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Preface

Imaging in the context of inflammatory and infectious cardiac disease is becoming
more and more important in clinical practice. Besides known inflammatory and
infectious diseases like endocarditis, pericarditis and myocarditis, increasing evi-
dence supports the causal role of immune-inflammatory response in the occurrence
of highly diverse cardiac diseases, also including atherosclerosis and post-
ischaemic events.

Inflammation is a general reaction to any kind of tissue injury, which is needed
for replacement of damaged cells and adequate repair. But as a matter of fact, sup-
pressed or excessive inflammation also may contribute to further aggravation of
damage and adverse outcome. In view of the importance of inflammation regarding
prognosis, it may be that modification of the inflammatory response could be a cru-
cial therapeutic strategy in the future, able to improve outcome.

In the previous years, many papers in the literature focused on this important
topic, especially with regard to inflammatory and infectious cardiac disease, also
leading to the draft of national and international guidelines, e.g., the Guidelines of
the European Society of Cardiology for the diagnosis and management of infectious
endocarditis, wherein a pivotal role for '®F-fluorodeoxyglucose Positron Emission
Tomography (PET)/Computed Tomography (CT) in the diagnostic workup is
underscored.

Differently from imaging of infectious, granulomatous und infiltrative diseases,
the use of cardiac imaging in post-ischaemic inflammation and of culprit, prone-to-
rupture coronary plaques is to date still prevalent in a preclinical or research setting,
but it is not unrealistic to foresee a more extensive use of non-invasive imaging in
the next future, boosted by the need to provide a reliable and robust diagnostic and
prognostic assessment.

To summarize the imaging approach in the broad field of inflammatory and
infectious cardiac diseases, there is the need for an up-to-date textbook, comprising
the most useful and used techniques such as cardiac magnetic resonance (CMR),
positron emission tomography (PET), and single photon emission tomography
(SPECT). With this book, we hope to cover these needs.

In this book, we specifically address the following important questions:

— Which are the most accurate methods to diagnose a particular inflammatory or
infectious heart disease and to guide its appropriate therapeutic approach?
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— Which are the most useful methods to risk stratify these patients?

— Which are the new targets and concepts toward which research is moving, allow-
ing for an even better evaluation of the underlying pathophysiological mecha-
nisms in these cardiac diseases?

To answer all these questions, top experts in cardiovascular imaging from lead-
ing institutions in Europe agreed to share their knowledge and experience on all the
aspects of cardiac inflammation and infection by contributing chapters to this proj-
ect. We would like to thank the authors for their kind contribution to this textbook.

In this book, the readers will find the most relevant and up-to-date information
on this fascinating and challenging area of cardiac imaging. Hence, this book will
be an invaluable guide for all professionals involved in the management of cardiac
patients: cardiac imagers, nuclear medicine physicians, radiologists, cardiologists,
cardiac surgeons, infectiologists, microbiologists, internal medicine specialists, pre-
clinical scientists and other specialists who constitute a multidisciplinary team.
Never like in the present time, an extensive collaboration among different experts
driven by the same ideals should be pursued to provide early identification and treat-
ment of infectious and inflammatory processes, responsible for the occurrence of
major cardiac adverse events.

Basel, Switzerland Federico Caobelli
Basel, Switzerland Michael J. Zellweger
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1.1 Introduction

When "®F-fluorodeoxyglucose positron emission tomography ("*F-FDG PET) is
performed to detect cardiac infection or inflammation, an adequate suppression of
cardiac glucose metabolism plays a pivotal role to increase the interpretability and
diagnostic reliability of 'SF-FDG PET studies. A challenge faced by this imaging
technique is optimizing its ability to distinguish active inflammation lesions from
physiological FDG uptake in the myocardium.

According to the Randle cycle, the uptake in normal myocardium is dependent
mainly on insulin, blood glucose levels, and blood free fatty acid (FFA) levels. [1]
In fact, dietary carbohydrate intake normally triggers insulin secretion, which
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activates the predominantly expressed glucose transporter GLUT4 in normal myo-
cardium and allows glucose to enter cells. On the other hand, in inflammatory cells
(such as neutrophils, monocytes, and macrophages), glucose enters the cell via type
1 and 3 cellular glucose transporters (GLUT1 and GLUT3) which are overexpressed
[2, 3] and "8F-FDG is trapped by phosphorylation [4]. As such, by manipulating the
GLUT4 response it is possible to suppress physiologic myocardial glucose con-
sumption independently of inflammatory process [2, 5].

In this regard, several methods to suppress physiological '®F-FDG uptake in the
myocardium and minimize false-positive results have been reported: prolonged
intervals of fasting, dietary modification, or pharmacological approaches. However,
to date no standard protocol has been adopted, although combinations of different
protocols have been supported by some studies.

1.2  Prolonged Intervals of Fasting

As in the prolonged fasting state normal myocardial cells use free fatty acids (FFAs)
for up to 90% of their oxygen consumption [6], many studies have suggested that
using prolonged fasting (4-18 h) may allow to reduce physiologic myocardial '3F-
FDG uptake, thus increasing the specificity and sensitivity of PET imaging [7-10].

1.3  Dietary Modifications

A patient preparation including dietary modifications with a high-fat, low-
carbohydrate, high-protein diet (HFLC) has also been suggested, in order to shift
myocardial metabolism to fatty acid and suppress glucose utilization by normal
myocardium [11]. Moreover, the superiority of a HFLC diet compared to fasting
only has been demonstrated in a study by Coulden et al. [12], wherein patients fol-
lowing the prescribed dietary regimen showed a significantly lower myocardial
FDG uptake. These findings were confirmed by Harisankar et al., wherein the phys-
iologic '8F-FDG uptake was more often adequately suppressed in the diet group
(67%) than in a 12-h fast—alone group (52%). [13].

Some other studies expanded on this important topic also showing a significant
improvement in myocardial glucose suppression if a prolonged HFLC diet was fol-
lowed by the patients [14, 15]. In a recent retrospective study, a 72-h pre-test HFLC
diet preparation protocol yielded higher rate of FDG uptake suppression than a 48-h
dietary regimen [16]. A strategy of adding a high-fat beverage to the HFLC diet just
before the "F-FDG has also been explored but does not appear to have additive
benefit [17, 18].

A randomized trial conducted by Demeure et al. [19] compared the effectiveness
of four different approaches in a group of 36 volunteers: a HFLC diet followed by
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12 h fast, HFLC diet followed by a high-fat drink 1 h prior to imaging, and a HFLC
meal followed by 12 h fast and oral verapamil. The rationale for adding verapamil
is that intracellular calcium is known to increase glucose uptake, and calcium chan-
nel antagonism has reduced myocardial "*F-FDG uptake in a mouse model [20]. In
their study, the rate of suppression of cardiac glucose metabolism was higher in the
group receiving HFLC diet followed by 12 h fasting compare to the group with
HFLC diet together with a high-fat drink (89% vs 50%). Unfortunately, the use of
calcium-channels antagonist did not translate into a significant higher rate of sup-
pression, having no clear benefit over other preparations [19].

1.4  Pharmacologic Approaches

Pharmacologic approaches have also been employed with the aim of manipulating
myocardial metabolism. Intravenous administration of unfractionated heparin
(UFH) activates lipoprotein and hepatic lipases to increase plasma FFAs levels,
causing a suppression of myocardial glucose utilization. In a Japanese study cohort
after a fasting period of at least 6 h followed by 50 IU/kg of UFH injected 15 min
before application of PET tracer, a robust suppression of cardiac FDG uptake was
obtained [9].

A combination of different approaches to reduce physiologic myocardial *F-
FDG uptake has been also used in a few studies, showing that the injection of hepa-
rin in addition to HFLC diet preparation outperforms a dietary preparation without
injection [21].

While intriguing due to its intrinsic advantages for the department’s workflow,
UFH injection alone seems to be less effective than an adequate dietary preparation.
In fact, a study by Morooka et al. [22] reported that an 18-h fasting alone resulted in
a higher rate of myocardial FDG uptake suppression than a 12-h fasting together
with UFH injection. Furthermore, in another study of Manabe et al. [23] patients
undergoing cardiac ®F-FDG PET/CT after intravenous injection of UFH showed
highest rate of suppression of glucose metabolism for 18 h-HFLC prior to the exam-
ination than 6 h. (Fig. 1.1).

However, the same study also showed that intravenous UFH and a fast of more
than 18 h were associated with a significantly lower rate of physiologic myocardial
18F-FDG uptake (22%) than a fast of 18 h without UFH (38%) or a fast of less than
18 h without UFH (69%) [23].

Although there is currently no consensus on the best protocol for suppressing
cardiac FDG-uptake, Genovesi et al. [24] provided a proposal for a preparatory
schema including a high-fat, low-carbohydrate diet 72 h before the study, a fasting
state for at least 6 h and intravenous heparin 15 min before PET tracer administra-
tion (Table 1.1).
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Fig. 1.1 Representative cases. (a—d) shows a 73-year-old man with diffuse LV FDG uptake, who
was instructed to fast for a minimum of 6 h and whose FPG and FFA levels were 95 mg/dL and
464 pEq/L at baseline. Cardiac metabolic volume was estimated as 166.4 mL. There are multiple
abnormal uptakes in mediastinal and hilar lymph nodes. (e~h) shows a 25-year-old woman without
diffuse LV FDG uptake, who had over 18 h’ fasting with a low-carbohydrate diet. Her FPG and
FFA levels were 76 mg/dL and 1924 pEq/L at baseline. FDG PET/CT shows focal basal anterior
wall uptake. Cardiac metabolic volume was estimated to be 8.3 mL. There are multiple lung
uptakes and multiple lymph node uptakes in supraclavicular, mediastinal, hilar, and abdominal
regions. Reprinted under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/) from J Nucl Cardiology 2016; [23] MIP maximum
intensity projection

Table 1.1 Proposal for a protocol for patient preparation before undergoing '*F-FDG PET/CT for
suspected cardiac sarcoidosis. Reprinted with permission of BJR Publications from Genovesi D
et al., Br J Radiol 2019; 92 [24]. No changes were made. AC attenuation correction, "*F-FDG
'8F-fludeoxyglucose, [U international unit; PET positron emission tomography, SUV,,,, maximum
standardized uptake value, TLG total lesion glycolysis

Dietary preparation| High-fat, low-carbohydrate diet 72 h before the procedure

Fasting state Min. 6 h before the procedure

Intravenous 3 x 200 IU heparin at 0, 7 and 15 min

heparin

18F-FDG 15 min after the last i.v. application of heparin. Dose: 3.5 MBg/kg (max

administration 500 MBq)

Image acquisition | 60 min after FDG administration, 90 s/bed position from skull to
mid-thigh.

Supplemental bed position over the heart (10 min, matrix 256 A ~ 256).
Low-dose CT based AC

Image Comparison with #Rb PET/CT at rest or cardiac MR both AC and non-AC
interpretation corrected images are separately evaluated. SUVmax and TLG are also
determined.

1.5 Conclusion

SE-FDG PET/CT is a valuable diagnostic tool in the evaluation of cardiac sites of
inflammation and infection. Appropriate patient preparation plays a pivotal role as
the diagnostic accuracy of this procedure is affected by the adequate suppression of
physiologic glucose uptake of the cardiomyocyte before scanning
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2.1 Introduction

Sarcoidosis is a multisystem inflammatory disorder of unknown aetiology resulting
in the formation of non-caseating granulomas, primarily in the lungs, lymph nodes,
skin, gastrointestinal system, eye, central nervous system and the heart (Fig. 2.1).
Highest rates are reported in northern Europe and African Americans and in women
with a worldwide prevalence of about 5 to 64 in 100.000 [1]. Cardiac involvement
is clinically silent in the early stages and occurs in approximately a quarter of
patients with extra-cardiac sarcoidosis in post-mortem studies and up to 40% in
studies with advanced imaging (CMR/PET) [2-5]. Eventually, it may, in order of
frequency, disrupt the cardiac electrical system leading to conduction abnormalities
and arrhythmias, affect heart mechanics causing heart failure and lead to sudden
cardiac death (Fig. 2.2). Thus, there is a clinical need to early identify patients with
cardiac involvement of sarcoidosis.

2.2  Screening for Cardiac Sarcoidosis

Current guidelines recommend screening for silent cardiac sarcoidosis (CS) in
patients with proven extra-cardiac sarcoidosis. Initial work-up for CS includes his-
tory, physical examination, as well as transthoracic echocardiography and ECG. In
spite of their low sensitivity for CS, abnormal ECG or Holter monitoring findings
(such as new atrioventricular block, frequent premature ventricular complexes and

Fig.2.1 Myocardial

sarcoidosis with partly e
granulomatous &
lymphohistiocytic
myocardial inflammation
and patchy fibrosis (100x,
haematoxylin and eosin
stain). There is usually no
or only limited necrosis
within sarcoid granulomas,
unlike those associated
with Mycobacterium
tuberculosis infection.
Courtesy of Prof. Katharina
Glatz, Department of
Pathology, University
Hospital Basel, Switzerland
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Fig. 2.2 Imaging and inflammation cascade. Schematic representation of disease progression
with myocardial inflammation, oedema, fibrosis and remodelling. Granuloma formation (a), '*F-
FDG PET of myocardial inflammation (b), cardiac magnetic resonance imaging of myocardial
oedema (¢) and cardiac magnetic resonance imaging of myocardial fibrosis (d) are shown. '*F-
FDG PET: F-fluorodeoxyglucose positron emission tomography. From Orii et al. [6]

ventricular tachycardia) should prompt further investigation. A high-resolution CT
chest scan may detect or exclude mediastinal or bi-hilar lymphadenopathy. CMR
and '8F-FDG PET are the most sensitive and specific advanced imaging tests for the
detection of CS.

2.3 Diagnosis

Angiotensin converting enzyme (ACE), serum amyloid A and adenosine deaminase
have been tested with respect to their diagnostic value and their potential role in the
context of disease monitoring. However, there was no clear evidence of their useful-
ness [7]. In untreated patients with sarcoidosis, ACE levels were elevated in 75% of
patients. The sensitivity and specificity of high ACE for diagnosis of sarcoidosis
were 41% (95% CI 35-48%) and 90% (95% CI 89-91%), respectively. The PPV
and NPV in this population were 25% (95% CI121-30%) and 95% (95% CI 85-87%)
[8]. Elevated Interleukin-2 levels may help to identify patients with extra-pulmonary
organ involvement [7]. Elevated high-sensitivity cardiac troponin levels can be
observed in cardiac sarcoidosis patients. Troponin levels decrease after initiation of
adequate therapy. Moreover, elevated troponin in CS patients is closely associated
with future adverse events [9]. In 62 patients presenting with CS, high-sensitivity
cardiac troponin was elevated in 52-58% of them [9].
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Table 2.1 Adapted from Birnie et al. [14] LVEF denotes left ventricular ejection fraction, VT
ventricular tachycardia, PET positron emission tomography, CS cardiac sarcoidosis and LGE late
gadolinium enhancement

Heart rhythm society criteria for cardiac sarcoidosis diagnosis

Histologic diagnosis-definite Clinical diagnosis-probable

Positive endomyocardial biopsy Extra-cardiac sarcoid (biopsy-proven) and > 1 of the
(non-caseating granulomas) without following (other causes excluded)

alternate aetiology » Steroid/immunosuppressant-responsive

NB: Endomyocardial biopsy for cardiomyopathy or heart block.

cardiac sarcoidosis only has a * Unexplained LVEF <40%.

20-30% sensitivity (sampling error) * Unexplained sustained VT.

* 2nd (type II) or third degree heart block

¢ Focal uptake on cardiac PET (CS pattern).
* LGE on CMR (CS pattern).

The diagnosis of CS is challenging in most cases. Guidelines recommend a com-
bination of clinical, electrocardiographic and imaging findings (mainly CMR and
PET/CT) if endomyocardial biopsy has not been done or cannot confirm the diagnosis.

The revised 2006 Japanese Ministry of Health and Welfare (JMH) diagnostic
guidelines [10] require histologic confirmation of cardiac involvement or clinical
confirmation via a combination of major and minor criteria. The JMH guidelines
classify Gallium-67 uptake as a major imaging criterion even though this test is no
longer performed at most centres due to its limited diagnostic accuracy. JMH crite-
ria have performed poorly when compared to diagnostic accuracy by advanced
imaging, reflecting that CMR and '8F-FDG-PET have a higher sensitivity than these
criteria [5, 11-13].

