannot be used. Skin grafts do 
not have intact blood supplies and are therefore 
based on the growth of new blood vessels in the 
recipient bed.
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Flaps are taken from the donor site to the 
wound with their own vascularisation [19]. Flaps 
can be local, regional or distant. Pedicle flaps are 
restricted by their arc of rotation; surgeons must 
be trained in the management of tissues and have 
a good knowledge of angiosomes to insert them. 
An angiosome is a three-dimensional anatomical 
region that is irrigated by a single artery and can 
include skin, soft tissue and bone [20]. Free flaps 
require microsurgery with artery and vein anas-
tomosis [19].

Regenerative medicine is a multidisciplinary 
science that has evolved with recent biotechno-
logical advances [21].

Cell therapy can potentially improve wound 
healing conditions without major surgical pro-
cedures and donor-site morbidity, and can be 
applied to both acute and chronic wounds. 
Autologous adipose graft is often used to heal soft 
tissues in plastic surgery. Its efficacy and safety 
are widely accepted [22]. Small amounts of adi-
pose tissue contain thousands of stem cells [23]. 
Mesenchymal stem cells (MSC) have proven to 
be beneficial and have safe immunomodulatory 
effects in several fields [24].

Adipose tissue is highly complex and is com-
posed of mature adipocytes, pre-adipocytes, 
fibroblasts, vascular smooth muscle cells, endo-
thelial cells, monocytes, macrophages, lympho-
cytes and other cell types, such as adipose stem 
cells (AdSC) and vascular endothelial cells [25]. 
Each cubic centimetre of human adipose tissue 
contains one million AdSC, one million endo-
thelial cells and one to two millions other cells, 
such as blood-derived cells, per cubic centimetre 
of human adipose tissue. Adipose-derived stem 
cells play pivotal roles not only in adipose tis-
sue homeostasis, but also in adipose wound heal-
ing. They may also help adipose tissue become 
adequate to ischemia [26].

Adipose-derived stem cells do not undergo 
apoptosis and therefore play key roles in the 
repair process. Vascular endothelial cells prolif-
erate and appear to substantially contribute to 
adipogenesis and angiogenesis in response to 
ischemia. In contrast, adipocytes and vascular 
endothelial cells undergo apoptosis after expo-
sure to severe ischemia. Macrophages digest the 

lipid material and replace all of the adipose tissue 
in the graft (replacement theory) [27].

Adipose-derived stem cells survive and are 
activated, contributing to adipogenesis and angio-
genesis. Immediately after implantation, adipose 
stem cells live by diffusion of plasma and nutri-
ents [28]. Neovascularisation occurs after 48  h 
[29]. The adipocytes die due to ischemia/hypoxia 
and are replaced by new adipocytes derived from 
the stem cells contained in the graft. Adipose- 
derived stem cells survive and contribute to adi-
pose regeneration [26, 30].

In this chapter we show our clinical experi-
ence in treating patients with acute and chronic 
wounds by using autologous adipose tissue cells.

2  Surgical Technique

We define wounds as acute when the lesion is less 
than 30 days old and chronic when it is over than 
30 days old [31]. Treatment of chronic wounds 
requires some additional steps.

The tumescent liposuction technique is a 
method that provides local anaesthesia to large 
volumes of subcutaneous fat. This technique 
involves subcutaneous infiltration of large vol-
umes of crystalloid fluid called Klein’s solution, 
which contains low concentrations of lidocaine 
(200–400 mL of physiological solution + 20 mL 
of lidocaine at 2% + 20 drops of adrenaline) and 
epinephrine (capillary constrictor).

Small incision is made in the skin, and a 
micro-cannula is inserted to perform suction- 
assisted aspiration of fat [32]. Suction is used to 
obtain 80 mL of autologous adipose graft from 
subcutaneous abdominal tissue. A 3  mm blunt 
cannula is connected to a 60  mL syringe with 
vacuum locks and the adipose graft is placed in 
sterile conical tubes. The graft is centrifuged for 
3 min at 13331 RCF or G force (Hettich centri-
fuge, rotofix 32 A) [22, 33, 34]. This technique 
reduces bleeding. However, blood loss can still 
occur during tumescent liposuction, especially in 
patients with coagulation disorders [35].

The adipose tissue is injected within 1 cm of 
the lesion along the complete perimeter of the 
wound. Additional adipose tissue is applied to 
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the wound and covered with physiological solu-
tion dressing for 4–5  days. Chronic wounds 
require rigotomies, before the application of the 
adipose concentrate. A needle (16G) is inserted 
in the peripheral area of the lesion, and moved 
laterally to break up the fibrosis in the subcuta-
neous tissue [34].

Incisions are made 2–3 cm from the edge of 
the wound surrounding it with a network of tun-
nels radiating from four sides. In wounds larger 
than 10 × 10 cm, the tunnel network is made to 
radiate from six lateral points instead of four 
(Fig. 1).

Leftover centrifuged adipose tissue is refrig-
erated at 4 °C to be used on the same patient if 

again needed. Adipose tissue may be refrigerated 
for up to 2 weeks.

2.1  Patients

Patients were divided into groups according to 
the characteristics of wound bed.

Group I: Two patients with healthy skin and well- 
vascularised acute posttraumatic wound bed. 
A 17-year-old patient had a 3-day-old scrape 
wound on his middle finger wound. The sur-
face was 8 cm2 (2 cm × 4 cm). A 35-year-old 
patient had a 7-day-old injury of the first 

a b

dc

Fig. 1 (a) Aspiration of adipose tissue, (b) Centrifugation, (c) Isolation, (d) Injection of adipose tissue  around the lesion
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phalanx of the thumb with exposure of the 
extensor tendon. The wound surface area was 
3 cm2 (1.5 cm × 1.5 cm).

Wounds were an average of 5 days old. The aver-
age age of patients was 26  years old. The 
average wound surface area was 5 cm2. Both 
patients required two applications.

Patients with chronic lesions were divided into 
four groups according to the characteristics of 
their wound bed:

Group II: Five patients with integumentary isch-
emia. One was a patient with haemophilia 
who had flap necrosis after a knee replace-
ment. The second patient had necrosis in the 
anterolateral flap in the proximal tibia after 
tibial plate fracture. The third patient had 
a contusion after exposed limb fracture in a 
trauma accident. The last two patients had foot 
trauma with hallux amputation. All were men. 
The average age was 39.4 years old (21–49). 
The average age of wounds evolution was 
107  days (36–180) and the average surface 
area was 12  cm2 (6–16  cm2). Four patients 
received two applications and one (with the 
exposed fracture) received four applications. 
The average of adipose applications was two.

Group III: Two patients with ulcers and chronic 
wounds with fibrous beds with exposed osteo-
synthesis plates. A 25-year-old patient had 
two ulcers. Wound surfaces were 15 cm2 and 
10.5  cm2. Wounds were 270  days old. The 
patient also had a Henoch-Schonlein purpura.

A 39-year-old patient with a 1200-day-old wound 
exposing a forearm osteosynthesis plate. The 
average surface area was 48 cm2 (12 cm × 4 cm).

The average age in the pair was 32 years old and 
the average evolution time was 720 days. Both 
patients needed three applications.

Group IV: Patients with vascular deficit in the 
recipient wound bed. Two patients with 
three lesions. A 77-year-old woman with 
Leriche disease had a 180-day-old ulcer on 
the leg, with a wound surface area of 50 cm2 
(10 cm × 5 cm). The second was a 67-year-old 
woman with a diabetic microangioplasty with 
two 70-day-old cutaneous lesions: one in the 
leg (7 cm × 4.5 cm) and the other on the talus 
(4 cm × 3 cm). The first woman received two 

applications and the second one three applica-
tions. The patients’ average age was 72 years 
old. Average evolution time was 107 days and 
the average number of applications was two.

Group V: Two patients with bleeding disorders 
developed pelvis fistula after pseudotumour of 
the pelvis. These chronic fistulas are extremely 
difficult to heal since pelvic pseudotumour 
is difficult to control. The first patient was a 
62-year-old man, who had haemophilia A 
without inhibitor. He had a bleeding fistula in 
the posterior region of the pelvis after a pseu-
dotumour of the psoas iliacus muscle.