A more contemporary set of clinical criteria for the diagnosis of CS has been
proposed by the Heart Rhythm Society (HRS) [14] (Table 2.1). The HRS 2014 cri-
teria acknowledge the inherent uncertainty related to diagnosing CS and state that
“it is probable that CS is present” (>50% likelihood) if there is a histological diag-
nosis of extra-cardiac sarcoidosis and that the patient meets one or more of several
criteria (Table HRS Ceriteria for CS Diagnosis). These HRS criteria cannot be used
for the diagnosis of isolated CS because an extra-cardiac biopsy-proven sarcoidosis
is necessary. Accordingly, the absence of extra-cardiac sarcoidosis should not be
used to exclude cardiac sarcoidosis.

Since no gold standard diagnostic criteria exist for the diagnosis of cardiac sar-
coidosis, clinicians must combine clinical data suggesting elevated pre-test proba-
bility for CS together with advanced cardiac imaging (Fig. 2.3).

24 Endomyocardial Biopsy: Imaging Guidance

Endomyocardial biopsy (EMB) is the most specific detection method for CS, and
only a positive endomyocardial biopsy can definitively establish the diagnosis of CS
[14]. Yet, unless an endomyocardial biopsy is guided by imaging (CMR or PET)
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Fig. 2.3 Proposed algorithm for the diagnosis of cardiac sarcoidosis. CS denotes cardiac sarcoid-
osis, AV block atrioventricular block, VT ventricular tachycardia, EDV end-diastolic volume,
LVEF left ventricular ejection fraction, RWMA regional wall motion abnormality

[15], the diagnostic yield of a sample taken blindly from a myocardium with patchy
granulomatous infiltration only reaches 20% [15-18] precluding its routine usage
(Fig. 2.4).

In a recent "8F-FDG study of patients (n = 70) with a clinical diagnosis of CS, it
was shown that patients with positive right ventricle FDG uptake had a significantly
higher frequency of positive EMB than those without (42% vs. 6%, p = 0.024; over-
all 21% with positive EMB) (Fig. 2.5) [19].

The diagnostic yield of extra-cardiac biopsy (such as lymph nodes, lung biopsy,
etc.) is much higher. Therefore, several criteria for CS have been proposed in the
context of biopsy-proven extra-cardiac sarcoidosis (see Table 2.1).

2.5 CMR for Diagnosis/CMR Imaging Protocol

Cardiac sarcoidosis mainly involves three successive histological stages: oedema,
granulomatous inflammation and fibrosis leading to post-inflammatory scarring.
CMR imaging offers a non-invasive detection of biventricular morphology and
function, myocardial oedema and minute regions of fibrosis even in patients with
normal LV dimensions and systolic function [20-22]. Late gadolinium enhance-
ment (LGE) is considered the most useful sequence in the diagnosis of CS.
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Fig.2.4 MRI guided septal biopsy (blue arrow) in a patient with isolated cardiac sarcoidosis with
complete atrioventricular block. Extensive diffuse fibrosis in the basal and mid septum, basal ante-
rior and inferolateral wall, as well as both papillary muscles. Histopathology (haematoxylin and
eosin stain x100) showing inflammation in 1 of 3 biopsies. *FDG-PET (lower rows) show a dif-
fuse, intense hypermetabolism within the myocardium but no other organ or lymph node manifes-
tation (Images from University Hospital, Basel, Switzerland; Histopathology image courtesy of
Prof. Katharina Glatz, University Hospital, Basel, Switzerland)

Fig. 2.5 Relationships . P=0.024
between right ventricular (%)
8FDG uptake and EMB 100 5 [ EMB negative
results. From Omote et al. -
80 A I EMB positive
[19]. EMB denotes -
endomyocardial biopsy, § 60 -
BFDG fluorodeoxyglucose, =
RV right ventricle £ 404
20
04

(+) RV uptake (=)
(n=12) (n=16)

A CMR imaging protocol for CS should thus include (1) cine imaging (assess-
ment of LV volume and mass, global and regional function, regional ventricular
thickening and thinning), (2) assessment of inflammation/oedema (T2 mapping or
T2w imaging), (3) scar (LGE, T1 mapping and ECV mapping) and (4) morphologi-
cal images to detect extra-cardiac findings (mediastinal/bi-hilar lymphadenopathy)
(Fig. 2.6) [23].
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Fig. 2.6 CMR imaging protocol for cardiac sarcoidosis (Images from University Hospital, Basel,
Switzerland)

2.6 Late Gadolinium Enhancement (LGE)

CMR allows non-invasive detection of focal fibrosis and scarring by LGE. Presence
of focal LGE is the chief diagnostic finding on CMR scans and correlates to areas
of dense fibrosis and granulomatous inflammation within patchy fibrosis [11].
Presence of scar on LGE has been shown to be up to twice as sensitive as the JMH
criteria for identifying CS [11, 13]. While there is no specific pattern for CS, typical
patterns of CS include sub-epicardial and mid-wall LGE along the basal and mid
septum and inferolateral wall (Fig. 2.7) but also patchy LGE in a non-coronary pat-
tern (Fig. 2.8) and LGE of the RV insertions points (hinge points) [24]. In 10-30%
of patients with CS sub-endocardial or transmural hyper-enhancement patterns may
be detected that mimic coronary artery disease. While the absence of LGE is associ-
ated with a high negative predictive value for excluding CS and with excellent car-
diac prognosis, the “warranty period” of a normal CMR is unknown.

2.7 Imaging Myocardial Inflammation and Quantitative
Tissue Characterization with CMRT1 and T2 Mapping

The intensity and size of focal LGE may decrease following immunosuppressive
therapy [25]. Marked myocardial oedema also increases the interstitial space, but
only profound myocardial oedema may occasionally result in diffuse LGE. In most
cases, though, myocardial oedema will go undetected by LGE. Early gadolinium
enhancement and T2-weighed images both have technical and methodological
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Cines LGE T2 mapping

- -

L5

Fig. 2.7 Isolated cardiac sarcoidosis: LVEF 41%, antero-sept basal wall thinning (white arrow),
pronounced LGE in a typical sub-epicardial and mid-wall LGE pattern along the basal and mid
septum and evidence of myocardial oedema. No mediastinal or hilar lymphadenopathy. "FDG-
PET without evidence of systemic involvement (image not shown). Histopathology (haematoxylin
and eosin stain x100) showing inflammation and patchy fibrosis (Images from University Hospital,
Basel, Switzerland; Histopathology image courtesy of Prof. Katharina Glatz, University Hospital,
Basel, Switzerland)

limitations and are increasingly being replaced by novel more accurate parametric
tissue characterization mapping techniques (see also updated 2018 Lake Louise cri-
teria [26]) [27].

Patients with sarcoidosis show higher native T1, T2 and ECV values and
decreased post-contrast T1 values compared with healthy controls irrespective of
the presence of LGE [28]. Significantly higher T2 mapping values expressing myo-
cardial oedema occur in patients with CS compared to healthy controls and have
been demonstrated in LGE negative patients with systemic sarcoidosis suggesting
complementary information of T2 mapping to LGE [29]. While native T1 is sensi-
tive to a wider spectrum of pathological signals from both intra- and extra-cellular
spaces, T2 is more sensitive and specific to elevated water content and might,
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Post-contrast T1 map

Fig. 2.8 Biopsy-proven pulmonary sarcoidosis with cardiac involvement: Regional thinning and
thickening of the inferior wall. T2 and native T1 map without evidence of myocardial oedema.
Patchy transmural late enhancement in a non-coronary pattern. (Images from University Hospital,
Basel, Switzerland)
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therefore, be particularly helpful in assessing myocardial oedema and inflammation
in inflammatory cardiomyopathies. T2 cut off of 59 ms for myocardial oedema
achieved a sensitivity of 54% and specificity of 100% for detection of myocardial
oedema [29].

Established CMR imaging techniques (cine imaging and LGE) rely on detection
of relatively gross and advanced abnormalities of function, structure or regional
myocardial fibrosis. Novel quantitative approaches to CMR tissue characterization
may be instrumental in earlier recognition of cardiac involvement, disease activity
of myocardial inflammation and guidance of anti-inflammatory treatment response.
In a recent study, both native T1 and T2 mapping outperformed LGE, HRS 2014
criteria as well as JIMHW 2006 criteria in their discriminatory power between
patients with systemic sarcoidosis and healthy controls [30].

T2 mapping—in contrast to '*F-FDG PET—does not involve ionizing radiation,
careful metabolic preparation and not even contrast agent and hence might become
an alternative inflammatory biomarker once non-inferiority to '®F-FDG PET has
been shown.

2.8 Additional CMR Findings Suggestive
of Cardiac Sarcoidosis

Left ventricular dilatation, regional thinning and/or thickening of the ventricular
walls, regional wall motion abnormalities in a non-coronary pattern, restrictive fill-
ing pattern, focal oedema and pericardial effusion may also be suggestive of CS [29,
31]. CMR can also detect right-sided ventricular dysfunction due to elevated right
heart pressures from pulmonary sarcoidosis or right ventricular granulomatous
infiltration due to cardiac sarcoidosis.

29 Differential Diagnosis

Any patchy myocarditis including giant cell myocarditis, arrhythmogenic cardio-
myopathy (patients with CS may formally fulfil arrhythmogenic cardiomyopathy
criteria), dilated and hypertrophic cardiomyopathy, amyloidosis, Chagas disease,
systemic lupus erythematosus and coronary artery disease may all mimic CS. This
underlines the importance of the clinical context (i.e. pre-test probability of a dis-
ease) for image interpretation (Table 2.2).

2.10 Treatment: Anti-Inflammatory Therapy

The aims in the treatment of CS are to reduce inflammation and slower the evolution
towards myocardial fibrosis and cardiac remodelling, while managing the eventual
cardiac complications, such as heart failure and arrhythmias. Therefore, patients
need a timely and accurate follow-up, in order to modulate the immunosuppressive
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Table2.2 MRI-based differential diagnosis of cardiac sarcoidosis CS cardiac sarcoidosis, RWMA
regional wall motion abnormalities, HCM hypertrophic cardiomyopathy, MI myocardial infarc-
tion, LGE late gadolinium enhancement, DCM dilated cardiomyopathy, AC/ARVC arrhythmogenic
(right ventricular) cardiomyopathy, ECG electrocardiogram, LV left ventricle; * > 20 mm (Afro-
American) and > 13 mm (familial HCM); ECG electrocardiogram, ECV extra-cellular volume, RV

right ventricle, LV left ventricle, EDV end-diastolic volume, RBBB right bundle branch block

Diagnosis Clinical characteristics MRI findings
CS Multisystem disease, conduction Mediastinal and bi-hilar
abnormality, heart failure lymphadenopathy, LV dilatation,
regional myocardial thickening or
thinning, RWMA
Myocardial oedema
Sub-epicardial and mid-wall LGE
predominantly at the basal septum,
inferolateral wall or RV insertion site
Myocarditis | Recent history of symptoms from Myocardial oedema
(viral) infection, fever and chills, Sub-epicardial to mid-wall LGE in a
chest pain mimicking MI, elevated non-coronary pattern commonly
cardiac enzymes, ECG repolarisation | involving inferolateral wall
disorder
AC/ARVC Syncope, palpitations/ventricular RV, LV or biventricular involvement/
tachycardia, heart failure, ECG dilatation
(T-wave inversion V,-V; in the Task force major criteria (see also
absence of RBBB, epsilon wave), [32]):
family history Regional RV akinesia or dyskinesia or
dyssynchronous RV contraction and
* RVgpy; 8: 2110 mL/m2 @: >100 mL/
m2 or.
* RV-ejection fraction <40%.
Idiopathic Heart failure, dyspnoea on exertion, Dilated ventricles and reduced systolic
DCM palpitations, asymptomatic function, no LGE or septal mid-wall
cardiomegaly, family history LGE (25% of DCM) in a non-
coronary pattern
HCM Wide spectrum from asymptomatic to | Increased LV wall
sudden cardiac death, syncope, thickness > 15 mm*, LGE of
palpitations, family history hypertrophied segments or RV
insertion site
Amyloidosis | Multisystem disease, heart failure and | Small thickened ventricles, large atria
dyspnoea, ECG with low voltage QRS | with interatrial thickening, restrictive
physiology
Global sub-endocardial or patchy LGE
in a non-coronary pattern, atrial LGE
Difficulty in nulling (TI-scout)
ECV 11> 0.40

therapy and implement cardiac drug and device treatment. Although no randomized
controlled trials for the treatment of cardiac sarcoidosis exist, recent studies demon-
strated a prognostic benefit of early diagnosis and early initiation of corticosteroid
therapy [33, 34]. Most experts advocate corticosteroid/anti-inflammatory treatment
in patients with CS and active inflammation before LV systolic function declines
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and nonresponsive fibrosis has occurred [35]. Steroids are believed to slow disease
progression by re-establishing a normal T helper 1/T helper 2 (Th1/Th2) balance,
reducing inflammation and, possibly, granuloma formation [36]. Corticosteroid
taper or withdrawal may only be pursued in cases of absent (inflammatory) disease
activity and therapy duration may be as long as 1-2 years. More recently, centres
have recognized the role of steroid-sparing and immune-modulating agents to mini-
mize steroid-induced side effects [37, 38]. Data to support their use in CS are lim-
ited, though.

2.11 CMR for Arrhythmogenic Risk Stratification/ICD

There is a growing body of data establishing the important role of CMR in the
assessment and risk stratification of patients with suspected CS. Sudden cardiac
death accounts for 30-65% of deaths in patients with CS [39]. Presence of scar on
LGE imaging has been shown to be a potent independent risk factor for death,
appropriate defibrillator discharge, ventricular arrhythmia and pacemaker require-
ment while the absence of LGE is associated with a low risk of death or sustained
ventricular tachycardia (Fig. 2.9) [11, 40, 41].

According to the Heart Rhythm Society (HRS), CS patients who do not meet
traditional criteria for ICD implantation but show imaging evidence of fibrosis or
inflammation might be considered for ICD implantation if an electrophysiological
study is positive. The results of a recent meta-analysis [42] may even justify device
implantation without further electrophysiological testing in CS patients with

Fig. 2.9 Kaplan—-Meier 100 [T—— T T T T T
curves demonstrating the
impact of cardiac
sarcoidosis on event-free
survival (free from
sustained ventricular
tachycardia) in the late
gadolinium enhancement
(LGE) + (red) and

LGE- (blue) groups. P
value refers to log rank test
LGE+ vs LGE— survival.
From Murtagh et al. [40] 60| LGE +
which is an open access — LGE-
article distributed under the

terms of the Creative 50
Commons CC BY license

70 -

P<0.01

Event-free survival (%)

0 12 24 36 48 60 72 84
Survival time (months)

Months 0 12 24 36 48 60 72 84
LGE+ 41 32 21 12 5 1 0 0
LGE- 164 149 124 92 60 14 2 0

Number at risk
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imaging evidence of fibrosis or inflammation who do not meet traditional ejection
fraction based criteria for ICD implantation [14]. However, prospective studies have
not been performed to definitively prove benefit versus harm of ICD implantation
among such patients.

2.12 Positron Emission Tomography

Cardiac Positron Emission Tomography (PET) can be used to investigate both
regional myocardial perfusion (using perfusion radiotracer like 2Rb-Chloride and
3N-ammonia) and glucose metabolism (using '®F-Fluorodeoxyglucose, FDG). Of
note, myocardial perfusion may also be obtained using single-photon emission
tomography (SPECT) with radiotracers like **'T1-Chloride or *™Tc-Tetrofosmin/
Sestamibi. As CS represents a cardiac manifestation of a multisystem inflammatory
disease, an increased glucose metabolism of the myocardium represents the main
finding in affected patients [43] (Fig. 2.10).

An accurate diagnosis of cardiac sarcoidosis can be effectively obtained by the
comparison of perfusion and metabolic state within the myocardium. While a “mis-
match pattern” characterized by reduced baseline perfusion and increased glucose
metabolism within the same area is highly suggestive for cardiac sarcoidosis, other
patterns can be identified as recently described in a position paper jointly drafted by
the Society of Nuclear Medicine and Molecular Imaging (SNMMI) and the
American Society of Nuclear Cardiology (ASNC) [44].

The various patterns of combined perfusion and metabolic images are summa-
rized in Fig. 2.11. Several 'F-FDG patterns of CS have been described including
focal, diffuse and focal on diffuse [45]. In early stages of CS, regional areas of '3F-
FDG uptake are diagnostic of focal inflammation and in the same regions resting
myocardial perfusion defects may be observed. With the progression of the disease,
there could be a matched low-flow low-metabolism pattern, indicating the presence
of scar without inflammation. Of note, higher "®F-FDG myocardial uptake has been
reported in patients with CS presenting with ventricular arrhythmias compared to
those with advanced atrioventricular block or clinically silent [46, 47].