The second patient, a 43-year-old man, had von 
Willebrand disease. He had a pseudotumour in 
the iliac muscle, after extraction of iliac crest 
bone graft, to provide bone treatment of an 
exposed leg fracture.

In both patients pseudotumours were resected. 
Adipose tissue was extracted from abdominal  
tissues, centrifuged and injected around the fistula. 
Both patients received only one application.

2.2  Statistical Analysis

Frequencies and percentages were calculated to 
describe qualitative variables. Average and stan-
dard deviations were calculated for quantitative 
variables. Level of significance less than 5% will 
be used to reject the null hypothesis.

2.3  Results

All patients’ wounds healed (acute and chronic) 
without any complications. A faster heal-
ing process was noted in wound beds without 
hypoxia (p = 0.02). Hypoxic wounds were larger 
(27.8  cm2; SD: 18.6  cm2) than those without 
hypoxia (9.4 cm2; SD: 5.3 cm2), and this differ-
ence was statistically significant (p = 0.03).

Healing took an average of 60 (30–90 days) days.
Groups showed:
Group I: The vascular wound bed was not 

involved. Wounds were treated within an 
average of 5  days (3–7  days) and had an 
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average surface area of 5 cm2 (2.25–8 cm2). 
Both wounds healed in 30  days after two 
applications.

Group II: Patients with integumentary vascular 
wound bed ischemia were treated at 107.2 days 
(6–260  days). Average wound surface area 
was 12 cm2 (6–16 cm2). Wound healed in an 
average of 56 days (30–90 days), and required 
an average of two (2–4) applications.

Group III: Patients had fibrosis of the vascu-
lar wound bed. Wounds were an average of 
560 days old (240–1200 days), with an average 
surface area of 25 cm2 (10.5–48 cm2), healed 
after an average of 85 days (75–90 days), and 
required three treatment applications.

Group IV: Vascular ischemia wound bed was 
an average 107 days old (70–180 days). The 
wounds healed at 90 days and average surface 
area was 36 cm2 (12–50 cm2), and required an 
average of two applications (2–3).

Group V: Patients with pelvis fistula after bleed-
ing disorders. This group of patients did not 
have ischemia of the tissues and had chronic 
fistula due to pseudotumours. It should be 
noted that fistulas are a gateway to infections.

Wounds were an average 246  days old (94–
398  days), and healed in an average of 
40 days. Average surface area was 2 cm2 (1.8–
2.2 cm2), and required one treatment applica-
tion (Table 1).

3  Discussion

This study shows that the injection of centrifuged 
subcutaneous adipose tissue obtained by aspiration 
is effective for the healing of acute and chronic 

wounds. The properties of AdSC are affected 
by changing environmental conditions such as 
hypoxia. Hypoxia of the recipient bed plays an 
important role in the healing time of the wounds 
and is known to stimulate the pro- angiogenic 
effects of AdSC. In our study, patients with hypoxic 
wound bed showed longer healing time. The differ-
ence was statistically significant (p < 0.002).

The wounds of patients in group I (without 
hypoxia) healed in an average of 30 days. Those 
of patients in group V (fistulas related to bleeding 
disorders) healed in an average of 40 days. The 
wounds of patients in group II (with hypoxia) 
healed in an average of 56 days, almost double 
the average healing time compared to non- 
hypoxic acute injury tissue. In group IV, wounds 
with scarring surgical fibrosis or circulatory dis-
orders of the wound bed had a healing time of 
90 days, triple the healing time for group I (acute 
injury). Due to the small number of patients stud-
ied, the significance of these differences could 
not be calculated.

Roemeling-Van Rhijn [36] demonstrated, in 
cell culture, that hypoxia affected the inflam-
matory phase, due to cellular recruitment, 
secretion of immunomodulatory molecules and 
programmed death.

Furthermore, increased secretion of vascu-
lar endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF) in the hypoxic 
environment strongly suggests that the prolifera-
tive wound-healing stage is affected by increase 
in neo-angiogenesis independently of the MSC 
source.

Cequeira et al. [37] report that signalling inhi-
bition might depend on both the O2 concentration 
and the cell type since transforming growth 

Table 1 Groups results

Groups Number
Average wound  
age (days)

Average healing  
time (days)

Average surface area  
of the wound (cm2) Injections

Group I 2 5 30 5 2
Group II 5 107 56 12 2
Group III 3 560 85 25 3
Group IV 3 107 90 36 3
Group V 2 246 40 2 1
Total 15 273 60 16 2.2
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factor (TGF-b1 and TGF-b3) must be balanced 
to achieve skin regeneration and avoid fibrosis 
and scarring.

Yoshimura et al. [28] showed that implanted 
adipose cells receive nutrition and plasma by dif-
fusion. Chan et al. [29] show that the cells begin 
to nourish themselves from the receptor bed 48 h 
after implantation.

Eto et  al. [30] showed in an immunohisto-
chemical analysis of the viability of adipose tis-
sue graft obtained from mice that only the cells 
in the periphery of the tissue remain alive and 
are responsible for tissue regeneration. Suga 
et al. [26] have shown that when free fat graft 
is used in wounds, stem cells survive and adi-
pose cells die. A previous study by Suga et al. 
had shown that human adipose-derived stem/
progenitor cells remained viable after 1  day 
of storage at 4 °C, but the number of adipose-
derived stem/progenitor cells was significantly 
reduced after more than 2 days of storage. This 
may explain why the cells live on the surface of 
the wound.

All the patients regenerated the normal 
skin but without hair follicles. This is prob-
ably because hair follicles and the epidermis 
have different embryological origins [38]. The 
application of autologous adipose graft is a 
simple and safe treatment for wound repair and 
is also effective in patients with coagulation 
disorders.

Patients with coagulation disorders did not 
have any complications during extraction or 
injection. Normal healing requires adequate hae-
mostatic function. Coagulation disorders affect 
the natural evolution of wounds [39].

Cell therapy using autologous adipose graft 
promotes and accelerates the wound-healing pro-
cess by reducing the time needed for host cells 
to invade wound tissue and synthesise new skin.

 Conclusions
The application of autologous adipose graft is 
a simple and safe treatment for wound repair 
and is also affective in patients with coagu-
lation disorders. Patients’ wound heals, and 
they are able to perform their daily activities, 
improving their quality of life.
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Prevascularized Stem Cell Sheet 
for Full-Thickness Skin Wound 
Repair

Daniel Radke, Lei Chen, Shaohai Qi, 
and Feng Zhao

1  Introduction

There are approximately 15,000–20,000 hospi-
talizations per year for acute burn injuries in the 
USA, as recorded by the American Burn 
Association [1]. Burn injuries are one of the lead-
ing causes of full-thickness skin wounds, for 
which the gold standard of treatment remains 
transplantation of an autologous full-thickness 
graft (FTG) or skin flap [2]. Alternative 
approaches and skin substitutes have been devel-
oped for burn treatment, but autologous FTG 
demonstrates better immunological acceptance 
and better match skin color and texture. Hence, it 
has been preferred as a safe and economically 
viable grafting method. However, the limited 
supply of donor skin and unavoidable donor-site 
injury restrict their ability to treat extensive and 
severe wounds.

One promising alternative is the application of 
an autologous split-thickness skin graft (STSG), 
in which only the epidermis and a portion of the 
dermis are harvested rather than the full thick-
ness. STSG still requires re-epithelialization and 

ongoing wound therapy until the donor site is 
repaired, but these donor sites may be harvested 
repeatedly to resurface large wounds. STSG can 
be used under unfavorable conditions where FTG 
would fail, such as a recipient’s wound having 
moderate infection or less vasculature [3]. 
However, STSG is more fragile than FTG and 
can contract significantly during the healing pro-
cess, leading to poor cosmetic outcome, physical 
disability, and reduced pliability [4]. These disad-
vantages may be overcome by combining STSG 
with engineered dermal substitutes, but the insuf-
ficient blood supply at early stages of the trans-
plantation causes these grafts to experience 
relatively long hypoxic and ischemic periods 
after surgery and suffer from degeneration and 
necrosis [5]. While bioengineered products such 
as natural substitutes—human allograft, Oasis 
wound matrix®; synthetic substitutes—
Biobrane™; and permanent skin substitutes—
Epicel®, and Integra® have been commercially 
available for years, major problems still exist 
with material sources, manufacturing techniques, 
material compatibility, and therapeutic effects 
associated with these skin grafts [6].

Cell-based therapies, especially those using 
stem cells, for improving the survival and thera-
peutic effect of skin grafts have emerged as a new 
approach in recent years [7]. Mesenchymal stem 
cells (MSCs) exhibit excellent potential for 
accelerating wound healing due to their self- 
renewal ability, secretion of paracrine factors, 
and ability to differentiate into different cell lin-
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eages [8]. Numerous studies reported positive 
results when utilizing MSCs for various wound 
regeneration applications [9–12]. Local delivery 
of rat adipose-derived MSCs to an excisional 
wound healing model showed enhanced epitheli-
alization and granulation tissue deposition [13]. 
Human MSCs (hMSCs) grafted in impaired heal-
ing diabetic mice significantly improved healing 
by recruiting large amounts of host mouse MSCs 
to the wound bed, producing factors such as vas-
cular endothelial growth factor (VEGF) and 
platelet-derived growth factor receptor-α 
(PDGFR-α), which can stimulate angiogenesis 
[14]. Compared to traditional cell delivery strate-
gies, such as cell injection or spraying, cell sheet 
engineering techniques enhance the cell delivery 
efficacy to injured tissue [15]. The cell sheet pre-
serves cell-cell junctions, extracellular matrix 
(ECM), and cell-matrix connections, thus 
restricting the cells to the wound bed [16]. The 
rat adipose-derived MSC sheet demonstrated 
beneficial effects in diabetic wound healing when 
combined with artificial skin, where the cells 
accelerated wound healing directly by function-
ing as pericytes and indirectly through the secre-
tion of paracrine signaling factors [17].

The primary factor that influences the quality 
of a transplanted STSG is the sufficient supply of 
blood to the skin graft [18]. During the first 48 h 
of transplantation the graft is engorged by plas-
matic fluid, and a poorly vascularized bed hin-
ders plasmatic diffusion [18]. In addition, newly 
formed blood vessels in the wound bed can 
deliver oxygen, nutrients, and essential growth 
factors to hypoxic and ischemic STSGs at early 
stages after placement [19]. A cell sheet with pre-
formed microvessels may enhance angiogenesis 
as well as further improve tissue function by sup-
porting cell survival and accelerating the integra-
tion of the graft with host tissues [20, 21].

Among all cell types used for angiogenesis 
and neovascularization, the role of endothelial 
cells (ECs) has been studied extensively. ECs are 
able to initiate postnatal neovascularization and 
express a series of growth factors and cytokines 
including platelet-derived growth factor (PDGF), 
transforming growth factor (TGF)-β, granulocyte- 
macrophage colony-stimulating factor 

(GM-CSF), and interleukin-1 (IL-1), IL-5, and 
IL-6, which are beneficial for wound repair [22]. 
When co-cultured with hMSCs, the formation of 
a microvessel network is promoted due to the 
supporting and stabilizing functions of hMSCs 
[23]. Cross talk between ECs and hMSCs upreg-
ulates the expression of angiogenic genes such as 
von Willebrand factor (vWf), platelet/endothelial 
cell adhesion molecule-1 (PECAM-1), and cad-
herin 5 [24]. Furthermore, EC/hMSC cross talk 
has been shown to improve angiogenesis via syn-
ergistic effects [25]. Therefore, an hMSC cell 
sheet (HCS) co-cultured with ECs may facilitate 
neovasculature formation. It is anticipated that 
the prevascularized hMSC sheet (PHCS) will 
improve skin graft survival when combined with 
a STSG for full-thickness skin wound repair.

2  Technique

For cell sheet culture, the passage of three to five 
hMSCs were seeded on cover glasses coated with 
20 μg/mL collagen I, and cultured under a hypoxic 
condition (2% O2) for 4 weeks to obtain HCS. The 
HCS with a diameter of 2 cm was harvested by 
gently peeling the cell layers off the cover glass. 
To fabricate PHCS, ECs were seeded on top of 
hMSC sheets and cultured under a normoxic con-
dition (20% O2) for 1  week to obtain PHCS in 
endothelial cell growth medium (Fig. 1) [26].

Due to the importance of the immune system 
in wound healing [27, 28], an immune competent 
rat model was chosen for the purpose of simulat-
ing healing processes in human wound repair 
[29]. To begin with, Sprague-Dawley (SD) rats 
were anesthetized using gas anesthesia. The back 
of the rat was shaved and sterilized using alcohol 
wipes. A small part of SD rat’s dorsum was cut 
off, shaping a round full-thickness wound with a 
diameter of 20 mm. The STSG was made by the 
removal of panniculus carnosus as well as deep 
partial dermis from the skin excision (Fig.  2) 
[26]. For the purpose of secretion drainage, fen-
estrations with equal spacing were created on 
STSG with a sharp-tipped scalpel. Three layers 
of cell sheets were grafted on the wound and then 
covered by STSG.  The STSG transplantation 
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without cell sheets was served as control. The 
grafts as well as the adjacent wound margin were 
sutured with interrupted stitches, and then 
secured with a padded bolster (proper pressure 
provision and scratch prevention). The bolsters 
were changed on postoperative day 3 and 
removed on day 7. The implant contraction was 
observed over 28 days post-surgery. The relative 
size change of grafts was evaluated by gravita-
tional planimetry and expressed as a percentage 
of the remaining skin graft size to its original 
wound size.

3  Discussion

The survival of skin grafts after implantation 
relies mainly on nutrient diffusion from the 
wound bed at the early stage of implantation [30, 
31]. Engineered PHCSs transplanted in combina-
tion with an autologous STSG were found to pro-
mote vascularization and healing in a 
full-thickness wound model. The PHCS-STSG 
implants displayed no hemorrhage or necrosis 
after 3 days, preserved most skin appendages and 
connective tissues, and exhibited a controlled and 

Human mesenchymal stem cell (hMSC)

Endothelial cell (EC)

a b c

Fig. 1 Fabrication of PHCS via hypoxic hMSC culture (a), normoxic seeding of ECs on mature HCS (b), and develop-
ment of microvasculature visualized with immunofluorescence (c)

a b

c

Fig. 2 Illustration of procedure including defect generation (a), PHCS grafting (b), and wound healing (c)
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resolved inflammatory response by 14 days with-
out incurring the fibrosis associated with pro-
longed immune response [32]. This resulted in 
significantly less contraction than STSG alone 
and morphology closer to the surrounding nor-
mal skin, indicating better performance in a 
sequence of overlapping wound-healing events 
including inflammatory response, neovascular-
ization, proliferation, collagen deposition, and 
remodeling over the course of 28 days [33].

Hair follicles, skin glands, and dermal colla-
gen are important components for reconstitution 
of skin structure and function. The number of 
skin appendages, especially sebaceous glands, 
significantly decreases in STSG transplantations. 
Simultaneously, collagen fibers degrade or 
undergo necrosis with slight hemorrhage. These 
phenomena are probably caused by surgical 
operation and insufficient blood supply [34]. 
Histological analysis after 28-day in  vivo trials 
showed that PHCS significantly improved STSG 
performance in repairing full-thickness skin 
wounds, better maintaining the graft structure 
and components (hair follicles and sebaceous 
glands) from the beginning and remodeling col-

lagen to integrate with host tissue without the 
occurrence of necrosis, hemorrhage, or fibrosis 
(Fig. 3) [26].

It has been highlighted that the optimal com-
position of skin substitute scaffolds should mimic 
that of normal skin in order to enhance clinical 
effectiveness [35]. Both HCS and PHCS contain 
large amounts of ECM molecules including col-
lagen I, collagen III, collagen IV, elastin, fibro-
nectin, and laminin [36]. The presence of these 
preexisting ECM components can aid in acceler-
ating the regeneration of dermal tissue. Results 
from the in  vivo evaluation suggest that the 
embedded cell sheets, especially the PHCS, may 
have also mitigated cellular processes associated 
with graft fibrosis and contraction.