The clinical performance of ®F-FDG PET/CT has been evaluated in a meta-
analysis by Youssef and al [48], including 7 studies and 164 patients, most of whom
with systemic sarcoidosis. Cardiac involvement was demonstrated in about half of
the population and the diagnostic accuracy of *F-FDG PET resulted in 89% sensi-
tivity, 78% specificity and AUC 0.93.

2.13 Positron Emission Tomography with Tracers Other
than "®F-FDG

As previously discussed, '*F-FDG PET/CT imaging may be affected by non-specific
myocardial uptake due to individual response to dietary preparation. Therefore,
radiotracers other than '8F-FDG have been investigated in CS.
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Fig. 2.10 A 54-year-old patient with sarcoidosis. Primary scan (a maximum intensity projection
(MIP) and c axial) revealed increased uptake foci in the inferolateral segments of the left ventricle
(concordant with prior magnetic resonance imaging findings) and active mediastinal lymph nodes.
The follow-up scan (b, d) after 4 months of steroid treatment shows good response in lymph nodes,
but no significant changes in the heart. Reprinted with permission of Springer from [43]

»

and corresponding perfusion defect (D and E) is highly suggestive for cardiac sar-
coidosis in active phase. Finally, a perfusion defect without significant abnormali-
ties on 8F-FDG PET/CT is consistent with fibrosis/scar (F). Of note, pattern (C)
isolated focal '®FDG uptake in the basal lateral wall in the absence of a perfusion
defect, absence of abnormal wall motion or no delayed enhancement on CMR may
have reduced specificity for active myocardial inflammation. Reprinted with per-
mission of Springer Verlag from [45]
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Fig. 2.11 (I) Example of FDG and myocardial perfusion PET in sarcoidosis. The
whole body hybrid FDG-PET/CT study (I) showed multiple foci of inflammation in
the mediastinum, but no active inflammation in the myocardium; hybrid imaging
confirms regions of *FDG uptake in the mediastinal lymph nodes and not in the
myocardium. Assessment of systemic disease activity is an advantage of FDG-
BPET compared with echocardiography or CMR. (IT) Patterns of myocardial perfu-
sion imaging (MPI) and ¥FDG imaging of myocardial inflammation. This figure
shows rest MPI in the top row and "®FDG imaging of myocardial inflammation in
the bottom row. A pattern of no myocardial '*FDG uptake and homogeneous perfu-
sion is normal (A). A diffuse "*F-FDG uptake without perfusion abnormalities (B)
is unspecific as often due to inadequate dietary preparation resulting in failed sup-
pression of the physiological glucose metabolism of the heart. A focal '*F-FDG
uptake without corresponding perfusion deficits may indicate an early disease, with
active myocardial inflammation (C). A mismatch pattern (increased "*F-FDG uptake
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Somatostatin receptors (SSTR) are abundant on the surface of activated inflam-
matory cells (macrophages, epithelioid cells and multinucleated giant cells) which
are part of the sarcoid granuloma and absent in the normal myocardium. In the latest
years, %Ga-labelled DOTA-peptides, which have high affinity for SSTR, have dem-
onstrated to be promising in detecting CS although further studies are needed for
their extensive clinical use [49-51] (Fig. 2.12).

Most recently, Weinberg et al. investigated the potential of *F-Natrum Fluoride
(NaF) PET/CT in a small group of patients [52], but failed to image active inflam-
mation related to cardiac sarcoidosis.

Markers of cell proliferation such as !®F-fluorothymidine (FLT) and
"C-thiothymidine have been investigated, as they have been proved to accumulate
in chronic granulomatous lesions. While promising in view of their conceivably

18F-FDG

68Ga-DOTANOC

Fig. 2.12 Representative 'F-FDG PET/CT and ®®Ga-DOTANOC PET/CT images in a patient
with cardiac sarcoidosis. Left panel: MIPs showing dilated cardiomyopathy and multiple "*F-FDG
and 68Ga-DOTANOC avid lymph nodes (red arrows). In addition, there is massive and diffusely
increased activity in the lung parenchyma (black arrows) representing active pulmonary sarcoid-
osis. Right panel: while F-FDG PET/CT was inconclusive due to failed suppression of tracer
uptake from the myocardium (top), *Ga-DOTANOC images showed a clearly pathological uptake
in the septum (bottom). Reprinted under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/) from [51]
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better specificity, preliminary reports failed to demonstrate an incremental clinical
value over BF-FDG [53]. In a single instance, !'C-thiothymidine (4DST) demon-
strated diagnostic accuracy higher than '®F-FDG and CMR, but its use is to date
limited to research studies [54].

Finally, also markers of hypoxia have been investigated. The rationale of the use
of these radiotracers relies in data from immune-chemistry examinations, showing
that hypoxia-inducible factor HIF-1a and vascular endothelial growth factor (VEGF)
are expressed within granulomas in sarcoidosis [55]. Manabe et al. [56] showed a
cardiac involvement of sarcoidosis by means of *F-Fluoromisonydazole (FMISO)
PET/CT in a patient with histologically proven systemic sarcoidosis. Of note, the
uptake of *F-FMISO was co-localized with FDG uptake within the myocardium.

2.14 Prognosis

Left ventricular ejection fraction and the occurrence of LGE are the most important
clinical predictors of mortality among patients with CS. Advanced cardiac imaging
findings (such as LGE with CMR, myocardial inflammation with "*F-FDG-PET)
have been studied in smaller trials [11, 12, 39, 57] and proved to be predictors of
adverse clinical outcome. In a recent meta-analysis, it was shown that the presence
of LGE on CMR imaging is associated with increased odds of both all-cause mortal-
ity and arrhythmogenic events, especially in the group of patients with LVEF >50%
[42]. The absence of LGE is associated with excellent cardiac prognosis (Fig. 2.13).

0.16

p < 0.0001

0.14
—

0.12

0.10

0.08

=0.07
0.06 P

Annualized Event Rate

0.04

0.02

0.00

Composite Outcome All Cause Mortality

Er=rers

Fig. 2.13 Weighted mean annualized event rates (AERs) for the composite outcome of mortality
plus arrhythmogenic events and all-cause mortality comparing patients with myocardial scarring
as evidenced by the presence of LGE (green bars) with patients without LGE (pink bars). LGE
denotes Late gadolinium enhancement. From Coleman et al. [42]
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The metabolic information of '8F-FDG PET/CT provides also important prog-
nostic information. Blankstein and colleagues showed that perfusion/metabolic
mismatch on cardiac PET identified patients at high risk of ventricular arrhythmias
and death [58]. Moreover, semi-quantitative approaches such as standardized uptake
value (SUV) calculation and FDG myocardial uptake localization seem to be sig-
nificantly associated with risk stratification [59].

2.15 Follow-up and Monitoring
of Anti-Inflammatory Response

Reduction in size and intensity of LGE may provide a method to assess for response
to anti-inflammatory therapy [25]. Recent studies have shown significant reductions
in native T1 and T2 in patients who received anti-inflammatory treatment associated
with clinical improvement and lower C-reactive protein level [29, 30, 60]. Elevated
T2w signal and elevated T2 mapping values have been shown to correspond to
regional ®F-FDG uptake, with reduced uptake following corticosteroids, indicating
active inflammation and indicating a potentially reversible granulomatous inflam-
matory process with immune-suppressing therapy [21].

Nuclear imaging with '8F-FDG-PET is able to directly image inflammation and
macrophages activity and currently offers the most accurate imaging tool to monitor
for anti-inflammatory therapy response. On the other hand, it should be considered
that prolonged corticosteroid therapy may hamper the interpretation of F-FDG
PET/CT. In fact, steroids may increase serum glucose, insulin levels and *F-FDG
uptake by normal myocytes, reducing test specificity [61]. Moreover, a reduction in
myocardial '®F-FDG uptake may either reflect resolution of inflammation or myo-
cardial fibrosis. Therefore, the evaluation of the response to therapy is complex and
always requires a comparison to a baseline '*F-FDG PET/CT scan.

Studies including a limited number of patients have shown that variations in degree
of inflammation can be assessed by serial ®F-FDG PET/CT scans [62, 63] and these
metabolic changes correlate with the improvements in symptoms and arrhythmias
[64]. Furthermore, a reduction in both the intensity and extent of inflammation on a
follow-up "®F-FDG PET/CT was associated with an increase in left ventricular ejec-
tion fraction (Fig. 2.13) [65]. Conversely, increasing extension of myocardial inflam-
mation as evidenced by 'SF-FDG PET/CT scan at follow-up as well as increased
intensity of '8F-FDG uptake associated with baseline heterogeneous radiotracer distri-
bution are predictive for steroid therapy resistance [66]. It should also be noted that
PET allows for whole body imaging that may identify extra-cardiac areas of meta-
bolic activity and may guide the bioptic sampling (Fig. 2.14).

These evidences confirm the value of advanced imaging in the diagnosis and
management of patients with CS and they have been considered in expert consensus
recommendations, in which the identification of specific clinical scenarios may help
to guide the appropriate utilization [44, 67].

Whether imaging-guided treatment improves outcome remains to be determined
in multicentre collaboration trials.
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Baseline MIP 12-months MIP 24-months MIP

Fig.2.14 Cardiac sarcoidosis. Patient admitted for recurrent episodes of ventricular tachycardia.
Transthoracic echocardiography and CMR resulted in suggestive of infiltrative cardiomyopathy.
After diet preparation, baseline *FDG PET/CT (left) demonstrated a dramatic diffuse cardiac
uptake of the radiotracer, mediastinal lymphadenopathy and bone disease indicative of sarcoidosis.
Cardiac sarcoidosis was subsequently confirmed by endomyocardial biopsy. In the middle, PET
Maximum Intensity Projection (MIP) images at 1-year follow-up following immunosuppressive
therapy: there was a good metabolic response in the extra-cardiac areas of disease with low, persis-
tent myocardial uptake of the radiotracer. On the right, PET MIP images at 24-months: there was
a complete metabolic response. Patients were implanted with ICD that demonstrated recurrent
episodes of ventricular tachycardia that required transcatheter ablation. Images from Nuclear
Medicine Unit, Fondazione CNR/Regione Toscana “Gabriele Monasterio”, Pisa, Italy

2,16 Hybrid PET-CMR Imaging

Moreover, PET and CMR have a complementary value. While 'F-FDG PET/CT
has high sensitivity but suffers from lower specificity under certain metabolic condi-
tions, LGE is more specific as it reflects the expression of myocardial damage or
scar. Vita and co-workers retrospectively analysed data from 107 consecutive
patients studied both with CMR and PET [68]. When PET imaging results were
added to CMR data, 48/107 patients (45%) were reclassified as having a higher or
lower likelihood of CS and most of the reclassified cases (80%) were concordant
with the final diagnosis.

Using hybrid PET/MR scanners allows for a simultaneous acquisition of both
BE-FDG PET and CMR, thus reducing artefacts due to misregistration of the
images. Hanneman et al. validated the feasibility of this hybrid approach in CS and
in myocarditis [69]. Dweck et al. studied 25 patients and 19 control subjects [70],
showing incremental information about myocardial damage and disease activity if
PET and CMR are simultaneously acquired. In their paper, semi-quantitative mea-
sures of target to background ratio resulted in 0.98 area under the ROC curves for
the detection of CS. More recently, Wicks and colleagues compared the relative
performance of PET/CMR vs. "®F-FDG PET/CT and CMR as standalone modalities
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in 51 consecutive patients with suspected CS [71]. Hybrid PET/MRI showed a
superior sensitivity for detecting CS (0.94) than those of PET and CMR alone (0.85
and 0.82, respectively) (Fig. 2.15).

However, it should be noted that the comparison of the diagnostic accuracy of
BE-FDG-PET vs. CMR has been limited due to an imperfect reference standard.
Small areas of LGE on CMR not detected by "®F-FDG-PET may represent false
positive LGE or true disease. Similarly, small amounts of inflammation on '"*F-FDG-
PET not detected by CMR could be false positive or early CS without fibrosis [72].
Although the evidence is limited, CMR (using fibrosis by LGE) and '®F-FDG-PET
(inflammation) are complementary, and CMR may be more sensitive for initial
diagnosis, whereas "F-FDG-PET likely has greater utility for monitoring the anti-
inflammatory response [72].

2.17 Outlook

While imaging with CMR and PET has been helpful for the diagnosis of CS and the
identification of patients with a higher risk of adverse events, no randomized trials
exist regarding the benefit of immunosuppressive therapies. Future studies are
needed to prove better outcome and survival benefit from anti-inflammatory thera-
pies and to determine the clinical benefit of imaging-guided therapies.

Novel CMR quantitative tissue characterization techniques have shown to be
accurate and contribute to prognosis in inflammatory cardiomyopathies. They will
likely emerge as biomarkers once trials on the impact on patient outcome and hybrid
PET-CMR studies assessing detection of myocardial inflammation ("SFDG-PET vs.
T2 mapping) have been published. Their accuracy, though, depends heavily on
image quality, sophisticated image analysis and the advancing process of standard-
ization of mapping methods and protocols [73]. Furthermore, the overlap of T1/T2

Cardiac MRI LGE ————= PDG PET inflammation

Fig. 2.15 Co-registration of separately acquired cardiac CMR, left panel with cardiac PET, right
panel. The CMR was notable for a region of focal late gadolinium enhancement in the basal antero-
lateral wall. PET was significant for active inflammation in the same area in addition to an area of
less intense inflammation in the basal antero-septum that did not have significant LGE. From
Hulten et al. [72] which is an open access article distributed under the terms of the Creative
Commons CC BY license. CMR denotes cardiac magnetic resonance, PET positron emission
tomography, LGE late gadolinium enhancement
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mapping values of patients vs. controls also often is substantial. Even if abnormal
T1 and T2 values represent early disease, they currently carry uncertain clinical
significance since LGE negative sarcoidosis patients are known to have an excellent
prognosis [42]. To date, treatment of such abnormal T1 and T2 values is not war-
ranted and should be studied in future trials.

2.18 Conclusion

Cardiac sarcoidosis remains an enigmatic disease with uncertain aetiology, chal-
lenging diagnostic and therapeutic concepts mainly based on expert consensus.
Both CMR and PET have improved diagnostic accuracy for CS; its further impact
on clinical management and outcome remains to be determined.
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3.1 Introduction

Systemic amyloidosis is caused by an extracellular deposition (infiltration) of mis-
folded, insoluble protein with a characteristic B-sheet structure damaging the struc-
ture and function of various tissues and organs [1, 2]. Amyloid deposition can occur
in multiple organs (e.g. heart, liver, kidney, skin, eyes, lungs, nervous system)
resulting in a variety of clinical manifestations. Cardiac amyloid deposition may
occur in the myocardium, pericardium, small vessels and conduction system. The
result is an infiltrative restrictive cardiomyopathy with early diastolic and later sys-
tolic dysfunction, conduction disease including sudden death and occasionally isch-
aemia (with arterial involvement in mainly light chain (AL) CA) (Fig. 3.1).

Cardiac involvement drives the prognosis (ranging from less than 6 months for
AL CA to up to 3—12 years for transthyretin (ATTR) CA) and treatment in systemic
amyloidosis.

3.1.1 Different Phenotypes of Cardiac Amyloidosis

Clinical phenotype of the disease is determined by which protein is deposited
(Table 3.1). Two types of amyloid commonly infiltrate the heart: immunoglobulin
light chain (AL) amyloidosis and transthyretin (ATTR) amyloidosis. While ATTR
fibrils are derived from transthyretin (a normal plasma transport protein of thyrox-
ine and retinol; hence the name, transthyretin), AL fibrils are composed of unique
monoclonal immunoglobulin AL proteins that differ in each patient.

3.1.1.1 AL Amyloidosis

AL amyloidosis is associated with clonal plasma cell or other B-cell dyscrasias and
leads to a deposition of fibrils composed of monoclonal immunoglobulin light
chains. Approximately 5-10% of patients with AL amyloidosis will have evidence

Fig. 3.1 (Left) Biatrial dilation with thickened atrial septum and extensive thickening of the left
ventricle due to amyloid infiltration. (Middle) Close-up view of the atrium, showing the waxy,
irregular surface due to amyloid deposition. Atrial infiltration leads to atrial dysfunction, and the
irregular endocardial deposits can form a nidus for thrombus formation, accounting for the high
prevalence of atrial thrombi in amyloid cardiomyopathy. (Right) Sulphated Alcian blue staining
showing extensive amyloid deposits compressing myocytes and small vessels (inset): Adapted
from Falk et al. [3]
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of overt multiple myeloma. A similar proportion of multiple myeloma patients will
have AL amyloidosis [3]. Many organs may be involved but cardiac involvement is
sometimes the only presenting feature [4].

3.1.1.2 ATTR Amyloidosis

ATTR can be either hereditary (ATTR,,) or, more often, due to non-mutated wild-
type TTR (ATTR,,), also known as senile cardiac amyloidosis. ATTR is highly
under-recognized within certain cardiovascular disorders ant its reputation as a
“rare disease” has recently been challenged: Recent autopsies have shown that car-
diac amyloid deposits were present in 21% of heart failure with preserved ejection
fraction (HFpEF) patients (mean age 76 years) [5] and in 5% of patients with pre-
sumed hypertrophic cardiomyopathy [6]. ATTR,, has been shown to be prevalent in
up to 16% of patients with low-flow low-gradient severe calcific aortic stenosis
undergoing transcatheter aortic valve replacement (TAVR) and has been associated
with a worse prognosis [7, 8]. In selected patients, exclusion of senile ATTR,, may
therefore be considered prior to TAVR.

3.1.2 Screening for Cardiac Amyloidosis

Amyloid cardiomyopathy should be included in the differential diagnosis of any
patient who presents with HFpEF, in particular in patients with ventricular thicken-
ing without a history of hypertension or valvular disease. Other “red flags” to pos-
sible cardiac amyloidosis include progressive exercise intolerance, peripheral (limb
leads) low voltage QRS (in contrast to markedly increased LV wall thickness) with
poor R-wave progression in the chest leads (pseudoinfarct pattern) (Fig. 3.2), con-
duction disorder (atrioventricular, interventricular or sinoatrial), ventricular arrhyth-
mia and typically exertional or postprandial syncope. Pleural and pericardial
effusion is also frequently seen as well as atrial arrhythmias. Carpal tunnel syn-
drome and spinal canal stenosis may represent an early symptom of ATTR cardio-
myopathy [9].

The typical constellation on echocardiography (concentric (bi-) ventricular
hypertrophy, poor longitudinal ventricular contraction, restrictive filling with
biatrial dilatation (“small ventricles, large atria”) and apical sparing in myocardial
strain analysis), ECG abnormalities and elevated blood biomarkers (cardiac tropo-
nin and natriuretic peptides) is found mainly in advanced disease. Nevertheless,
transthoracic echocardiography (TTE) remains the first-line test for patients with
cardiovascular symptoms and hence the first suspicion of CA is often raised on
TTE. Left ventricular ejection fraction is not a reliable indicator of systolic function
in cardiac amyloidosis since ejection fraction and radial contraction are often pre-
served until end stage disease. In particular basal longitudinal contraction is typi-
cally affected earlier (apical sparing phenomenon of myocardial strain analysis) and
the better disease [10] and prognostic marker [11] in cardiac amyloidosis (Fig. 3.3,
top panel).
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Fig. 3.2 Electrocardiogram of a patient with ATTR cardiac amyloidosis showing peripheral low
voltage, pseudoinfarct pattern in the anterior leads and poor R-wave progression. (Image:
University hospital Basel, Switzerland)

Fig. 3.3 Top Panel: Echocardiography findings in a patient with advanced cardiac amyloidosis.
(a) Parasternal long axis view and (b) four chamber view showing concentric left ventricular
hypertrophy (¢) pulse wave Doppler showing restrictive left ventricular inflow pattern (d) strain
pattern characteristic of an infiltrative process. Bottom Panel: CMR findings in a patient with
advanced cardiac amyloidosis. (e) Four chamber steady state free precession cine, demonstrating
left ventricular hypertrophy (f) corresponding native T1 map showing a T1 value of 1150 ms in the
basal inferoseptum (g) corresponding T2 map showing a T2 value of 54 ms in the basal inferosep-
tum, within normal limits (h) corresponding phase-sensitive inversion recovery reconstruction
showing transmural late gadolinium enhancement (i) corresponding extracellular volume map
showing elevated value of 0.70. Images from [12], which is an open access article distributed under
the terms of the Creative Commons CC BY license, which permits unrestricted use, distribution
and reproduction in any medium, provided the original work is properly cited
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Yet, TTE features are not specific to CA and are commonly seen in other hyper-
trophic phenocopies including heart failure with preserved ejection fraction
(HFpEF) with high LV afterload (hypertension, aortic stenosis), infiltrative cardio-
myopathies, hypertrophic cardiomyopathy or impaired LV relaxation due to meta-
bolic disturbances (diabetes). Furthermore, the phenotypic heterogeneity of CA
itself contributes to the under diagnosis of CA.

3.2 Diagnosis
3.2.1 Endomyocardial Biopsy

Endomyocardial biopsy (EMB) remains the gold standard for the diagnosis and
subtyping of CA. In contrast to other diseases there is no issue with sampling errors
in CA. Characteristically, p-pleated sheets of amyloid fibrils bind the Congo red
stain, which when visualized under polarized light microscopy produces an abnor-
mal yellow, orange or the characteristic “apple-green” birefringence colour
(Figs. 3.1 and 3.4) [13]. Subtyping of CA has important therapeutic consequences.

3.2.2 Cardiac Magnetic Resonance (CMR) Imaging

CMR’s three-dimensional nature, excellent spatial resolution and high tissue con-
trast enable accurate measurement of cardiac function and morphology. Taken
together with its unique possibilities of tissue characterization, CMR is the primary
tool for the differential diagnosis of (hypertrophic) phenocopies of CA (Table 3.2;
Fig. 3.3, bottom panel; Fig. 3.5).

3.2.2.1 CMR Diagnosis and Imaging Protocol

Amyloidosis can be regarded as the exemplar of an interstitial disease. CA is associ-
ated with a higher extracellular volume than any other cardiomyopathy (ECV
46.6 = 7.0%) due to the widespread and substantial extracellular infiltration [14]. A
CMR imaging protocol (Fig. 3.6) for CA should include (1) cine imaging (assess-
ment of LV volume and mass, global and regional function, regional ventricular
thickening), (2) native T1 mapping, (3) assessment of inflammation/oedema (T2
mapping or T2w imaging), (4) assessment of early contrast uptake (early gadolin-
ium enhancement/early post-contrast T1 mapping), (5) late contrast uptake (LGE)
and (6) assessment of extracellular volume with post-contrast T1/ECV mapping and
(7) morphological images to detect extracardiac findings (such as pericardial or
pleural effusion).

3.2.2.2 Late Gadolinium Enhancement (LGE)

The most validated CMR technique for myocardial scar/fibrosis assessment remains
LGE imaging. LGE imaging employs an inversion recovery T1-weighted (T1W)
gradient-echo acquisition approximately 10 min after the intravenous
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Fig. 3.4 Vascular wall (top) and myocardium (bottom) of a patient with ATTR cardiac amyloido-
sis with extensive and extracellular amyloid deposits compressing the cardiomyocytes. This leads
to myocardial dysfunction, due to both stiffening of the extracellular space and direct myocyte
damage. Amyloid surrounding small vessels may result in angina with normal-appearing epicar-
dial coronary arteries on invasive coronary angiography. (a) Amorphous extracellular amyloid
deposition (200x, haematoxylin and eosin stain). (b) Amyloid deposition with Congo red staining
(200x, Congo red). (¢) Amyloid deposition with apple-green birefringence (200x, Congo red,
polarization filter). (d) Immunohistochemical classification of amyloid protein with an antibody
against transthyretin (ATTR amyloid) (200%x, ATTR). Courtesy of Prof. Katharina Glatz,
Department of Pathology, University Hospital Basel, Switzerland

administration of the gadolinium contrast. With appropriate settings, normal myo-
cardium appears black or nulled, whereas non-viable regions appear bright or
hyper-enhanced. Gadolinium contrast distribution volume and tissue concentration
are low in normal myocardium. Deposition of amyloid fibrils in the myocardium
leads to expansion of extracellular interstitial space. As such, in CA compared to
normal cardiac tissue, late gadolinium enhancement results from an increase in the
concentration of gadolinium in the expanded extracellular interstitium. The charac-
teristic diffuse LGE enhancement makes nulling of normal myocardium particu-
larly difficult (Fig. 3.7); in the absence of normal myocardium the operator may
erroneously null the abnormal myocardium carrying the risk of “false negative” or
“mirror images” of the true pattern [12, 15].

Phase-sensitive inversion recovery (PSIR) sequence has reduced the need for
optimal nulling, making LGE interpretation easier in cardiac amyloidosis.
Myocardial amyloid deposition results in interstitial expansion which can be
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3CH cine | 4CH cine SAX cine | Stress Perfusion |

Fig. 3.5 This is an example of a patient with CA. On 3CH cine, septal hypertrophy is noted. In
4CH view, intra-atrial septal is thickened and the tips of mitral valve cups appear to be thicker than
normal. There is concentric left ventricular hypertrophy in the short-axis cine view in the end-
diastole. On first pass stress perfusion, there is evidence of subendocardial diffuse perfusion
defects. Native T1 map demonstrates high native T1 values throughout. Extracellular volume
(ECV) is above normal for the whole left ventricle, but, with extended areas of myocardium with
ECV > 45%. Magnitude LGE imaging is difficult to infer with a TI of 270 ms set manually.
Magnitude LGE imaging demonstrates a similar pattern of diffuse fibrosis as PSIR LGE imaging.
Courtesy of Dr. Pankaj Garg, Sheffield Teaching Hospital NHS Foundation Trust, Sheffield,
United Kingdom

visualized by typically patchy LGE, subendocardial and/or transmural LGE in a
non-coronary pattern with early blood pool darkening on Look-Locker/TI scout
images [16]. Overall, LGE is an effective way of diagnosing patients with cardiac
involvement in amyloidosis with a summary sensitivity of 85% and specificity of
92% for diagnosing CA in a recent systematic meta-analysis [17]. Atrial LGE is
associated with atrial contractile dysfunction in CA and can rarely be seen in other
cardiac diseases and therefore is a strong clue to the presence of CA.

3.2.2.3 Quantitative Tissue Characterization with CMR Native T1, T2
and ECV Mapping

T1 mapping measures the longitudinal relaxation time of tissue, which is deter-
mined by how rapidly proton spins re-equilibrate their longitudinal magnetization
after being excited by a radiofrequency pulse [18]. It refers to pixel-wise measure-
ment of absolute T1 relaxation times on a quantitative map. T1 mapping circum-
vents some of the issues of LGE imaging, namely the influence of windowing and
nulling and provides quantitative assessment of diffuse extracellular expansion
(Fig. 3.8).
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| Imaging Protocol for Cardiac Amyloidosis |

Cines Native
(4ch, 2ch, 3ch) T1-mapping

| Localizers

T2-mapping §

Gadolinium
based
contrast
injection

EGE/ early T Cines |mag|ng
mapping (short-axis)

Post-contrast T1/|
| TI-Scount | l BGE imaging] |Dixon imaging| ECV mapping

Fig.3.6 CMR imaging protocol for cardiac amyloidosis (Images from University Hospital, Basel,

Switzerland)

Fig. 3.7 One of the cornerstone to diagnose CA infiltration by CMR is no obvious difference in
myocardial and blood pool signal intensity on TI scout images resulting in difficult myocardial
nulling. Courtesy of Dr. Pankaj Garg, Sheffield Teaching Hospital NHS Foundation Trust,
Sheffield, United Kingdom

Native T1 mapping is a viable option in renal failure, which is common with
amyloid. Conceptually, native T1 mapping measures a composite signal from both
interstitium and myocytes and will be elevated both in cases of myocardial fibrosis
and oedema. T1 mapping has the potential to detect diffuse myocardial structural
alterations not accessible by other non-invasive methods and may be more sensitive
than LGE in detecting diffuse myocardial fibrosis [18]. Normal native T1 values
vary greatly between different field strengths, vendors and T1 mapping protocols.
Cardiac amyloidosis is associated with a higher ECV (ECV 46.6 + 7.0%) than any
other cardiomyopathy due to widespread and substantial extracellular infiltration
(Fig. 3.9) [14].

ECYV is an imaging biomarker of myocardial tissue extracellular space (including
interstitium and excluding myocytes) and provides a physiologically intuitive unit
of measurement with normal ECV values of 25.3 + 3.5% in normal myocardium
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Fig. 3.8 (Top panel) Images from a modified Look-Locker acquisition in a patient with TTR
cardiac amyloidosis, shown here in the order of increasing times after the magnetization inversion
(TI). The images were acquired approximately 25 min after injection of 0.2 mmol/kg of gadolin-
ium contrast, and the T1 in myocardium averaged 490 and 597 ms in the blood pool. The myocar-
dial signal nulls characteristically early compared with the blood pool signal. (Bottom left panel)
A bull’s-eye plot of extracellular volume (ECV) fraction in the same patient, calculated from pre-
and post-contrast relaxation rate measurements for each of six myocardial segments in basal, mid,
and apical slice locations, respectively. (Bottom right panel) Images of late gadolinium enhance-
ment (LGE) in a two-chamber view for the same patient. Although ECV values in this patient
approach the range measured for ECV in myocardial infarcts, the LGE image shows more muted
enhancement than is seen for myocardial infarctions, which reflects the diffuse and global effect of
cardiac amyloidosis in comparison to LGE in myocardial infarctions. LGE may therefore underes-
timate the severity of disease, whereas ECV provides an objective measure of extracellular space
expansion. From: Falk et al. [3]

[14]. ECV is a more robust biomarker of pure infiltration than native or post-contrast
T1. Since it is a ratio of change of T1 it is much less dependent on field strengths,
vendors and T1 mapping protocols [18]. Estimation of ECV requires the measure-
ment of myocardial and blood T1 before and after the administration of contrast
agents as well as the patient’s haematocrit value:

1 1

Post contrast T1myo " Native Tl myo
1 3 1
Post contrast TIblood Native T1blood

ECV = (1-Haematocrit)

There is increasing evidence of a high correlation between synthetic ECV
(derived by estimating haematocrit from native T1 blood values) and conventionally
calculated ECV by using patient’s haematocrit [19, 20].

ECV can be regarded as the first non-invasive method for quantifying the cardiac
amyloid burden. With the only differential being global oedema, high global ECV
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T1 Mapping and ECV in clinical practice
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Fig. 3.9 Tissue characterisation using native T1 and extracellular volume fraction (ECV).
Absolute values for native T1 depend greatly on field strength (1.5 T or 3 T), pulse sequence
(MOLLI or SAMOLLI), scanner manufacturer and rules of measurements. For the purpose of
comparability, only studies using 1.5 T scanners were considered in this figure. Figure from [18],
which is an open access article distributed under the terms of the Creative Commons CC BY
license, which permits unrestricted use, distribution and reproduction in any medium, provided the
original work is properly cited

Extra cellular volume (ECV)

is very specific for cardiac amyloidosis. In CA, ECV is elevated before LGE or
ventricular hypertrophy occurs [21-23]. In a large study of 250 patients, Fontana
et al. demonstrated that there is a continuum of cardiac involvement in systemic AL
and ATTR amyloidosis. Subsequently, this leads to further rise in ECV with suben-
docardial LGE enhancement and finally, often this leads to transmural LGE
enhancement.

Myocardial oedema is present in cardiac amyloidosis by histology and CMR T2
mapping. It might have both important pathophysiological and prognostic roles in
cardiac amyloidosis; T2 levels were more elevated in patients with untreated AL
cardiac amyloidosis compared with treated AL and ATTR and a predictor of prog-
nosis in AL amyloidosis. Additional to amyloid infiltration, myocardial oedema
may therefore be contributing to mortality in amyloidosis [24].
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As additional CMR findings suggestive of cardiac amyloidosis, pericardial and
pleural effusion and ascites may be a further clue to cardiac amyloidosis.

3.2.2.4 Differential Diagnosis of AL vs. ATTR Amyloid

Efforts to differentiate between ATTR and AL have been made and showed more
extensive LGE and higher LV mass in ATTR compared to less extensive more sub-
endocardial LGE in AL (Fig. 3.10) [25]. The overlap between AL and ATTR amy-
loidosis, though, remains substantial.

Of note, more than 20% of patients with ATTR CA have an unrelated concomi-
tant monoclonal gammopathy of undetermined significance (MGUS) [3]. Therefore,
in patients suspected to have CA with monoclonal proteins, ATTR CA is still pos-
sible, and given the epidemiology, is even more likely than AL CA [26].

3.2.3 Scintigraphy

Radionuclide imaging plays an increasingly important role in the assessment of
infiltrative heart disease. In this regard, several radiotracers targeting different com-
ponents altered in the heart such as sympathetic innervation, perfusion, metabolism
or amyloid deposits have been assessed for the detection of CA.