Abnormal keratinocyte differentiation and their 
abnormal cytokine secretion are two factors dem-
onstrated to contribute to tissue fibrosis and con-
traction by activating fibroblasts [37–39]. The 
epidermis of PHCS-STSG-implanted rats main-
tained its original appearance, and epidermal 
ulcers were soon covered with new, thin epidermis 
within 3 days in HCS-STSG rats, while the group 
with STSG alone showed less recovery. The thick-

STSG HCS PHCS

Fig. 3 Results of 28-day in vivo evaluation of capac-
ity for full-thickness wound repair in immune-compe-
tent Sprague-Dawley rats of split-thickness skin graft 

alone (STSG), STSG with hMSC cell sheet (HCS), 
and STSG with prevascularized hMSC cell sheet 
(PHCS)
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ness of the neoepidermis in the STSG group 
increased significantly over time due to epidermal 
hyperplasia, a common response of dermal 
wounds characterized by overdevelopment of the 
epithelial cell layer. In contrast, HCS and PHCS 
epidermis maintained a below-trend change and 
quickly returned to their normal morphology. 
Since the epidermis is the outmost layer of skin, a 
quick recovery of this layer can provide a barrier 
to infection from environmental pathogens and 
maintain water homeostasis inside the skin. 
However, excess epidermal hyperplasia results in 
dermal fibrosis and interferes with normal skin 
function [40]. Interestingly, it was found that the 
therapeutic result of different grafts (STSG alone, 
STSG with HSC, or STSG with PHSC) correlated 
with the growth factor levels in the preceding cell 
sheets, suggesting that the paracrine activity may 
dominate the healing process in the full-thickness 
wound model. PHCS were found to contain about 
2.6 times more angiopoietin 1, a growth factor rec-
ognized in promoting vessel stabilization and 
tightness, compared to HCS.

 Conclusion
STSG transplants are frequently used when 
simple nonsurgical wound care is not applica-
ble; however STSG commonly has problems 
with graft necrosis due to inadequate nutrient 
supply at the early stages of wound healing, 
resulting in the formation of scar tissue that 
does not function the same as normal skin [33, 
41, 42]. These problems can be alleviated 
through the use of hMSCs to promote early 
vascularization and mediate the wound-heal-
ing process. An in  vivo evaluation with 
immune-competent animals demonstrated that 
the use of prevascularized stem cell sheets 
enhanced STSG by greatly reducing skin con-
traction during healing, preserving skin 
appendages, increasing the number and area of 
microvessels, mitigating inflammatory reac-
tions, and resulting in a morphology that more 
closely resembled normal skin. Both HCS and 
PHCS combined with STSG exhibited mark-
edly enhanced therapeutic value in the rat 
model and may be useful for facilitating the 
healing of full- thickness wounds in humans.
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1  History of the Term Quality 
of Life

The quality of life began to be studied in the 
early 1950s, but it was linked to the work dimen-
sion, initially recognized as Quality of Work 
Life (QWL). The studies began in England and 
were carried out by Eric Trist and his collabora-
tors at the Tavistock Institute, in which they 

intended to analyze the individual-work-organi-
zation relationship. During this research, a 
socio-technical approach to work organization 
was developed, based on the work satisfaction 
and concerning to it [1].

The term quality of life (QOL) was first men-
tioned in 1920 by Pigou in a book on economics 
and well-being, in which he linked the quality of 
life to government support offered to the under-
classes and assessed its impact on the people’s 
lives and finances [2].

Germano [3] emphasizes that until the 1970s, 
the interest in the theme “quality of life” was 
restricted to the human sciences, and it was stud-
ied by philosophers, social scientists, and politi-
cians. From the 1970s, in the context of the 
epidemiological transition and with the growing 
interest in giving “voice” to patients, the term 
“quality of life” is now used in health, usually 
associated with the absence of disease and physi-
cal well-being.

As time goes, quality of life has become the 
focus of study and reflection increasingly, and 
since the 1980s, it began to be viewed in a multi-
dimensional perspective, biological, psychologi-
cal, economic, and cultural, since QOL depends 
on these factors and it is subjective [3].

The growing concern with issues related to the 
quality of life comes from the movement within 
the human and biological sciences, in the sense 
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of valuing parameters broader than the control of 
symptoms, the reduction of mortality, or the 
increase of the life expectancy. Thus, quality of 
life is approached by many authors as a synonym 
of health and, by others, as a more comprehen-
sive concept, in which health conditions would 
be one of the aspects to be considered [4].

According to the WHOQOL, in 1994, the term 
quality of life has many definitions because of its 
subjective nature, and there is no consensus about 
its meaning. There are several currents of thought 
that deal with quality of life and additional issues. 
Due to this wide divergence, most authors adopt 
the World Health Organization, which states qual-
ity of life as “the individual’s perception of their 
position in life, according to the cultural context 
and value system and about its goals, expecta-
tions, standards and concerns” [5].

There is a lack of conceptual consensus on the 
quality of life among the authors, as they attribute 
the reason to the extreme complexity of the term 
and its use in several areas of study [2, 6]. The 
definition of quality of life in the specialized lit-
erature presents itself in different ways. Some 
define in a global way, emphasizing general satis-
faction with life, or divided into sets, generating 
an approximation to the general concept. The 
approaches and the use of the indicators are 
intrinsically linked to the scientific and political 
interests of each study and research area, as well 
as the possibilities of operationalization and eval-
uation [2, 6].

Pereira [7], when conducting a bibliographic 
review, reaches the consensus that, depending on 
the area of interest, the concept is often enforced 
as a synonym for health, happiness, and personal 
satisfaction, living conditions, and lifestyle, 
among others. It states that indicators range from 
income to satisfaction with certain aspects of life. 
In the face of so many complexities, it becomes 
difficult to understand the theme quality of life, 
restricting, then, the operationalization in scien-
tific analysis.

In 1994, the WHOQOL Group developed 
goals, expectations, standards, and concerns. 
Semantically, it compares to an ethical matter, 
from which we must analyze the individual per-
ception of each one.

Etymologically distinguishing the term, qual-
ity derives from “qualis” (Latin) whose meaning 
is the specific manner of something, either con-
sidering itself or relating to another group, being 
able to assume both positive and negative charac-
teristics. However, quality of life, most of the 
time, is characterized as something positive [8].

The quality of life is related to the subjective 
well-being, and it includes biological and psy-
chological components, such as emotional well- 
being, abilities and disabilities awareness, 
adequate sleep and rest, vitality, and general sat-
isfaction about one’s life [9]. It is well known that 
there are countless definitions of the term quality 
of life, and there is still no definition that is 
widely accepted. It is very common to observe 
that most definitions are associated with several 
health factors, such as physical and mental well- 
being, but new literature has shown that quality 
of life can also be connected to other important 
elements such as friends, job, family, and every-
day situations [9]. It is necessary to emphasize 
the relevance of some life aspects of people when 
it comes to an understanding the term quality of 
life. Kinds of literature emphasize that subjectivi-
ties should be considered, such as freedom, love, 
happiness, and satisfaction [9]. Nowadays, the 
most accepted concepts of quality of life try to 
handle with a multiplicity of dimensions dis-
cussed in the general or holistic approaches [7].

The main example that can be cited is the con-
cept advocated by the World Health Organization 
(WHO), in which quality of life reflects the indi-
viduals’ perception that their needs are being met 
or that opportunities to achieve happiness and 
self-fulfillment, regardless of their state of physi-
cal health or social and economic conditions, are 
being denied [10]. Although there is no consen-
sual definition of quality of life, there is consider-
able agreement among researchers about some 
characteristics of the construct. According to it, 
there are three main features of the construct. 
They are shared by diverse opinion among the 
most different authors: subjectivity, multidimen-
sionality, and bipolarity [10].

It is increasingly identified that the construct 
is subjective. It is not a matter of total subjectiv-
ity, since there are conditions called external to 
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the people who are present in the environment 
and in the working and living conditions that 
interfere with the analysis they make of their 
quality of life.

Concerning multidimensionality, it is a con-
sensus among all researchers that quality of life 
includes at least three dimensions: physical, psy-
chological, and social. When assessing the qual-
ity of life, other dimensions can be evidenced, for 
conceptual, pragmatic, and empirical reasons 
[11]. It can be deduced about bipolarity that the 
construct has positive and negative dimensions, 
which can be applied to several conditions such 
as the performance of social roles, mobility, 
autonomy, pain, fatigue, dependence, and others 
[11]. We can add two other features: complexity 
and mutability. The concept of quality of life 
(QOL) becomes complicated and challenging to 
evaluate because it is multidimensional, bipolar 
and subjective. On the other hand, the evaluation 
of this construct changes with time, person, place 
and cultural and social context. For the same per-
son, changes according to his mood and health. 
These characteristics also increase the difficulty 
of evaluation [11].