3.2.3.1 Bone Avid Radiotracers

Bone scintigraphy (BS) with *"Tc-3,3-diphosphono- 1,2-propanodicarboxylic acid
(*"Tc-DPD), *™Tc-pyrophosphate (*™Tc-PYP), or %™Tc-hydroxymethylene
diphosphonate (*"Tc-HMDP) has emerged as a sensitive tool for the identification
of cardiac ATTR amyloidosis and differentiating it from AL type. Although the pre-
cise mechanism for accumulation of bone tracers in ATTR CA is not well known, it
is hypothesized to this be related to different amounts of calcium ions available for
the binding with the isotope [27].
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Fig. 3.10 CMR differences between AL and ATTR amyloidosis, figure adapted from [25]
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Imaging Protocols and Interpretation

Studies on bone scan protocols for CA evaluation include planar and SPECT imag-
ing routinely or planar imaging followed by SPECT if planar is positive. Planar
imaging alone is limited as myocardial uptake cannot be distinguished from blood
pool uptake, overlying rib uptake may add counts to the region of the heart, and
attenuation correction is not feasible. SPECT overcomes these challenges.

Image interpretation of BS varies from visual, to semiquantitative methods and
absolute quantification. According to the work of Perugini et al. [28], the most
widely used method for visual analysis compares the myocardial uptake to bone
(Perugini score), where grade 0O is absent myocardial uptake, grade 1 myocardial
uptake lower than bone activity, grade 2 myocardial uptake equal or above bone
activity and grade 3 is given if myocardial uptake is greater than bone activity with
concomitant mild/absent bone uptake. Patients with ATTR CA showed increased
DPD uptake (Perugini grade 2/3) in contrast to AL patients [28]. However, DPD
uptake is not completely specific for this condition and some cardiac uptake does
occur in a small proportion of patients with advanced AL CA. Examples of different
myocardial uptake to bone scintigraphy are given in Fig. 3.11.

Several methods of measurement of bone scan uptake with semiquantitative
indices, such as heart retention (HR), heart to whole-body retention (WBR) [29-
31], heart-to-skull retention (HR/SR) [32] or heart-to-contralateral chest wall (H/
CL) ratio, have been validated [33]. According to a multicentre study of Castano
et al. [34], the diagnostic performance of the semiquantitative H/CL ratio is slightly
better than the visual analysis. Moreover, Flaherty et al. [35] recently develop and
validate a protocol for myocardial *™Tc-PYP uptake on a CZT scanner based on the
established H/CL ratio. Using a diagnostic threshold H/CL > 1.5, the authors found
a high correlation between CZT and planar H/CL ratios (r = 0.92, P < 0.0001) with
a 100% agreement between both methods for the diagnosis of ATTR.

Finally, the diagnostic performance greatly increases when SPECT with
absolute quantification of myocardial uptake is performed. In a study using
9mTc-HMDP in a small cohort of patients, myocardial maximum standardized

c d
S B
’..6 "l .:%;: -
‘' e
Score 0 Score 1 Score 2 Score 3

Fig. 3.11 Representative images illustrating the spectrum of *"Tc-DPD myocardial uptakes in
four different cases. (a) No visually detectable myocardial uptake and normal bone activity (Score
0). (b) Low myocardial uptake lower than bone activity (Score 1). (¢) Intense myocardial uptake
equal or above bone activity (Score 2). (d) Intense myocardial uptake greater than bone with con-
comitant mild/absent bone uptake (Score 3). (Courtesy of Dr. Federico Caobelli, University
Hospital Basel, Switzerland)
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Fig. 3.12 Representative images of a patient with intensive myocardial uptake and concurrent
reduced bone activity on planar imaging (a, Perugini score 3). On SPECT/CT imaging (b) isocon-
tour VOIs were placed on the myocardium (red line), and on a vertebra (green line). Cardiac
SUVmax was 15.6, cardiac SUVpeak was 14.8, cardiac SUVmax normalized to bone activity
(nSUVmax) was 3.2, and SUVpeak normalized to bone activity (nSUVpeak) was 3.2. These find-
ings were consistent with an ATTR amyloidosis. Reprinted with permission of Springer Nature
from Caobelli F et al., J. Nucl. Cardiol 2020 [37]. No changes were made. SPECT/CT single-
photon emission computed tomography/computed tomography, VOIs volume of interest, SUVmax
maximum standardized uptake value

uptake value (SUVmax) accurately differentiated ATTR CA from other cardiac
diseases. Of note, this measurement allowed the identification of a reference
interval for individuals without ATTR CA, against which range a single poten-
tially affected individual could be compared [36]. More recently, this concept
was expanded by Caobelli et al. [37], showing that quantitative cardiac *™Tc-
DPD SPECT is practical, allows the diagnosis of ATTR CA and provides a
more accurate estimation of amyloid burden in patients with visual score grade
2 and 3. (Fig. 3.12).

Diagnostic Accuracy
Bone scintigraphy can be used to diagnose ATTR CA but not AL CA, with a sensi-
tivity approaching ranged from 83% to 100% (with a pooled estimate of 92.2%),
and the specificity ranged from 67% to 100% (with a pooled estimate of 95.4%) [28,
38]. However, not all bone tracers show equivalent diagnostic performance for
CA. In fact, the use of *Tc-methylene diphosphonate (**"Tc-MDP) showed lower
sensitivity and is considered inappropriate for patients with suspected ATTR
CA [39].

PmTc-DPD and *"Tc-HMDP are the main bone-seeking tracers used for CA
imaging in Europe. In the differential diagnosis, cardiac *"™Tc-DPD uptake is
strongly present in ATTR, absent in unaffected control subjects, and absent or weak
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in AL CA (with a H/CL ratio < 1.5) [31, 33, 40, 41]. In the largest multicentre study,
including 1217 patients with suspected CA, Gillmore et al. [28] proposed and vali-
dated a non-invasive algorithm to diagnose ATTR CA without the need of histology,
but only with echocardiographic or CMR findings suggestive of CA, cardiac uptake
at scintigraphy, and absence of monoclonal light chain gammopathy in serum and
urine. They showed that the myocardial uptake on BS was >99% sensitive and 86%
specific for cardiac ATTR amyloid, with false positives almost exclusively from
uptake in patients with cardiac AL amyloidosis. Interestingly, when associated with
the absence of a monoclonal protein in serum or urine, a bone scan with abnormal
uptake (Grade 2 or 3) has a specificity and positive predictive value of 100% for a
diagnosis of ATTR CA. On the contrary, if laboratory analysis detects monoclonal
light chain gammopathy in serum and urine, extracardiac biopsy is required to con-
firm AL CA [28].

Among TTR mutation carriers, *™Tc-DPD uptake can be detected before clear
echocardiographic and CMR phenotype development. Moreover, there seems to be
a good correlation between ECV and cardiac uptake on *"Tc-DPD scintigraphy
(r=0.533; p < 0.05) (Fig. 3.13) [42]. Furthermore, in elderly patients with HFpEF,
mTc-DPD scintigraphy is able to detect ATTR-wt [43, 44].

PmTe-HMDP showed similar diagnostic performance to detect cardiac ATTR
amyloidosis prior to echocardiographic evidence of cardiac involvement. Various
authors reported 90-100% sensitivity and 81-96% specificity for ATTR CA identi-
fication [45-47]. In addition, **Tc-HMDP may aid differentiation between CA and
other LV hypertrophy, provide prognostic information [46, 47], and assist in moni-
toring the progression of CA and the response to therapy [48].
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Fig.3.13 ECV and cardiac uptake. As seen in this correlation between ECV and grade of abnor-
mal cardiac uptake on *"Tc-DPD scintigraphy, only patients with the Se77Tyr variant had high
ECV measurements with grade 1 abnormal uptake. DPD = 3,3-diphosphono-1,2-
propanodicarboxylic acid; ECV = extracellular volume. From [42]
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Another phosphate derivate extensively studied in the amyloid field that also
showed to bind ATTR cardiac deposits with high affinity is *"Tc-PYP. In fact, in a
study conducted to validate the ability of *™Tc-PYP to distinguish between AL and
ATTR CA, the authors found that subjects with ATTR CA had a significantly higher
cardiac visual score than the AL type [33]. Moreover, the diagnostic performance is
higher when a semiquantitative H/CL ratio is calculated (91-97% sensitivity and
92-100% specificity) [33, 34].

Finally, whole-body scan imaging with bone tracer provides information not
only about cardiac involvement but also about other organs. Particularly, increased
mTc-DPD uptake in the muscle has been described in ATTR CA on planar scintig-
raphy, as well as in the gluteal, shoulder, chest, and abdominal walls using SPECT/
CT [27, 49]. However, this pattern of increased soft-tissue uptake has not been
observed with ®™Tc-PYP [50].

3.2.3.2 Innervation Radiotracers

Due to the amyloid infiltration into the myocardial and conduction tissue, patients
with both AL and ATTR amyloidosis tend to develop cardiac dysautonomia [51,
52]. Scintigraphy with '*lodine-metaiodobenzylguanidine ('*I-MIBG), an ana-
logue of norepinephrine, is used for the indirect visualization of the sympathetic
innervation of the heart [53]. The quantification of '*I-MIBG uptake in the heart
compared to the background (heart-to-mediastinum ratio, HMR) predicts clinical
outcome of patients with chronic heart failure [54]. A reduced cardiac >*IMIBG
uptake in patients with ATTR CA was described by several studies [55, 56].
Interestingly, '*I-MIBG imaging can detect innervation changes earlier than
other modalities, such as echocardiography [57] and bone scintigraphy [58].
Regarding the prognostic value of '**I-MIBG uptake in ATTRm patients with
familial amyloid polyneuropathy (FAP), a severe cardiac denervation at baseline
is predictive of neurologic worsening after liver transplantation [59]. In fact, late
HMR was identified as an independent prognostic predictor factor for 5-year all-
cause mortality with a 42% mortality rate for those patients with late HMR <1.60
(p < 0.001). Therefore, '®I-MIBG may be used to screen patients with TTR
mutation allowing earlier CA detection before symptoms or function abnormali-
ties occur [60].

In AL type patients, the myocardial uptake and turnover of '>I-MIBG are hetero-
geneous and dependent on the presence or absence of congestive heart failure
and cardiac autonomic dysfunction [61]. Of note, the presence of heart failure
was associated with decreased HMR and increased washout rates. On the other
hand, patients with autonomic dysfunction showed decreased HMR and washout
rates. Recently, Noordzij et al. [57] demonstrated that '»*I-MIBG washout rate
was higher irrespective of amyloid subtypes. Moreover, HMR was lower in
ATTR patients without echocardiographic signs of amyloidosis than in patients
with other types.
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3.2.4 Positron Emission Tomography (PET)

In the last years, PET radiotracers, originally developed for imaging p-amyloid
plaques in Alzheimer’s disease have also demonstrated an affinity for amyloid
fibrils and have gained an increased interest in the assessment of CA. Studies have
reported the utility of !''C-Pittsburgh compound B (PIB), “*F-florbetapir, and
8F-florbetaben for imaging AL and ATTR CA. Contrary to SPECT with bone
agents, PET imaging with amyloid tracers seems to be the first to specifically image
AL CA, with a high target-to-background ratio, with the potential to quantify amy-
loid cardiac and extracardiac burden and the response to therapy. Thought, the role
of PET/CT in cardiac amyloidosis is still limited.

IC-PIB myocardial uptake was found to be elevated in both cardiac AL and
ATTR with no uptake in control subjects [62, 63]. Furthermore, patients with
ATTRm V30M type has myocardial PIB uptake on PET scan, but with significantly
higher PIB retention in patients with full-length fibril type, generally associated
with less cardiac involvement. (Fig. 3.14) [64].

Similar results were obtained using **F-florbetapir and **F-florbetaben [65-67].
Furthermore, an autopsy study showed that all myocardial sections of patients with
CA (10AL, 10ATTR, 10 non-amyloid controls) had elevated uptake of '*F-florbetapir
compared to controls, interestingly with uptake greater in AL than ATTR (p < 0.001)
[67]. Another study showed increased liver uptake of '8F-Florbetapir in AL and nor-
mal liver uptake in ATTR CA, suggesting that 'F-Florbetapir may preferentially
bind AL fibrils [68]. *F-Florbetapen PET imaging can also identify and differenti-
ate between CA and left ventricular hypertrophy secondary to longstanding hyper-
tension [66].

Using semiquantitative parameters such as target-to-background ratio (TBR)
[69], retention index (RI) [64, 65], SUV [66] or dynamic parameters [68], PET
imaging has shown preliminary promise in quantifying amyloid disease burden. In
a recent systematic review, including six studies, PET imaging with amyloid tracers
demonstrated a pooled sensitivity of 0.95% and a pooled specificity of 0.98% for
the detection of AL and ATTR CA. Importantly, the semiquantitative parameters
showed significantly higher values for AL than ATTR patients (pooled standardized
mean difference SMD = 0.96; P < 0.001) [70].

Amyloid specific agents may also provide information on the cardiac uptake and
the response of therapy in patients with AL CA. In fact, some authors suggested that
treatment-naive AL patients might have higher cardiac uptake than those after che-
motherapy [69, 71, 72].

Finally, whole-body PET/CT with '¥F-Florbetaben and *F-Florbetapir provides
important structural and functional information regarding the extracardiac sites of
amyloid deposition [73, 74] and may guide the management with novel fibril-
resorbing therapies [75]. However, multicentre studies are required to evaluate the
clinical utility as well as the potential of amyloid PET in the (early) therapy
monitoring.
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Fig. 3.14 Matched ""C-PIB-PET (upper) and DPD SPECT (lower) images of patients with type
A fibrils (group A) and type B fibrils (group B). At the bottom is ''C-PIB-PET images from healthy
volunteers. Reprinted under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/). From Pilebro et al. [64] No changes were
made. '"'C-PIB-PET Pittsburgh compound B- Positron Emission Tomography, DPD 3,3-diphosph
ono-1,2-propanodicarboxylic acid, SPECT single-photon emission computed tomography

Other PET tracers able to differentiate ATTR CA from AL CA include "*F-Sodium
fluoride (NaF). The use of a bone-seeking PET tracer could lead to an increase in
diagnostic performance by improving imaging properties and allowing accurate
quantification. In fact, some authors suggested that PET/CT with "*F-NaF is more
efficient than conventional *™Tc-diphosphonates imaging as it demonstrates faster
kinetics and faster imaging time [76]. It was also noticed that type of ATTR muta-
tion might influence '8F-NaF tracer uptake [77]. Preliminary data showed increased
uptake of "*F-NaF in ATTR CA and no significant uptake in controls and AL patients
[78, 79]. More recently, Martineau et al. [80] proved that the diagnostic accuracy for
ATTR is higher when using quantitative analysis (sensitivity/specificity of
75%/100% for a target-to-background ratio using a cut-off value of 0.89).
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3.2.5 Hybrid Imaging: PET/MRI

Novel trends in hybrid imaging, such as PET-magnetic resonance imaging (PET/
MRI) are recently under investigation. Due to its higher spatial-temporal resolution,
PET/MRI could constitute a one-stop-shop evaluation of amyloid load and cardiac
function in patients needing rapid work-up. To date, only a few studies investigated
the role of PET/MRI in CA. In particular, hybrid PET/MRI with '¥F-NaF is able to
distinguish ATTR from AL/no CA patients, with equivalent performance compared
with #mTc-HMDP, but only when semi-quantification (myocardium-to-blood pool
ratios) is used [81]. Though, contrast is low and visual interpretation may be challeng-
ing in routine. In another pilot study of patients with suspected CA, PET/MRI with
8F-Florbetaben was performed for delimitation of systemic extent of amyloid deposi-
tion. The authors concluded that PET/MRI with amyloid tracer may provide impor-
tant structural and functional information regarding the organs involved by the disease,
with potential to guide biopsy and evaluate response to treatment [82] (Fig. 3.15).
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Fig. 3.15 Findings in a patient with systemic amyloidosis: (a) MIP and (b) cardiac bed images
show intense myocardial '*F-florbetaben uptake, suspicious for amyloid. Intense uptake was also
demonstrated in the extraocular muscles, consistent with recent orbital MRI findings that were
concerning for amyloid involvement (¢). Although such manifestation is rare, intense uptake was
noted in the thyroid glands (d). The patient had mild or subclinical hypothyroidism, with low free
thyroxine (1.1 pg/dl) and upper limit of the TSH normal range (3.85—4.6 mIU/L). Physical exami-
nation of the neck also revealed discomfort on palpation. Images from Baratto et al. [82]. Reprinted
under the terms of the Creative Commons Attribution 4.0 International License (http://creative-
commons.org/licenses/by/4.0/)
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However, future prospective studies are warranted on the role of integrated PET/
MRI system for the diagnosis and progression of systemic amyloidosis, as well as
highlighting technical issues due to the presence of device implantation artefacts,
which may impair image interpretation, thus posing a challenge in evaluation with
PET/MRI. In addition, with the promise of high spatial/temporal resolution and 3D
coverage, MRI will be an important tool in the diagnosis and monitoring the bene-
fits of new therapies.