2  Health-Related Quality 
of Life (HRQOL)

The interest in the QOL concept in the health 
area, stems in part, from the new paradigms that 
have influenced the policies and practices of the 
sector in the past decades. The determinants of 
the health-disease process are multifactorial and 
complex in nature. Thus, health and disease con-
stitute processes understood as a continuum, 
related to economic, sociocultural aspects, to per-
sonal experience and lifestyles. According to this 
paradigm shift, QOL improvement has become 
one of the expected results of both healthcare 
practices and public policies for health promo-
tion and disease prevention [12].

Quality of life in the health area can be identi-
fied in two concepts. Quality of life refers to a 
more generic concept, that is, it has a broader 
conception and it does not make any reference, 
different from the HRQOL that makes references 

to aggravations and dysfunction [2]. The concept 
of quality of life is very broad because it is linked 
to several approaches and problems. In the field 
of technical production, three key areas for ana-
lyzing quality of life stood out [2].

The first scope refers to the difference between 
material and immaterial aspects of quality of life. 
Material issues are those about basic human 
needs (housing conditions, water supply, and the 
health system, that is, the infrastructure aspect). 
Immaterial issues refer to the environment, cul-
tural heritage, and well-being [2]. The second 
scope distinguishes individual and common 
aspects. Individual aspects are related to the eco-
nomic, personal, and family condition, and the 
common ones are linked with basic and health 
services [2]. The third scope brings the difference 
among real aspects of quality of life that are eas-
ily apprehended through the definition of indica-
tors of a quantitative nature and the subjective 
aspects that refer to subjective perception and the 
perception individuals have about quality of life 
[2].

It is possible to observe in the literature that, 
according to the authors mentioned above, the 
health approach is quite broad, and it is possible 
to find unique aspects in this approach that when 
interrelated gives meaning to the term quality of 
life in health. We can notice that there is a con-
sensus to having quality of life; it is necessary 
that some elements be present: physical, emo-
tional aspects, and relationships. All of them 
must be related to well-being.

To establish a more accurate analysis of these 
relationships, we used the World Health 
Organization (WHO) (2006) citation which 
defines that “Health is a large state of physical, 
mental and social well-being, not only lack of 
disease and infirmity.” Based on this definition, it 
is easy to understand that besides the preserva-
tion of physiological capacities, and the organ-
ism’s proper functioning, it is necessary that 
other factors are considered, such as the environ-
ment, social life, and relationships [12].

Several factors must be taken into account 
when relating quality of life and health; subjec-
tive and objective spheres need to be met, as well 
as the culture of the society. The subjective 
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spheres can be understood as personal actions, 
whereas the objective spheres can be understood 
as public programs linked to the population’s 
condition of life improvements [13].

The individual action in their group is intrinsi-
cally linked to their state of health because they 
can define the perception of a positive or negative 
well-being. Human health state can constantly 
vary since it is extremely influenced by several 
factors. We can observe that, when a man is not 
satisfied with the environment he is in, he starts 
feeling uncomfortable because of that situation. 
As a consequence, he gradually feels unwell and 
even unhappy because he is in a place that takes 
his well-being out, and thus that position puts 
him off, jeopardizing one of the first indications 
defined by the WHO, which is that of mental and 
social well-being. Then the interference of the 
environment in the individual’s life affects his 
state of health that, according to several studies, 
is related to the right quality [13].

Lifestyle can also significantly interfere with 
a person’s state of health because life, when not 
based on the consciousness of right and wrong, 
is at risk of compromising and acting unthink-
ably. It is possible to give an example when we 
think about a person who abuses alcohol, the 
lifestyle of alcoholic changes drastically when 
he loses the notion of his attitudes, and the 
dependence of alcohol compromises not only 
health but also relationships with the people who 
surround him [13].

Human biology and the healthcare system orga-
nization are capable of interfering with the indi-
vidual state of health and quality of life [13]. The 
relationship between health and quality of life 
needs to be followed by some elements. They can 
be divided in the following ways: functional 
domains, i.e., physical function, cognitive function, 
involvement in everyday life activities, and subjec-
tive health evaluation, and domains of well-being, 
i.e., body well-being, emotional well-being, self-
care, and global perception of well-being [13].

Almeida [13] explains that a person’s state of 
health can suffer changes due to the several char-
acteristics that are part of it, as observed above, 
and because of these variants, we cannot associ-
ate the state of health/illness of a person only to a 
feature. To understand the health/illness relation-

ship, it is necessary to consider both individual 
actions and public policies. Studies show that 
there is a close connection between quality of life 
and health and socioeconomic aspects. Some 
authors point that this relationship is focused on 
the access possibilities that the population has to 
receive healthcare and that the presence or lack of 
them directly influences their quality of life. It 
does not take much to conclude that a reduced 
healthcare population obviously cannot keep 
healthy and consequently suffers changes in the 
capacity to maintain their quality of life [13].

3  Quality of Life in Patients 
with Wounds

The wound is represented by the interruption of 
the corporeal tissue continuity, to a bigger or 
smaller extent, caused by any physical, chemical, 
and mechanical trauma or caused by a clinical 
affection, which activates the organic defense 
[14]. The healing of lesions involves complex 
anatomical and biological processes that, in a 
favorable clinical situation, can occur in accept-
able time. However, when the lesions become 
chronic, the treatment can become quite compli-
cated, causing an important impact on these 
patients’ lives [15].

Wounds present classifications based on the 
characteristics of the lesion, such as etiology, the 
level of tissue involvement, and the time it lasts. 
As for the healing period, the wounds can be 
classified as acute, which are those that heal in 
less than 6 weeks, and chronic, which heal in a 
time superior to that mentioned [16–18].

Some types of wounds have significant social 
and economic impact, due to their enormous 
potential for chronicity and because they present 
high global prevalences, such as venous ulcers, 
pressure injury, injuries caused by diabetic com-
plications, and burns [19–21]. Chronic ulcers are 
a serious and worldwide problem, responsible for 
significant morbidity and mortality rates, besides 
having a considerable economic impact [22].

The high rates of chronic wounds have par-
ticular relevance, given the Brazilian sociodemo-
graphic characteristics, as a longer life expectancy 
and less healthy, which contribute to the onset of 
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chronic diseases [23]. North American statistics 
indicate a prevalence of 14% of patients with 
wounds in the world population. Other studies 
suggest that the indexes may be higher, around 
22.8% for the next few years [24].

The wound characteristics, such as the pres-
ence of exudate, its odor, pruritus, edema, and the 
extent of it, and the difficulty in performing basic 
activities such as bathing and walking are patient 
complaints that result in changes in lifestyle [25–
27]. In the psychological domain, feelings such 
as fear, anger, depression, anxiety, disturbances, 
and social isolation are exaggerated in this popu-
lation, especially in young people [28].

In a study where the authors evaluated the qual-
ity of life in 50 patients with venous ulcer who are 
being treated with compressive therapy by Unna 
boot, data collection was performed at the time of 
the study inclusion and was repeated at 4 months, 
8 months, and 12 months after the first data collec-
tion using the Short Form 36-item (SF-36) ques-
tionnaire. During the inclusion of the patient in the 
study, the average scores of SF-36 were small [28], 
characterizing a fall in quality of life. After 
12 months of Unna boot compressive therapy, the 
average score was 95.38, characterizing improve-
ment in the quality of life of the analyzed patients 
(p = 0.0001). The authors concluded that patients 
with a venous ulcer at the beginning of data collec-
tion presented low quality of life, and after 
8  months of treatment with the Unna boot, an 
improvement in the quality of life was observed.

The signs and symptoms presented by these 
individuals should not only be treated in the 
physical dimension but also emphasize the 
changes that the wound causes in their life. It is 
important to point out that tissue repair of a 
wound does not always mean an improvement in 
the individual’s quality of life. That’s possibly 
due to other comorbidities. That’s why it is essen-
tial to bring up and care for these impacts caused 
by the wound, minimizing the biological, psy-
chosocial, and emotional problems that directly 
affect their quality of life [29].

As soon as these patients demonstrate some 
dependence on managing activities like domicili-
ary, leisure, social, and family, they will have their 
autonomy impaired and automatically become 
dependent on their relatives and friends, and as a 

consequence, they have a decline in self- esteem 
and impairment of self-image and quality of life.

Diseases usually produce changes in the way 
patients live, especially in those who live with 
these conditions for a long period. The impact of 
chronic ulcers on patients’ quality of life (QOL) 
has been the subject of studies since it involves 
research of many health professionals, known as 
health-related quality of life studies (HRQOL), 
and aims to identify critical aspects of the disease 
process in order to propose interventions that 
minimize suffering and its negative impact on 
patients’ lives.

In the literature review, the HRQOL concept 
is dynamic and multidimensional, without con-
sensus among the authors. It is associated with a 
state of emotional, mental, physical, social, and 
functional dimensions related to health and pres-
ents as synonymous with health perception or 
state of health. Therefore, there is no accurate 
measure of QOL; but it is necessary to evaluate 
the patients’ well-being in these dimensions [27, 
28]. HRQOL is also defined as the value given to 
life, weighted by the functional deteriorations, 
perceptions, and social conditions that are 
induced by the disease, complications, treat-
ments, and the political and economic organiza-
tion of the healthcare system. To measure such 
concepts, questionnaires were designed with the 
objective of evaluating QOL, which are classified 
as generic and specific instruments [29, 30].

In relation to the field of application, the mea-
sures can be classified as generic, if we use 
population- based questionnaires without specify-
ing pathologies, being more appropriate to epide-
miological studies, planning, and evaluation of 
the health system, related to the individuals’ 
quality of daily life, subsequent to the experience 
of diseases, injuries, or medical interventions. 
Several instruments include indicators for sub-
jective aspects of living with illnesses and inju-
ries, such as feelings of shame and guilt, which 
have negative consequences on the perception of 
quality of life on the affected individuals and 
their families [31, 32].

Therefore, the availability of a particular 
instrument to evaluate the quality of life in 
patients with wounds will help with the integral 
care of the patient, and this instrument can be 
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used as an indicator of results on the performance 
of the health system [28].

4  Freiburg Life Quality 
Assessment-Wound 
(FLQA-wk)

The FLQA-wk, short version, was developed 
based on the Freiburg Questionnaire of Quality 
of Life in venous diseases, specific for venous 
ulcer and composed of 81 items [33]. For the 
development of FLQA-wk, 10 of the items were 
kept unchanged, 10 were modified, 61 questions 
were extracted, and there were 3 specific items of 
wounds [40]. The FLQA-wk instrument is com-
posed of 24 questions, divided into 6 domains: 
physical symptoms (5 questions), daily life (5 
questions), social life (3 questions), psychological 
well-being (4 questions), satisfaction (3 ques-
tions), and treatment (4 questions) [34].

The domain “physical symptoms” refers to the 
physical well-being of the patient, which can be 
influenced by the condition of the wound. These 
are specific issues: pain, discharge, pruritus, and 
bad smell. The “daily life” scale refers to how the 
wounded individual manages his daily life, while 
“social life” mentions the patient’s relationships 
with other people. Psychological well-being lists 
the feelings that the wounded patient can present. 
The “treatment” domain refers to how the patient 
feels about the treatment offered by the health 
team, and the “satisfaction” scale includes how 
satisfied the individual feels about their health, 
treatment, and wound conditions.

The answers of the “daily life,” “social life,” 
“treatment,” and “satisfaction” scales range from 
never (1 point), few times (2 points), moderately 
(3 points), quite a few (4 points), and a lot (5 
points). For the domains of “psychological well- 
being” and “physical symptoms,” we have the 
following answers: never (1 point), rarely (2 
points), sometimes (3 points), often (4 points), or 
always (5 points).

The domain “treatment” has a question that 
evaluates the time spent by the individual to take 
care of his wound; the answers are no time (1 
point), less than 10 min (2 points), 1–30 min (3 

points), 30–60  min (4 points), and more than 
60 min (5 points).

The FLQA-wk can be filled by the patients 
themselves, but, if it is necessary, it can be con-
ducted by the researcher through an interview. To 
calculate the score, it is necessary that 75% of the 
items are answered and that at least five of the six 
scales are complete. It evaluates the quality of 
life of people with chronic wounds in the last 
week. The scales are calculated by the average of 
each answer, after recoding the “satisfaction” 
scale. The total score is computed from the aver-
age values of each domain.

The questionnaire also has three visual analog 
scales, graded from 0 (very bad) to 10 (very 
good). The individual evaluates his/her quality of 
life, general health, and wound conditions in the 
last week. This scale helps in the control of values 
of the domains, that is, the values are compared 
with the score of the whole instrument. The higher 
the value of the score, the bigger the interference 
with quality of life. The score varies from 1 (bet-
ter quality of life) to 5 (worse quality of life).

The validation occurred in three distinct studies 
with individuals with acute and chronic wounds. 
The first study is a multicenter, uncontrolled 
research conducted with 175 patients. The research 
consisted of the evaluation of the quality of life of 
patients with acute and chronic wounds treated 
with vacuum therapy. Patients answered the ques-
tionnaire, and physicians filled an instrument on 
wound conditions, both before and after therapy 
[34]. The tests for validation in this research were 
the internal consistency, the convergent validity 
through the correlation of the FLQA-wk items 
with a generic instrument of quality of life, and the 
items of the visual analog scale. The ability to 
detect changes in the quality of life according to 
the patient’s clinical alterations was performed by 
comparing the FLQA-wk with these variables: 
wound area and conditions, generic quality-of-life 
instruments, and global evaluation of quality of 
life of the visual analog scale.

A cross-sectional observational study of 384 
patients with lower limb ulcers undergoing dif-
ferent treatments also evaluated the psychometric 
properties of FLQA-wk. Patients and physicians 
completed the questionnaires only in a moment. 
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The tests performed were internal consistency, 
convergent validity through the correlation of the 
FLQA-wk with visual analog scale items, and 
pain intensity (ranges from 0 to 10) [34].

And finally, a multicenter, randomized 
research verified the efficiency and safety of 
keratinocyte transplantation along with compres-
sive therapy in 198 venous ulcer patients. The 
patients answered the questionnaires on 0 (time 
1), on the 28th (time 2), and 56th (time 3) day of 
therapy. At times 1 and 2, all subjects received 
the treatment; from time 2 to 3, the patients were 
randomized. The tests performed were the inter-
nal consistency, test-retest, and sensitivity 
through the correlation of the FLQA-wk items 
with the success score in the treatment, scored 
from 1 (very successful) to 5 (no success), and 
FLQA-wk before and after treatment [34].

The questionnaire presented proper internal 
consistency in the three studies, with values 
≥0.85. The test-retest and the validity were satis-
factory [34].

5  Technique

5.1  Cultural Adaptation 
Procedures

The translation and cultural adaptation process 
of the FLQA-wk were carried out according to 
the methodological rules recommended by 
internationally recognized publications [35–39]. 
The following steps were carried out: transla-
tion, synthesis of translations, back translation, 
committee of experts, pretest, and focus group. 
It is pointed out that the author of the question-
naire was previously consulted and the authori-
zation was provided to be adapted and validated 
for the Portuguese language of Brazil.

5.2  Translation of the Instrument 
into Portuguese

For the accomplishment of this stage, the first 
translation of the FLQA-wk instrument for the 

Portuguese language of Brazil was carried out by 
two independent, qualified, and bilingual transla-
tors, whose native language is Portuguese. Two 
independent translations were conducted, one of 
the translators was a nurse with knowledge in the 
area of wounds, and the other one was a language 
teacher, who was not from the area and did not 
know the purpose of the work [35, 37] resulting 
in two versions: Translation 1 (T1) and Translation 
2 (T2).

5.3  Translation Synthesis

Following the translation stage, the two versions 
(T1 and T2) were synthesized. The analysis of 
the divergences of both versions was carried out 
by the two translators, with the researcher who 
reached a consensus, producing a different trans-
lation, synthesis version (SV).

5.4  Back Translation

The synthesis version (SV) of the instrument 
obtained by consensus was again translated into 
the original language of the instrument by two 
other translators who did not participate in the 
first stage of the process. This procedure checked 
the validity to ensure that the translated final ver-
sion is in agreement with the original version of 
the instrument.