3.2.6 Diagnostic Algorithm for Diagnosis and Sub-Typing
of Cardiac Amyloidosis

A proposal for an algorithm using multi-modality imaging for diagnosis of CA and
differentiation between AL and ATTR subtype is provided in Fig. 3.16.
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Fig.3.16 Diagnostic algorithm for diagnosis and subtyping of cardiac amyloidosis. Histological
confirmation should be pursued in all cases with inconclusive imaging results. HFpEF heart failure
with preserved ejection fraction, BNP brain natriuretic peptide, LV left ventricular, GLS global
longitudinal strain, CMR cardio magnetic resonance, LGE late gadolinium enhancement, ECV
extracellular volume, CA cardiac amyloidosis; “™Tc-DPD technetium-99 m-3,3-diphosphono-1,2
propanodicarboxylic acid. As any algorithm, this algorithm may only cover the majority of patients
with presumed cardiac amyloidosis. In all patients with unclear results interdisciplinary discussion
between cardiologists, specialists in nuclear medicine, pathologists and geneticists is recommended
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3.3 Treatment

The treatment to cardiac amyloidosis is two-fold: (1) optimal modified medical
heart failure therapy including device therapy with careful titration of diuretics as
cornerstone of therapy to avoid hypovolaemia and maintain adequate filling pres-
sures; betablockers, angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers are poorly tolerated in cardiac amyloidosis; (2) treatment of the
underlying disease.

Central to the treatment of AL amyloidosis is cytotoxic chemotherapy (e.g. bort-
ezomib) [83]. Owing to age, renal function and advanced cardiac involvement (i.e.
poor prognosis) the majority of patients are considered ineligible for stem cell trans-
plantation [84].

Several pharmacotherapeutical options are now available for disease modifica-
tion of ATTR amyloidosis: (1) silencers for reduction/elimination of the production
of transthyretin [inotersen [85], patisiran [86]]; (2) stabilizers [tafamidis [87], diflu-
nisal [88]] and (3) degraders for disruption of already disrupted amyloid fibrils are
currently under study (Table 3.1).

3.4 Prognosis

The prognosis of virtually all cardiac diseases deteriorates with the presence of
LGE. As regards, cardiac amyloidosis, there are some conflicting data in single-
centre studies. A recent systematic review and meta-analysis, though, supported the
prognostic role of LGE in risk stratification of patients with CA irrespective of
cardiac biopsy results [89], and there is increasing evidence to use ECV as a prog-
nostic marker [42, 90, 91]. Myocardial ECV remains an independent predictor of
prognosis in cardiac ATTR after adjusting for known predictors and is the earliest
disease marker to track amyloid regression [91, 92] (Fig. 3.17).
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Fig.3.17 The relationship between late gadolinium enhancement (LGE) patterns and ECV shows
a typical correlation of very high ECV values and subendocardial or transmural LGE. In patients
with ATTR, ECV was independently correlated with mortality. Adapted from [42]
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ATTR CA despite showing more and more often transmural LGE than AL amy-
loidosis has a better prognosis [25]. This suggests additional processes contributing
to cardiac dysfunction and mortality in AL CA not detectable by LGE such as a
direct cardiotoxic effect of soluble light chain in AL CA which might also explain
higher troponin level in AL CA [3]. Due to its diffuse uptake of gadolinium focal
LGE may be less often detectable and ECV might be the better prognosticator in
cardiac amyloidosis. ECV >45% carried a hazard ratio for death of 3.84 for mortal-
ity and was significant in a multivariate analysis with traditional prognostic factors
(natriuretic peptides and grade of diastolic dysfunction) [90].

ECV can also be used to measure the myocyte response; detecting differences
between AL and ATTR with an apparent relative (compensatory) hypertrophy
response in ATTR not present in AL highlighting that amyloidosis is not just an
interstitial disease [93]. In AL CA, all of the increase in left ventricular indexed
mass is extracellular volume, whereas in patients with ATTR CA, the increase in
mass is extracellular, with an additional 18% increase in the intracellular space [93].

Performed serially, CMR might be a means to follow response to treatment and
changes in myocardial burden. ECV has been proposed to become a non-invasive
test to quantify cardiac amyloid burden [14] and could be used as a tool to guide and
monitor treatment [21]. Regression of ECV has been demonstrated in patients with
AL cardiac amyloidosis and good clonal response to chemotherapy (Fig. 3.18) [92].

The prognostic value of nuclear imaging has also been evaluated in patients with
CA. A few studies support the ability of semiquantitative parameters such as H/WB
retention or H/CL ratio to identify higher risk of major adverse cardiac events, acute
heart failure and mortality. In a study of 63 patients with ATTR CA, H/WB retention
was used to quantify the degree of myocardial *"Tc-DPD uptake and was a prog-
nostic “determinant” of outcome, either alone or in combination with left ventricle
wall thickness. Interestingly, a wall thickness > 12 mm in combination with H/WB
ratio > 7.5 was associated with the highest event rate [94]. In a multicentre, retro-
spective study including 229 patients, Castano et al. [34] highlighted the prognostic
value of #"Tc-PYP activity as quantified by H/CL. Over a 5-years follow-up period,
a H/CL > 1.6 was associated with a significantly worse survival, among patients
with ATTR CA and was considered an independent predictor of poor outcome [34].
In addition, an apical sparing of tracer uptake pattern similar across ATTR-wt and
ATTR-m subtypes was identified on myocardial scintigraphy with bone tracers, in
accordance with echocardiographic and CMR findings, with similar prognostic
value [95, 96]. However, there are no significant data on whether **Tc-PYP scintig-
raphy could be used for reliable quantification of amyloid burden over time in ATTR
CA. In fact, some research did not show any significant change during a 1.5-year
follow-up despite obvious clinical progression [97]. Finally, Minamimoto et al. [98]
showed that uptake of ''C-PIB may be related to progressive amyloid deposition to
the heart and can predict patient prognosis.

Apart from imaging, blood biomarkers such as cardiac troponin and brain natri-
uretic peptide levels have also been shown to provide important and easily obtain-
able prognostic information in patients with CA [99].
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Fig.3.18 Four chamber cine (left), corresponding LGE (middle) and ECV (right) mapping before
and after chemotherapy in 2 patients with cardiac AL amyloidosis: 1 regressor (top) and 1 that
progressed (bottom). ECV extracellular volume, LGE late gadolinium enhancement. From [92]

3.5 Conclusion

CA is an underdiagnosed cause of heart failure, significantly more common than
previously thought. With specific treatments now available, diagnosing cardiac
amyloidosis early and reliably with multi-modality cardiac imaging is possible and
more important than ever. Recent advances in both CMR and nuclear imaging have



3

Cardiac Amyloidosis 63

largely replaced the need for invasive cardiac biopsy in diagnosing CA. Future stud-
ies will have to prove the true clinical benefit of (earlier) diagnosis of CA and their
role in monitoring the benefit of still very costly new therapeutic options.
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4.1 Introduction

The knowledge of vulnerable plaque is evolving rapidly in the last decade from the
pioneering studies uncovering the pivotal role of plaque rupture and coronary
thrombosis as the major cause of acute myocardial infarction and sudden cardiac
death to the developing of new imaging modality and treatments. Many cellular and
molecular pathways are involved in the pathogenesis of vulnerable plaque, includ-
ing monocyte mobilization, the transformation of monocytes to phagocytic, tissue
macrophages at the site of the atheroma, toxic interaction of phagocytized lipids,
and cellular debris that result in the necrotic core, the structure of the atheroma
(particularly the thin cap of atheroma), and the dual role of calcification [1].

New biological mechanisms beyond the simple accumulation of lipids have been
demonstrated at the basis of lesion vulnerability such as tissue proteolysis by matrix
metalloproteinases, recognized an essential factor responsible for rupture of the
fibrous cap. A post-mortem study finally defined the role of necrotic core size,
flogosis, and fibrous cap thickness. However, the diagnosis in vivo of vulnerable
plaque remains still theoretic in the clinical scenario.

Nowadays, the developing role of new nuclear medicine imaging techniques,
through the ongoing advancements in molecular imaging and new radiopharmaceu-
tical compounds, surpassed the conventional morphological evaluation, permitting
the assessment of specific bio-molecular targets involved in the plaque pathogenesis.

The first molecular imaging technique to study atheroma utilized 14C and 3H
cholesterol administered to 13 patients (either orally or intravenously or both) to
determine the turnover of cholesterol in atheroma that was confirmed by the arterial
specimens [2]. Subsequently in the 1980s in vivo images of the carotid arteries were
also described using autologous radioiodine-labeled or Tc-99 m- low-density lipo-
protein (LDL) showing a greater uptake in parts of the lesions with foam cells and
macrophages [3].

Positron emission tomography (PET) using different radiopharmaceutical agents
has become a validated molecular imaging technique for the characterization of
atherosclerotic plaque and for non-invasive quantification of plaque inflammation
following therapeutic interventions targeted at reducing atherosclerotic inflamma-
tion [4-6]. In this regard,'*F-fluorodeoxyglucose (FDG) PET/CT was demonstrated
to be an accurate tool in the evaluation of the inflammatory activity of blood vessels,
reflecting the glucose metabolism of intraplaque macrophage infiltration [7].

Furthermore, other novel radiopharmaceutical agents have been developed
focusing on the evaluation of inflammatory processes in the arterial wall [5—7]. The
most relevant application regards '*F-sodium fluoride (NaF) PET as an emerging
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tool in the assessment of ongoing microcalcification [8], but other more radiotracers
may provide crucial information on specific metabolic targets involved in the patho-
physiology of plaque, such as chemokine receptor CXCR4-expression [9] or
amyloid-p deposition [10].

This chapter will focus on the biological and clinical correlates of arterial radio-
tracer uptake using new relevant emerging radiotracers in PET (fused with CT or
MRI) and single photon emission tomography (SPECT), to highlight recent evi-
dence in the evaluation of vulnerable plaque.

4.2 Biology and Pathogenesis of Atherosclerosis

Atherosclerosis is a multifocal disease resulting from the accumulation of fatty and/
or fibrous material in the subendothelial space (intima) of medium and large-sized
arteries. Atherosclerosis is initiated by the interplay between endothelial cells (ECs)
and atherogenic stimuli, such as hyperlipidemia and disturbed blood flow [8, 9]
(Fig. 4.1). Over time, a chronic inflammatory response occurs and involves numer-
ous cellular components of the immune system, leading to the progression of ath-
erosclerotic plaques, with numerous complications [8, 10]. Obstruction of the
arterial lumen can occur, leading to tissue ischemia. In addition, rupture or erosion
of a clinically silent atherosclerotic plaque can also occur, leading to acute throm-
botic occlusion of the vessel, with life-threatening clinical conditions such as coro-
nary syndrome or stroke. Atherosclerosis is by far the leading cause of cardiovascular
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diseases (CVDs) worldwide. Atherosclerotic CVDs remain the leading cause of
death globally, with coronary artery disease and stroke being the most prevalent
cause of death [11]. Tremendous efforts have been made in the understanding of the
physiopathology of atherosclerotic CVDs as well as in their prevention and treat-
ment. These measures help to counteract this global burden, even though a certain
heterogeneity exists between populations. Indeed, more than 75% of death are from
low and middle-income countries and more than 10% of country-based disability-
adjusted life years lost result from atherosclerotic CVDS, with a significant impact
on the economy of developing countries [12].

4.2.1 History

In 1952, von Rokitansky proposed the “thrombogenic theory,” based on the postu-
late that fibrin deposition in the intima of arterial wall preceded the development of
atherosclerotic lesion and might contribute to this process [13]. This theory was
challenged by the “inflammatory theory” of Rudolf Virchow in his publication
“Cellular Pathology” in 1858. Virchow postulated that atherosclerotic lesion results
from a dynamic process of tissue reaction rather than a passive deposition of lipid
material. He also postulated that atherosclerotic lesion, called “endarteritis defor-
mans,” resulted from an active inflammatory process within the intima. These theo-
ries built the basics of our contemporary understanding of atherosclerosis. In
parallel, in the nineteenth century, the fundamentals concepts of modern immunol-
ogy were established. First, work from Paul Ehrlich on antibodies demonstrated the
interaction between antigens and antibodies, building the basics of the adaptive
immunity field [14]. Then, the discovery of phagocytosis by Ilya Mechnikov
allowed advances in the field of innate immunity field [15]. Further discoveries
brought more light to the complex pathophysiologic process of atherosclerosis. In
1973, Ross and Glomset demonstrated the implication of vascular smooth muscle
cells (SMCs) in the development and progression of atherosclerotic lesions [16]. In
1976, Ross and Harker proposed the “response to injury theory” as a mechanism for
the development of atherosclerotic lesions. Furthermore, they demonstrated that
hyperlipidemia solely can cause endothelial lesions as well as the initiation and
progression of atherosclerotic plaques [17]. Later, Brown and Goldstein identified
the major pathway of the low-density lipoprotein cholesterol (LDL-C) homoeosta-
sis [18], allowing the development of therapeutics targeting cholesterol metabolism.
In 1981, Gerrity showed the critical role of foam cells derived from monocytes in
atherogenesis, a still valid concept in our modern comprehension of atherosclerosis
as an inflammatory disease [19]. In 1983, Erling Falk identified in human autopsy
specimens the causative role of plaque rupture in the incidence of acute coronary
thrombosis [20]. Davies identifies later on human autopsy studies the features of the
vulnerable plaque, prone to rupture [21]. In 1987, Glagov proposed the concept of
vascular remodeling during the progression of atherosclerotic plaque. In his obser-
vation, there was an excentric expansion of the arterial wall at the early stage of
coronary heart disease (<40% stenosis) with relative preservation of the coronary
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lumen. With the progression of the atherosclerotic lesion (>40% of stenosis), a sig-
nificant reduction of the coronary lumen occurred [22]. Based on the knowledge of
modern immunology, Hansson and Libby demonstrated the critical implication of
the immune system in the development and progression of atherosclerosis, further
consolidating the evidence that atherosclerosis is a chronic inflammatory disease
[10, 23].

4.2.2 Mechanisms of Atherosclerosis

Based on our current understanding, the pathogenesis of atherosclerosis can be
divided into three phases: initiation, progression, and complications.

4.2.2.1 Initiation of Atherosclerosis

Vascular Endothelium and Atherosclerosis

Vascular endothelium was initially considered as a simple cellular barrier between
blood and interstitial space without relevant specific functions. Nowadays, the
endothelium is well recognized as a dynamic adaptive interface between blood and
arterial tissue with an essential function in the regulation of the homeostasis of the
cardiovascular system [24]. Indeed, the endothelium mediates the selective trans-
port of fluids and macromolecules. It also regulates coagulation and local vascular
tone (through the synthesis of vasoactive molecules such as nitric oxide and prosta-
glandins) as well as inflammation through the expression of cytokines and cell
adhesion molecules. The endothelium can also act as a sensor and transducer of the
shear stress, the mechanical forces applied on the surface of ECs by the blood flow.
Shear stress is known to influence endothelial cell morphology and function and is
one key factor of atherogenesis [21]. The alteration of the endothelial function by
pathological stimuli, such as conventional cardiovascular risk factors, pro-
inflammatory processes, or pathological hemodynamic forces, is one of the earliest
processes in the initiation of atherosclerosis [23].

Hemodynamics Forces in Atherosclerosis

Advancement in computational fluid dynamics helped to understand the relation-
ship between blood flow and the development of atherosclerosis [25, 26]. Indeed,
the rate and the velocity of blood flow vary along the vascular tree. While straight
arteries experience a physiological high laminar flow, bifurcations and curvatures
experience a low and turbulent flow. The preferential development of atherosclero-
sis in areas of disturbed flow has led to the hypothesis that shear stress-induced
endothelial cell dysfunction could precede the disease onset [27]. In high shear
stress regions of arteries, ECs are quiescent, elongated, and possess atheroprotective
properties. They express anti-inflammatory and anti-thrombotic genes [28, 29]. ECs
at bifurcations and curvatures have a cobblestone shape and a high turnover (high
apoptosis and cell proliferation), a typical feature of endothelial dysfunction. They
also display a pro-atherogenic phenotype as they express pro-inflammatory and
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pro-thrombotic genes [30]. Altogether, the evidence demonstrates the key role of
hemodynamic forces in atherogenesis.