The back translation was carried out by 
two bilingual translators who had the same 
mother tongue as the adapted questionnaire 
and had knowledge of Portuguese language. 
Both were not from the health area and didn’t 
know about the concepts and objectives of 
the research, performing the translations 
independently.

The questionnaire was also sent by e-mail to 
the authors to verify the adequacy of their origi-
nal content. It is worth mentioning that the 
authors requested the instrument in the 
Portuguese language version so that one of their 
translators could perform a back translation. At 
the end of this stage, the versions back transla-
tion 1 (BT1) and back translation 2 (BT2) were 
produced.
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Thus, the probability of imperfections 
decreased, having the quality guarantee of the 
cultural adaptation of the instrument chosen for 
this research [35, 39].

5.5  Committee of Experts

The committee of experts components are crucial 
to achieve transcultural equivalence of the trans-
lated instrument and should be made up of bilin-
gual people and specialists from the knowledge 
area of the instrument, composed of health pro-
fessionals, language teacher, and methodology 
specialist [35, 37]. This committee should be 
multidisciplinary and informed about the objec-
tives and concepts of the study.

At first, the experts received an invitation let-
ter to participate as a member of the committee of 
experts. After they had accepted, the specialists 
received all versions of the instrument: transla-
tions into Portuguese (T1 and T2), synthesis (SV) 
and back translations (BT1 and BT2), and a ques-
tionnaire for evaluation, which was developed 
specifically for this stage.

Judges reviewed and compared all translated 
versions modifying the format of the instrument 
and changing or deleting the inappropriate items 
for a final translation. The committee’s work 
aims to determine the semantic, linguistic, cul-
tural, and conceptual equivalence between the 
original questionnaire and the Portuguese ver-
sion, to guarantee the understanding and cultural 
equivalence of the final version [35, 38].

Semantic equivalence is related to the mean-
ing of words, considering the vocabulary and 
grammar, and the idiomatic equivalence consid-
ers the use of idioms and colloquial expressions 
referring to both languages. In cultural equiva-
lence, the events mentioned in the items of the 
original questionnaire must be according to the 
Brazilian cultural experience. Conceptual equiv-
alence is the pertinence appreciation of the con-
cepts and the events experienced by the subjects 
that are part of Brazilian culture [35].

To facilitate evaluation by the committee, the 
questionnaire was split into items, that is, each 
question answered one item. The title was the 

first item; the general statement was the second 
item, and so on. The full questionnaire consisted 
of 42 items.

The committee of experts was formed by:

Judge 1: Nurse, university professor with experi-
ence in the care area in wound  treatment

Judge 2: Language teacher
Judge 3: Nurse, Ph.D. in nursing, university pro-

fessor with experience in research 
methodology

Judge 4: Nurse, Ph.D. in nursing, with experi-
ence in studies about quality of life and older 
adults

Judge 5: Nurse, master in nursing, university pro-
fessor, with experience in the area of care and 
studies related to wounds and therapeutic 
communication

Judge 6: Nurse, enterostomy therapist, university 
professor, with experience in the care area and 
studies related to wounds, incontinence, and 
stoma

Judge 7: Nurse, master of nursing, university profes-
sor with experience in studies on quality of life

Judge 8: Nurse, master in nursing, university 
professor with experience in research 
methodology

After that, the content of the instrument was 
validated. The content validity verifies the 
degree of extension which the subject of inter-
est is contemplated in the dimensions of the 
instrument [40]. This type of validity refers to a 
careful analysis of an instrument with the 
objective of verifying if the items and subitems 
proposed have a representative within the 
instrument [41, 42].

Independently, the judges carried out the analy-
sis of the items, verifying their clarity, pertinence, 
and comprehensiveness, besides evaluating the 
overall appearance of the instrument. The content 
validity was assessed by calculating the content 
validity index (CVI). This test evaluates the level 
of concordance among judges on certain aspects 
of the adapted questionnaire and its items [42].

The judges scored the items with values  from 
1 to 4: 1, not equivalent; 2, it is impossible to 
evaluate equivalence without reviewing the item; 
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3, equivalent, but it needs minor changes; and 4, 
absolutely equivalent.

The score was calculated by summing the 
items that were highlighted with “3” and “4” 
dividing the value by the number of judges. The 
items with grades “1” and “2” were reviewed. For 
the research, the level of agreement was set equal 
to or higher than 0.8 [42, 43].

Thus, after the experts’ assessment, we had a 
first translated version (VT1) of the instrument, 
which was used for the pretest.

5.6  Retest

The final stage of the adaptation process con-
sisted of the pretest when the questionnaire was 
applied to a sample of subjects with wounds that 
were not part of the final sample of the study. For 
this phase, the authors advocated a total of 30–40 
people [35, 37].

Patients who agreed to participate in the pre-
test received guidance on the informed consent 
form and explanation of the purpose of the 
research. The purpose of this stage was to evalu-
ate participants’ understanding and acceptance of 
the content of the translated version, verifying in 
practice how it will be managed. At the end of 
each completed questionnaire, the participant 
expressed his/her difficulties in understanding 
the questions of the questionnaire.

5.7  Focus Group

Due to the difficulties of understanding presented 
by the interviewees during the pretest related to 
the items of the questionnaire, it was decided to 
carry out a focus group with the purpose of 
adjusting the questionnaire to the highlighted 
population, for comprehensibility.

The focus group is a qualitative method that 
aims to obtain data from the discussion focused 
on specific points. In order to do this, there must 
be an interaction between the researcher and the 
research participants. The number of participants 
may vary from 6 to 10, and the members of the 
focal group should have similar characteristics 

and be related to the item to be studied [44]. In 
this study specifically, the focus group was car-
ried out to assist in the adaptation of a quantita-
tive questionnaire which needed to be improved 
to facilitate the understanding of the study popu-
lation. The steps for this group consist of the 
assembly, conduction of the group, and, finally, 
the data analysis. Recruitment was carried out by 
invitation to individuals performing dressing on a 
skin lesion unit.

5.8  Evaluation of Measurement 
Properties

The psychometric properties of the FLQA-wk 
questionnaire were evaluated through reliability 
and convergent validity.

5.9  Reliability Assessment

The reliability, also called accuracy and reliabil-
ity of the instrument [40, 45], refers to the “degree 
of consistency or precision with which the instru-
ment measures the attribute it proposes to mea-
sure” [40]. The reliability of the questionnaire 
was evaluated using two methods: homogeneity 
(internal consistency) and stability (test-retest).

Internal consistency or homogeneity analyzes 
whether all items in an instrument measure the 
same characteristic [46, 47] or the degree of 
interrelationship between items [45]. It was veri-
fied by calculating Cronbach’s alpha coefficient 
for the total score (Cronbach, 1951), and 
Cronbach’s alpha higher than or equal to 0.70 
was considered interesting [48, 49].

Stability refers to the consistency of the mea-
surements’ repetitions. The use of this method 
requires that the factor to be measured remains 
the same as applied to a sample of subjects at 
two different times, comparing the results 
obtained [41].

Stability was evaluated through the test-retest, 
calculating the intraclass correlation coefficient 
(ICC). The FLQA-wk questionnaire was carried 
out in 71 subjects under the same conditions, 
within a 7-day interval.
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6  Validity Assessment 
of FLQA-Wk

Validity is an important measure property to eval-
uate the quality of an instrument [41], and it 
refers to the degree to which the data of an instru-
ment actually measures what it is proposed to 
[39, 40, 46].

The convergence construct validity consists of 
comparing how one dimension of a new instru-
ment correlates with dimensions of another 
instrument that measures the same concept, and it 
is applied concomitantly [39, 41, 50]. The con-
vergent validity was carried out through the cor-
relation of the four domains of Ferrans and 
Powers Quality of Life Index-Wound Version 
(health and functioning, psychological and spiri-
tual, family and socioeconomic) with the domains 
of the FLQA-wk questionnaire. The domains 
Ferrans and Powers Quality of Life Index-Wound 
Version (FPQLI-WV) instruments were chosen, 
taking into account the similarity of the content 
of these domains with the FLQA-wk question-
naire, as shown in Table 1.