Low-Density Lipoprotein Cholesterol

As already demonstrated by Nikolai Anitschkow in 1913 in a murine model with a
cholesterol-rich diet, “without cholesterol, there is no atherosclerosis” [10]. More
than a century later, these observations are still verified in different studies, showing
that at the physiological level of LDL-C (10-20 mg/dl), atherosclerotic lesions
would not develop [31]. However, this range is far exceeded in most of our contem-
porary societies [32]. Two populations particularly gained attention in the attempt to
understand the impact of the chronic high levels of LDL-C blood concentration.
Indeed, in patients with familial hypercholesterolemia, chronic exposure of the
arteries to high LDL-C already at the early ages leads to premature atherosclerotic
lesions [33]. On the contrary, patients with proprotein convertase subtilisin/kexin
type 9 (PCSK9) loss-of-function mutations, who have chronically low LDL-C
blood concentration, exhibit a significant reduction of cardiovascular events [34].
From these observations, the cumulative exposure of an artery to LDL-C over time
seems to be one of the major determinants for the disease initiation and progression
as well as a very promising pharmacological target.

Endothelial cell dysfunction (ECD) is linked with the impairment of its barrier
function, promoting the infiltration of LDL-C particles in the intima, which get
trapped into the extracellular matrix (ECM) [35]. The trapped lipoproteins bind to
proteoglycan after biochemical modification by proteases and lipases, and form
aggregates [36]. Subsequently, oxidized LDL (oxLDL) is formed by oxidative mod-
ification of LDL through myeloperoxidase, lipoxygenase and reactive oxygen spe-
cies. OXxLDL has the capacity to trigger the innate and adaptive immune system
[37, 38].

Surface Adhesion Molecules

In response to the accumulation of oxLLDL in the intimal space and in the presence
of pathological blood flow, ECs express adhesion molecules, such as vascular cell
adhesion protein 1 (VCAM-1), intercellular adhesion molecule-1, E, and P-selectin
[24]. Interestingly, loss-of-function mutation in the gene encoding VCAM-1 led to
a significant reduction of the atherosclerotic lesion in mice after 8 weeks of
cholesterol-enriched diet [39]. Furthermore, it has been shown that the blood con-
centration of the soluble isoforms of VCAM-1 correlates with the maximum intima-
media thickness at the carotid bifurcation, a well-recognized marker of atherosclerosis
in the carotids [40]. Therefore, the pathogenic function of VCAM-1 in the initiation
of atherosclerosis is a marker of ECD.

Monocytes and T-lymphocytes bind selectively to VCAM-1. Once bounded, the
circulating mononuclear cells require the presence of chemotactic chemokines to
stimulate their migration into the intima. Monocyte chemoattractant protein-1
(MCP-1), which is produced by ECs as well as by SMCs and macrophages, contrib-
ute significantly to this process [41]. MCP-1 binds with high affinity to its receptor
CCR2. During plaque formation, CCR2 on monocytes can be upregulated by more
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than 20-fold in comparison to the resting state [42]. In addition to MCP-1, three
interferon-y chemokines are also implicated in the recruitment of T-Lymphocytes to
the nascent atherosclerotic plaque [43].

Foam Cells Formation

Activated and infiltrated monocytes further differentiate into macrophages. This
process is induced by stimuli such as macrophage colony-stimulating factor and
granulocyte-macrophage colony-stimulating factor, which is synthetized by ECs
among others [44, 45]. Macrophages express high capacity scavenger receptors
(SRs), of which SR-A and CD36 are the most important variants for the oxLDL
uptake [46]. In contrast to other LDL-C receptors, SRs evade the negative feedback
loop in response to increased intracellular cholesterol. Thus, SRs allow the over-
loading of the subendothelial resident macrophages with oxLDL, leading to the
formation of lipid-loaded macrophages, named foamed cells, which are the hall-
mark of early atherosclerosis [8].

Progression of Atherosclerosis

Once initiated, atherosclerotic lesion progresses as a result of chronic inflammation.
Accumulation of inflammatory cells within the atherosclerotic plaque is also medi-
ated by their local proliferation. Various factors, such as semaphorins synthetized by
macrophages, lead to the alteration of their migration capacity, contributing to their
retention in the intimal space [47, 48]. During the progression of the atherosclerotic
plaque, macrophages and SMCs are prone to apoptosis, leading to the formation of
a lipid-rich or necrotic core [49, 50]. It has been shown that the normal process of
dead cell removal, termed efferocytosis, is 20-fold reduced in atherosclerotic lesions
in comparison to normal tissues [51]. This in turn also contributes to the formation
of an atheromatous core consisting of apoptotic debris, lipid, and foam cells.

Smooth Muscle Cells and Atherosclerosis

The progressive accumulation of lipoproteins and inflammatory cells in atheroscle-
rotic lesions leads to an expansion of the intima space with the subsequent disrup-
tion of the endothelium. Some authors suggested that this endothelial disruption
may lead to the activation of SMCs [52]. However, this mechanism has to be better
elucidated. Nevertheless, the inflammatory process occurring in the atherosclerotic
plaque leads to the synthesis of different chemoattractant proteins. Platelet-derived
growth factor (PDGF) is likely the dominant factor in fibrous cap formation [53].
Vascular SMCs, which usually reside in a quiescent state in the medial layer of
normal arteries, respond to the PDGF stimulation through migration into the intima
[54]. Under the stimulation of transforming growth factor (TGF)-f, SMCs trigger a
fibro-proliferative response and synthesize ECM components among which elastin,
proteoglycans, glycosaminoglycans, and fibrillar collagen [54]. This collagen-rich
matrix contributes to the trapping of lipoproteins, promoting their accumulation
within the intima. Fibrillar collagen also forms a dense tissue barrier that counter-
acts the release of the thrombogenic plaque material into the circulation. The
strength of the fibrous cap is, therefore, determinant for plaque stability.
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Interestingly, contrary to previous thoughts, the process of foam cell formation is
not an exclusivity of monocytes-derived macrophages. It has been shown that under
various stimuli, intimal SMCs can differentiate into a macrophage-like phenotype,
with the expression of SRs at their surface, contributing to the formation of foam
cells [55].

Calcification

Atherosclerotic plaque calcification is a common process seen during disease pro-
gression [56]. It is an active process, resulting from the alteration of the regulation
and the clearance of calcium mineral. Of note, this process is similar to the miner-
alization process observed during bone formation [57]. Interestingly, diffuse calci-
fication of the atherosclerotic plaque tends to consolidate the biomechanical stability
of the fibrous cap, leading to fewer thrombotic events associated with plaque rup-
ture [58]. However, the presence of small focal nodules of calcification, called
spotty calcifications, leads to biomechanical instability of the plaque and is associ-
ated with increased cardiovascular events [59]. Nevertheless, the evaluation of the
total amount of coronary calcification, termed coronary artery calcium score, is
nowadays a well-established prognostic marker of atherosclerotic disease beyond
traditional risk factors, as it reflects the extent of the disease [60]. Furthermore,
assessment of the calcification activity within the coronary plaque is becoming a
strong independent predictor of fatal or nonfatal myocardial infarction beyond the
solely anatomical evaluation of the plaque burden [61].

Plaque Neoangiogenesis

Increasing wall thickness during atherosclerosis results in reduced oxygen avail-
ability for vascular cells. This hypoxic condition is further exacerbated by the
increased oxygen consumption of high metabolic active immune cells [62]. In
response to the hypoxic condition, vascular cells induce adaptive changes mediated
by the oxygen-sensitive transcription factor, the hypoxia-inducible factor (HIF)-1.
This results in the synthesis of hypoxia-responsive genes such as vascular endothe-
lial growth factor (VEGF), fibroblast growth factor, cytokines, and angiopoietins
[63]. VEGF promotes the shift of adventitial vasa vasorum ECs from a quiescent to
an active migratory and proliferative state, leading to neovessels sprouting towards
the base of the plaque [64]. The forming vessels are immature and prone to leakage,
favoring the extravasation of plasma proteins, erythrocytes, and inflammatory cells.
Consequently, pro-inflammatory processes as well as plaque progression and desta-
bilization are exacerbated [65]. Therefore, plaque neovascularization in atheroscle-
rosis could be a marker of inflammatory activity as well as a promising diagnostic
and therapeutic target.

Innate Immunity Cells in Atherosclerosis

Histological examinations of atherosclerotic plaques led to the identification of
three subsets of macrophages. M1 macrophages, with pro-inflammatory activity,
are activated by IFNy and lipopolysaccharides. M2 macrophages, with pro-
regenerative activity, are activated by interleukin (IL)-4 or IL-13 [66, 67]. M1
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macrophages appear to uptake more lipids in comparison to M2 macrophages,
which are mostly located away from the lipid core [68]. Finally, oxidized phospho-
lipids lead to the formation of Mox cells, which constitute 30% of the macrophage
population, and display less phagocytic and chemotactic function in comparison to
M1 and M2 macrophages [69]. This classification is not rigid, as macrophages have
a high degree of plasticity with complex interaction with their environment [70].

Recently, the CANTOS study clearly established a relationship between choles-
terol metabolism and the activation of the innate immune system, involving the
NLRP3 inflammasome [37]. Indeed, oxLDL uptake by macrophages is followed by
the precipitation of cholesterol, forming microcrystals in the cytosol. This results in
the synthesis of the precursor form of IL-1f and the activation of different enzymes,
such as PYD domains containing protein 3 (NLRP3) inflammasome. The activated
NLRP3 inflammasome gives rise to the active form of IL-1p through caspase-1
cleavage [71]. In this randomized, double-blind secondary prevention study [37],
inhibition of IL-1p through canakinumab led to a significant reduction of cardiovas-
cular events in patients with prior myocardial infarction and high levels of inflam-
matory markers, such as high sensitive c-reactive protein (hs-CRP). This study
further validates inflammation as a potential therapeutic target, as previously dem-
onstrated, using hs-CRP as a prognostic and therapeutic marker [72].

Macrophages are involved in the weakening of the protective fibrous cap, through
the overproduction of matrix metalloproteinases (MMPs) that degrade the ECM
components [73]. Moreover, macrophages contribute to the thrombogenic milieu in
atherosclerotic plaque through high expression of tissue factor, a potent procoagu-
lant mediator [74].

Other cells of the innate immune system, such as mast cells, neutrophils, natural
killers are also involved in atherosclerosis. Mast cells, for example, contribute to
ECM degradation through the synthesis of MMPs [75]. Nevertheless, monocyte-
derived macrophages remain the main effector cell type of the innate immune
system [10].

Adaptive Immunity in Atherosclerosis

Cells of the adaptive immunity are numerically less present in atherosclerotic
plaques in comparison to cells of the innate immune system. Nevertheless, it is
known that adaptive immune cells, especially T-cells, play an important regulatory
role in the inflammatory process in atherosclerosis [10]. Indeed, severe T and
B-lymphocytes immunodeficient mice had a delay in the development of athero-
sclerosis, in comparison to immunocompetent mice [76, 77]. Consistently, the
transfer of specific T-lymphocytes in immunodeficient mice led to an exacerbation
of atherosclerosis [76]. CD4+ T Helpers cells (TH) represent the main effector lym-
phocyte cell type [78] in atherosclerosis and highlight conflicting roles [10]. TH1
subset has a pro-atherosclerotic function. They synthetize IFNy, which in addition
promote foam cell formation, downregulate SMCs proliferation, leading to vulner-
able plaque. TH2 subset has a complex function, promoting as well as limiting
atherosclerosis progression. Regulatory T-cells play a role in plaque stabilization.
They secrete TGF-f that promotes collagen-rich extracellular matrix synthesis by
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SMCs. Evidence shows a link between cholesterol metabolism and TH cells activa-
tion through the interaction between the ApoB-derived T-cell epitopes of oxLDL
and LDL lipoprotein, and the T-lymphocytes, leading to the T-cell activation [38].
B-cells are rare in the atherosclerotic plaque. While B2 cells enhance atherosclero-
sis, B1 cells prevent their progression [10].

Thus, the balance between the T and B-cell subpopulation in the atherosclerotic
plaque has an impact on the progression and severity of the disease.

4.2.3 Complication of Atherosclerosis

4.2.3.1 Inducible Ischemia

Atherosclerosis can remain for a long time clinically silent until the vascular lumen
is severely stenosed, or the thrombogenic plaque material is no more isolated from
the blood circulation. As initially demonstrated by Glagov [22], atherosclerotic
plaque initially expands away from the arterial lumen, with no significant flow-
limiting effect on the organ perfusion at early stages. However, with increased
plaque growth, the arterial lumen progressively reduces, leading to impaired organ
perfusion. The imbalance in oxygen demand and supply can lead to clinical mani-
festations of tissue ischemia, such as angina pectoris.

4.2.3.2 Plaque Rupture

The stability of atherosclerotic plaque depends on its composition. The production
of the collagen-rich fibrous cap by the SMCs helps to stabilize the plaque. However,
under various stimuli, matrix degradation processes can take over, leading to a
weakening of the protective cap, prone to rupture [73, 79]. Specific features of the
atherosclerotic plaques have been proposed as a marker of vulnerability for plaque
rupture. Vulnerable plaque is characterized by the presence of a large lipid core, low
SMC and high macrophage content, resulting in high inflammatory, and protease
activity. It also exhibits a thin fibroatheroma cap (<60 pm). In opposite, stable
plaque displays a thick fibrous cap with reduced inflammation and lipid accumula-
tion in the atheroma core and is less prone to rupture [80]. The plaque rupture leads
to the exposure of its thrombogenic material, such as tissue factor, to the blood-
stream. Tissue factor, a potent procoagulant mediator synthetized by macrophages
and SMCs [74], induces the formation of thrombosis with the resulting occlusion of
the arterial lumen. This complication constitutes the most common mechanism of
acute thrombosis in myocardial infarction, leading to life-threatening complications
such as ventricular arrhythmias [80, 81]. Different outcomes have been observed
between patients experiencing acute coronary thrombotic occlusion. Patients with
an obstructive disease with associated inducible ischemia before the thrombotic
occlusion occurs seem to have a better outcome in comparison to patients with non-
obstructive disease and no inducible ischemia. Indeed, data from autopsy studies
revealed a correlation between angiographic discrete and moderate coronary steno-
sis (40-69% reduction of the coronary lumen), unlikely to induce myocardial isch-
emia in absence of thrombotic occlusion, and the occurrence of sudden cardiac
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death in a significant number of studied patients [82]. On the other hand, data from
catheterization laboratories revealed that a significant number of culprit lesion
responsible for ST-segment elevation myocardial ischemia exhibits an angiographic
severe coronary stenosis (>70% reduction of the coronary lumen) [83]. The theory
of myocardial preconditioning has been proposed to explain the difference in the
prognosis of these patients [84]. Indeed, in patients experiencing repetitive induc-
ible ischemia before the occurrence of acute thrombotic occlusion, cellular myocar-
dial adaptation may occur, conferring them relative protection against the
development of ventricular arrhythmias [85, 86]. Therefore, they are more likely to
reach the catheterization laboratory for emergent re-vascularization. On the con-
trary, in absence of inducible ischemia prior to acute thrombotic occlusion, this
protective myocardial adaptation in response to intermittent ischemia does not take
place, rendering the heart much vulnerable to fatal ventricular arrhythmia [84]. In
the same line, other studies have shown that a majority of acute coronary syndromes
occur in patients with non-obstructive disease [87, 88]. All these evidences suggest
that other criteria than the solely angiographic stenosis should be considered,
regarding the overall risk of death. In this regard, nuclear cardiology seems to be a
promising field for the identification of atherosclerotic lesion prone to rupture, as
discussed in the present chapter.

4.2.3.3 Plaque Erosion

Effective treatment with anti-inflammatory statins over years led to the modification
of the plaque profile, with less inflammation, reduced lipid accumulation, and con-
solidation of the fibrous cap, potentially rendering them less prone to rupture [89].
However, there is still a residual risk of acute coronary events in patients treated
with statins. In this particular setting, superficial plaque erosion, nowadays account-
ing for about one-third of acute coronary syndromes, has been proposed as the
involved mechanism [90]. The exact underlying mechanism of thrombus formation
following superficial plaque erosion remains to be better elucidated. Nevertheless,
accumulating evidence pointed out the activation of the innate immune system as a
possible pathway contributing to this process [90].

4.3 Metabolism of Glucose in Atherosclerosis
4.3.1 Glucose and Immune Cells

During the time course of atherosclerosis, immune cells undergo changes at the
transcriptional and cellular level. They acquire higher migratory, proliferative, and
secretory properties. These adaptations are concomitant with increased bioenergetic
demand. Consequently, constant availability of metabolic substrate to provide suf-
ficient ATP is fundamental for the efficient participation of immune cells in
atherosclerosis.