Validity was also evaluated by correlating the 
total score of the FLQA-wk questionnaire with 
the patient’s score on the visual analog scale 
(VAS) of quality of life. This scale complements 

the FLQA-wk instrument and scores the individ-
ual’s quality of life from 0 (very poor) to 10 (very 
good) (Table 2).

7  Discussion

The evaluation of the quality of life in health, 
mainly in the treatment of wounds, has been 
gaining more space in the clinic, therapeutics, 
and research services, providing the necessary 
assistance to the patient by the professionals [51]. 
Therefore, the application of instruments can be 
considered an objective measure that assists in 
the evaluation of the patient’s well-being, con-
tributing to quality intervention [52].

In this context, the cultural adaptation of any 
instrument is effective but complex and with 
different recommended methods in the literature 
[38]. In this research, this process followed the 
steps of translation, translation synthesis, back 
translation, committee of experts evaluation, pre-
test, and focus group [35].

The content validity was carried out with the 
help of a committee of judges that proved that the 
questionnaire contains relevant questions, and small 
changes were made in some items to facilitate the 
understanding of the highlighted population.

Table 1 Correlations of the FPQLI-WV domains indicated for the achievement of the convergent validity of the 
Freiburg Life Quality Assessment-Wound questionnaire

Questionnaire Domains Freiburg life quality assessment-wound (FLQA-wk)—adapted
Ferrans and powers 
quality of life index-
wound version

Health and 
functioning

X Physical symptoms

Health and 
functioning

X Daily life

Health and 
functioning

X Treatment

Health and 
functioning

X Social life

Psychological/
spiritual

X Psychological well-being

Psychological/
spiritual

X Satisfaction

Socioeconomic X Satisfaction
Family X Psychological well-being
Health and 
functioning

X Total score

Total score X Total score
Total score X Psychological well-being
Total score X Satisfaction
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The committee suggested small changes in items, 
such as synonym substitutions, sentence inversions, 
and some spelling mistakes following semantic, cul-
tural, conceptual, and idiomatic equivalences. 
Considering the agreement rate >0.80, the committee 
of experts suggested small changes in some ques-

tions, which were followed. After these changes, 
Version I was created, which was used in the pretest.

The pretest included 30 subjects with chronic 
wounds of different etiologies. The individuals’ 
average age was 63.0 years old (standard devia-
tion = 12.8), represented by 79.3% female, 41.4% 

Translation
2=T2

Original Instrument

– Nurse, bilingual, mother
tongue Portuguese.
– Experience in the field
– Knowledge of the objectives
and concepts of the work

– Bilingual
– Qualified professionals.
– Mother tongue English.
– Without knowledge of
the objectives and concepts
of the work.

– Professor of Bilingual
Languages, mother tongue
Portuguese
– No experience in the area.
– Without knowledge of the
objectives and concepts of 
the work.

Translation
1=T1

Synthesis of translations=
ST

Expert committee
(8 judges)

Version I

Pretest
n=30

Focus Group

Final version
translated

Backtranslation 1=
BT1

Backtranslation 2=
BT2

Author instrument

FINAL VERSION

Table 2 Flowchart of the transcultural translation process
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married, and 69.0% with incomplete primary 
education. The venous ulcer presented a higher 
frequency with 58.6%. The average wound dura-
tion was 42 months (standard deviation = 63.7) 
and with an average number of 1.5 wounds.

Patients with different levels of schooling 
were selected to allow evaluation of the 
questionnaire in different degrees of difficulty. 
Five patients attended the meeting, the average 
age was 65.4  years, and the educational attain-
ment levels of the participants were two illiter-
ates, two with incomplete elementary education, 
and one with complete higher education.

The instrument was applied by interview, and 
5–10 min was spent for the application. At the end 
of the interview, participants were asked to express 
their opinions on the questionnaire verbally. 
Patients reported that some words made it difficult 
to understand the questions. Due to these difficul-
ties presented by the participants in the compre-
hension of some questions, which could produce 
false results in the analysis of the questionnaire, it 
was decided to carry out a focus group, to adapt 
the instrument to the specific population.

The focus group was started explaining the pur-
pose of the meeting and the importance of each 
participation. The questions of the instrument 
were read separately and in an easy way to facili-
tate the follow-up by all, enabling them to under-
stand what was intended with the focus group.

Conducting the focus group were one modera-
tor and two observers. The moderator was respon-
sible for reading the questionnaire and discussion, 
while the observers analyzed expressions during 
the discussion. The whole session was recorded 
with the permission of the attendees. The discus-
sion lasted 1 h and 10 min, and the questionnaire 
was analyzed and discussed twice. During the 
reading of the instrument to each question, the par-
ticipant was asked about the comprehension of the 
content. According to the reports, associated with 
the nonverbal expressions that indicated doubt, the 
item was discussed and they requested to vote for 
possible changes. After this step, the final trans-
lated version (FTV) was elaborated – which was 
sent to back translation to evaluate the discrepan-
cies between the FTV and the original instrument.

The FVT was sent to one of the authors for 
consideration. Small changes were requested in 

the Portuguese questionnaire so that the cultural 
adaptation of the Freiburg Life Quality 
Assessment-Wound (FLQA-wk) questionnaire, 
abbreviated version, reflected the content of the 
original version. After the changes in the ques-
tionnaire, the final version (FV) was created.

Regarding the medical properties, the reliabil-
ity of the FLQA-wk was evaluated through the 
internal consistency, represented by Cronbach’s 
alpha, and the stability, through the test-retest, 
using the intraclass correlation coefficient (ICC).

The adapted instrument (FLQA-wk), contain-
ing 24 items, presented an excellent internal con-
sistency since it obtained a total Cronbach’s alpha 
of 0.86. In relation to the domains, the Cronbach’s 
alpha was physical symptoms, 0.63; daily life, 
0.83; social life, 0.53; psychological well-being, 
0.70; treatment, 0.68; and satisfaction, 0.86.

Concerning stability evaluation, a high value of 
ICC (0.93) is contacted, which is considered excel-
lent, since the closer to 1, the better the stability of the 
instrument [46]. The adapted questionnaire showed 
temporal stability when applied in different moments 
for the same participants in similar conditions.

The convergent validity was evaluated by car-
rying out the FLQA-wk correlation with the 
Ferrans and Powers Quality of Life Index-Wound 
Version, as well as the quality of life score of the 
visual analog scale. The analysis was carried out 
using Spearman’s correlation coefficient.

Correlations appear as negative or inverse rela-
tionships since the FLQA-wk score indicates that 
the higher the score, the worse the quality of life, 
whereas in the FPQLI-WV, the score is the opposite: 
the higher the score, the better the quality of life.

The correlation of FLQA-wk with the 
FPQLI-WV domains. The treatment domains 
(−0.32), daily life (−031), physical symptoms 
(−0.27), social life (−0.24), and the total score 
(−0.41) of the FLQA-wk presented satisfactory 
to moderate correlation and significant with the 
health and functioning domain of FPQLI-WV.

The psychological well-being domain of 
FLQA-wk had a moderate and significant corre-
lation with the psychological/spiritual domains 
(−0.44), family (−0.38), and the total score 
(−0.40) of FPQLI-WV.

The domain satisfaction showed a moderate 
and significant correlation with the psychological/
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spiritual domains (−0.48), socioeconomic (−0.46), 
and total score (−0.37) of the IQVFP-VF.  The 
total score (0.36) of the FLQA-wk had a moderate 
correlation with the total FPQLI-WV score.

Concerning the visual analog scale, the 
FLQA-wk total score had a moderate and signifi-
cant correlation with the total quality of life score 
(−0.38).

 Conclusions
The cultural adaptation of the Freiburg Life 
Quality Assessment-Wound was performed 
according to the recommended international 
methodology, resulting in a real version. In the 
application, the instrument proved to be easy 
to understand and apply.

The questionnaire was found to be reli-
able, with a Cronbach’s alpha (0.87) and sat-
isfactory temporal stability (0.93). 
Concerning the validity, the adapted 
FLQA-wk questionnaire presented a correla-
tion of satisfactory magnitude to moderate 
magnitude and significant (−0.24 to −0.48; 
p  <  0.0001) with the domains of the 
IQVFP-VF questionnaire.

Therefore, FLQA-wk presented enough 
healing properties when applied in patients with 
chronic wounds in the Brazilian population.
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