Glucose constitutes an energy reservoir for a wide range of organisms and is the
major fuel for lymphocytes and macrophages [91, 92]. It enters cells through
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specific glucose transporters (GLUTS), and undergoes successive enzymatic trans-
formations in aerobic or anaerobic conditions, leading to the formation of ATP [92].
Despite the increased vasa vasorum, the hypoxic condition in the interior of the
plaque makes glucose the preferential source of energy used by inflammatory cells
[93]. Once activated, these cells upregulate the expression of the GLUT1, GLUT3,
and GLUT4 isoforms on their surface, favoring an increased uptake of glucose [91,
92]. Activation of immune cells also leads to downstream modification of the enzy-
matic cascade of the glycolytic pathway. Interestingly, it has been shown that acti-
vated macrophages display a ten-fold higher level of hexokinase activity in
comparison to resting cells [94]. Therefore, the increased expression of GLUTSs
isoforms and the increased enzymatic activity of the glucose catabolism induce an
increased uptake and utilization of glucose through activated inflammatory cells.

4.3.2 Imaging Inflammation in Atherosclerosis Using
Glucose Metabolism

Increased glucose metabolism of the activated inflammatory cells constitutes the
basic concept of the non-invasively evaluation of the inflammatory activity in ath-
erosclerosis, using 2-deoxy-2-[18F]fluoro-glucose ('F-FDG), a glucose-based pos-
itron emission tomography/computed tomography (PET/CT) radiotracer [95]. As
an analog to glucose, this radiotracer competes for uptake into cells. Once entry,
BF-FDG is phosphorylated to '®F-FDG-6-phosphate by hexokinase, and is trapped
into the cells since it cannot be further metabolized. "*F-FDG 6-phosphate can be
dephosphorylated and release from the cell. However, this happens at a negligible
rate. Therefore, the accumulated amount of F-FDG 6-phosphate inside the cell is
directly proportional to its glycolytic activity. Thus, the intensity of the emitted
signal can be quantified using PET/CT and correlates with the intensity of the cel-
lular metabolic activity (Fig. 4.2, [96]). A recent study investigated in vitro the cel-
lular basis of the emitted 'SF-FDG signal by leukocyte subpopulations [97].
Interestingly, pro-inflammatory M 1-macrophages exhibit the highest accumulation
level of ®F-FDG, reinforcing the evidence of the preferential accumulation of '8F-
FDG in pro-inflammatory cells (Fig. 4.3, [97]). Nowadays, among the inflammatory
cells involved in atherosclerosis, activated macrophages are the most extensively
studied. The first evidence of the use of '®F-FDG PET/CT to image atherosclerosis
comes from cholesterol-fed murine models. Indeed, Vallabojosula et al. demon-
strated the quantifiable accumulation of FDG in atherosclerotic lesions, positively
correlating with their macrophage content [98], results which were confirmed later
by other studies [99]. Furthermore, the use of a positron-sensitive fiber optic probe
allowed the differentiation between healthy from atherosclerotic damaged vascular
wall in a mice model, based on the detected FDG accumulation [100]. Rudd et al.
provide the first direct evidence for the non-invasively assessment of inflammation
in human atherosclerotic plaque, using *FDG-PET [101]. In this study, the authors
demonstrated higher FDG accumulation in symptomatic carotid lesions, with no
quantifiable FDG uptake into normal carotid arteries.
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Fig. 4.2 '""F-FDG PET/CT imaging of vulnerable plaques in descending aorta (adapted from:
Giannakou S, Angelidis G, Tsougos I, Valotassiou V, Kappas K, Georgoulias P. Pet tracers for
vulnerable plaque imaging. Ann Nucl Med. 2020 May; 34(5): 305-313. https://doi.org/10.1007/
$12149-020-01458-7. Epub 2020 Mar 20. PMID: 32193790. Under the licence of Springer)

Given its capacity for detection of the inflammatory activity in atherosclerotic
plaque, ®F-FDG PET/CT also displays the predictive value for upcoming cardio-
vascular events. Indeed, accumulating evidence demonstrated a correlation between
the vascular accumulation of FDG and the presence of atherosclerosis risk factors,
such as circulating MMP-1, CRP, LDL-C as well as arterial hypertension, smoking,
and age [101, 102]. Moreover, some authors demonstrated the complementary value
of arterial FDG activity in the prediction of upcoming cardiovascular events, beyond
conventional risk factor score such as Framingham risk score [103]. In addition,
BEDG-PET/CT has been shown to be an independent predictive factor for the
patient outcome with carotid artery disease [104, 105].

BEDG-PET has also shown promising potential in the therapy monitoring of
atherosclerotic plaque. Indeed, treatment with statin appeared to decrease the FDG
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Fig.4.3 Uptake of 18F-FDG by peripheral blood leukocyte subtypes and polarized macrophages.
(a) 18F-FDG uptake in leukocyte subpopulations isolated from peripheral human blood by mag-
netic immunoseparation. (b) 18F-FDG uptake by THP-1-derived macrophages with no polariza-
tion (MO) and following polarization to pro-inflammatory (M1) and anti-inflammatory M2a (IL-4)
and angiogenic M2c (IL-10) subtypes. Data are shown as percent of total activity retained by cells
at 60 min of incubation. T/NK, T- and natural killer cells; LPS, lipopolysaccharide, IFN-c, inter-
feron-c; IL-4, interleukin-4; IL-10, interleukin-10. Adapted from: Borchert T, Beitar L, Langer
LBN, Polyak A, Wester HJ, Ross TL, Hilfiker-Kleiner D, Bengel FM, Thackeray JT. Dissecting the
target leukocyte subpopulations of clinically relevant inflammation radiopharmaceuticals. J Nucl
Cardiol. 2019 Oct 28. https://doi.org/10.1007/s12350-019-01929-z. Epub ahead of print. PMID:
31659697. Under the licence of Springer)

uptake in plaques, a finding that correlates with a better patient outcome [106, 107].
Moreover, risk factor modifications also result in a significant reduction in the num-
ber of vascular regions accumulating FDG [108].
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Despite these promising potentials, ®FDG-PET has some limitations, especially
for the evaluation of coronary plaque. Indeed, there is a physiological myocardial
FDG uptake, which can alter the evaluation of coronary plaque uptake due to the
increased background activity [101]. Nevertheless, this limitation can be overcome
through a specific low carbohydrate, high-fat diet preparation for the suppression of
the physiological uptake of FDG [109].

In summary, ®FDG-PET has the potential to diagnose and monitor the inflam-
matory activity of macrophages within the atherosclerotic plaque and could serve
for the prognostic evaluation of these lesions.

4.4 Targeting Chemokine Receptor Expression
in Vulnerable Plaque

Chemokine receptors (CXCR) are a class of transmembrane GTP-protein-coupled
receptors physiologically expressed on cell membranes able to intercede the chemo-
kines functions (i.e., immune cells and endothelial cells). The CX ligand 12
(CXCL12), also known as stromal derided factor 1 (SDF-1), is the main ligand of
CXCR4 [110]. The CXCR4-CXCL12 axis has several functions in physiological
and pathological processes. The CXCL12/CXCR4 complex stimulates the migra-
tion of hematopoietic progenitor and stem cells, endothelial cells, and most leuko-
cytes. In particular, CXCR4 stimulates the platelet activation and adhesion [111], as
well as the endothelial barrier function. Moreover, CXCR4 endothelial deficiency
may determine inflammatory leukocyte recruitment and arterial leakage during ath-
erogenesis [112]. Interestingly, LDL-C stimulates the CXCR4 expression, leading
to leukocyte chemotaxis and macropinocytosis [111, 113]. In vascular SMCs,
CXCR4-CXCL12 axis regulates the normal contractile responses as well as the
vascular tone [112]. Therefore, tracking chemokine function may emerge as a suit-
able diagnostic as well as therapeutic target through modulation of the monocyte
recruitment [114] as already demonstrated [115].

Two main radiopharmaceuticals have been developed to non-invasively evaluate
the CXCLI12/CXCR4 axis using PET/CT: 68Ga-labeled Pentixafor as well as
18F-labeled 1,4,7-triazacyclononane-triacetic acid (NOTA) analog of pentixather
('8F-AIF-NOTA -pentixather), that is still mainly under preclinical evaluation. Both
compounds have been assessed in several clinical indications such as the diagnosis
of solid tumors, hematological malignancies, traumatic splenosis, complicated uri-
nary tract infections, and cardiovascular diseases [116-121]. In cardiology,
68Ga-Pentixafor has been initially assessed in the post-infarct period, targeting the
myocardial healing process following myocardial infarction, and therefore assess-
ing the progression of disease and the response to therapy [122, 123]. In contrary to
FDG, dietary manipulations and fasting conditions are unnecessary, since
68Ga-Pentixafor highlighted lower accumulation in non-inflammatory cardiomyo-
cytes as well as in cardiac fibroblasts. Due to this favorable physiological biodistri-
bution of 68Ga-Pentixafor, excluding significant accumulation in parenchyma
adjacent to the vessel wall (i.e., myocardium and brain), the target-to-background
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ratio (TBR) is enhanced, increasing the reader’s confidence in assessing the athero-
sclerotic plaque [124]. Borchert et al. in a preliminary experience shown a
68Ga-Pentixafor wide uptake by leukocyte subpopulations and polarized macro-
phages; the authors described the highest uptake in B-cells and T-cells/natural killer
compared to neutrophils [97]. Therefore, CXCR4-directed imaging seems able to
elucidate the nature of the involved inflammatory cells in atherosclerotic process.
Thus, 68Ga-Pentixafor may provide more insights into the underlying coronary ath-
erosclerotic biology of inflammatory active plaque as well as the efficacy of thera-
peutics procedure on the inflammatory atherosclerotic processes [125]. Indeed,
intense 68Ga-Pentixafor accumulation was exclusively observed in patients with
carotid stenosis greater than 50% in atherosclerotic plaque samples obtained from
carotid endarterectomy, and linked with their CD68-macrophage content [124].
Similar results have been reported by Grosse et al. in ex-vivo analyses [126].
Furthermore, 68Ga-Pentixafor uptake provided additional information concerning
plaque composition, correlating with intraplaque hemorrhage, and potentially plate-
lets content [126]. In a 51 patients cohort CXCR4-directed imaging demonstrated
focal arterial uptake in correlation with calcified plaque burden (P < 0.0001), car-
diovascular risk factors (P < 0.0001), or prior cardiovascular events (P = 0.0004)
[127]. In a study by Kircher et al., in comparison with 'SF-FDG, 68Ga-Pentixafor
identified significantly more atherosclerotic lesions with higher radiotracer accumu-
lation, which may impact on reader’s confidence for overall detection rate [128].
However, PET/CT assessment may be challenging due to several issues, i.e., the
small size of the target, partial volume effects, and blurring from cardiac/respiratory
motion [125]. Nonetheless, motion-correction techniques have been advocated to
overcome these limitations. Derlin et al. conducted CXCR4-targeted PET/CT com-
bined with novel motion-correction techniques in a patient cohort that had under-
gone PET early after reperfusion for acute myocardial infarction [125]. The authors
demonstrated that after applying this novel motion-correction techniques,
68Ga-Pentixafor PET/CT uptake was linked to CD68+ macrophages at immuno-
fluorescence. Moreover, 68Ga-Pentixafor PET/CT identified a broad spectrum of
coronary plaques, including stented culprit, stented non-culprit, non-stented non-
culprit coronary lesions [125]. Therefore, a precise assessment of the CXCR4-
expressing plaque burden of the vessel wall may allow for more reliable identification
of patients that would most likely benefit from innovative CXCR4-targeting
therapies.

4.4.1 Technological Advancements: PET/MRI
and Chemokine Receptor

A potential opportunity in molecular imaging in cardiology may be represented by
PET/Magnetic Resonance Imaging (MRI), especially for the characterization of the
internal structure of atherosclerotic artery walls due to the excellent soft tissue con-
trast of MRI [129]. Comprehensive characterization of atherosclerosis might benefit
from hybrid PET/MRI to delineate the vessel wall and the activity of atherosclerotic
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Fig. 4.4 Example transaxial [68Ga]Pentixafor PET/MRI images of carotid lesions within differ-
ent groups. Focal uptake was observed in a mildly atherosclerotic carotid artery showing a slightly
eccentric thickening (Group 1) and in a moderately (Group 3) and severely (Group 4) atheroscle-
rotic carotid showing significant eccentric thickening, increased tracer uptake was absent at non-
significantly eccentric control carotid (Group 1). Arrows indicate the arterial regions of interest.
(Adapted from: Li X, Yu W, Wollenweber T, Lu X, Wei Y, Beitzke D, Wadsak W, Kropf S, Wester
HIJ, Haug AR, Zhang X, Hacker M. [68Ga]Pentixafor PET/MR imaging of chemokine receptor 4
expression in the human carotid artery. Eur J Nucl Med Mol Imaging. 2019 Jul;46(8): 1616-1625.
https://doi.org/10.1007/s00259-019-04322-7. Under the licence of Springer)

lesions. In their experience of Li et al. [72] oncologic patients scheduled for CXCR4
imaging were investigated using PET/MRI (Fig. 4.4), showing increased
%GaPentixafor uptake in eccentric carotids as mild, moderate, and severe [130].
They also assessed the overall diagnostic performance of 68Ga-Pentixafor PET/
MRI in the atherosclerotic plaque burden of seven arterial segments per subject.
Namely, they found a higher TBR in men along with greater evidence of cardiovas-
cular risk factors [131] but the authors underlined the significant limitation of partial
volume effects in small-sized atherosclerotic lesions and MRI-based attenuation
correction in PET imaging. In addition, the availability of PET/MRI systems is
rather limited at present, which questions broader clinical applicability.

%Ga-Pentixafor PET could serve as an in vivo imaging tool for the identification
of inflammatory atherosclerosis and, together with dedicated MRI, might provide
new insights into the pathobiology of atherosclerosis.

4.4.2 Radiopharmaceutical Agents Advancements:
Theragnostic and Chemochine Receptor

Another great challenge of personalized medicine is related to theragnostics.
Through the administration of a single radiopharmaceutical dose, simultaneous
diagnostic purpose as well as therapeutic effects could be achieved. %*Ga-Pentixafor
could serve as imaging tool to identify the suitable patients for CXCR4-directed
therapies with the beta emitter-labeled antagonists such as 177Lu/90Y-Pentixather,
as described by Li et al. in high-risk individuals with atherosclerosis [132]. Another
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CXCR4 targeting treatment option is represented by targeting the small antagonist
molecule AMD3465, to prevent re-stenosis after re-vascularization by reducing
neointimal lesion size and smooth muscle progenitor mobilization [133]. Further
interesting preliminary results have been described by the group of Osl et al. ['7"Lu]
DOTA-r-a-ABA-CPCR4 has emerged from this study as a powerful second-
generation therapeutic CXCR4 ligand with improved tumor retention and targeting
efficiency [134].

4.5 Targeting Microcalcification in Atherosclerosis

Another clinical prominent characteristic of atherosclerosis is the presence of cal-
cium deposition due to the association between microcalcification and high-risk
atherosclerotic plaque rupture [135]. The calcification process in the atherosclerotic
plaque involves arterial bone cells (osteoblasts and osteoclasts) as well as glycopro-
teins of the cellular matrix (osteopontin), which binds calcium at hydroxyapatite
and mediates inflammation in myeloid cells and [136—140] able to further stimulate
osteogenesis [141, 142]. Also, NaF uptake has been shown to microscopically cor-
relate with calcification (instead of inflammation) [143, 144]. Several studies have
confirmed that NaF accumulation is linked to vascular calcification; specifically,
fluoride ions may be incorporated into the hydroxyapatite by ion-exchange mecha-
nism with hydroxyl groups at the crystal surface [145].

4.5.1 Atherosclerotic Plaque Calcium Deposition

As above-mentioned, NaF is an established PET tracer for the assessment of new
bone formation, and Thorsten et al. were the first who demonstrated its feasibility
for imaging the mineral deposition in atherosclerotic plaque [146]. Also, vascular
NaF uptake is inversely associated with bone metabolism, as described by Derlin
et al. in a 304 patients cohort; namely, NaF uptake significantly increased with
patients’ age (P < 0.001), while regional bone metabolism decreased (P < 0.001),
and both parameters resulted significantly associated with cardiovascular events and
other risk factors [147]. In a comparison study, 77.1% of lesions with significant
NaF uptake (active mineral deposition) and only 14.5% of lesions with FDG uptake
(inflammation) were colocalized with arterial calcification defined by CT (coinci-
dent uptake was rarely observed). Therefore, both tracers depict distinct pathophysi-
ologic processes in atherosclerotic lesions and provide different information about
the formation and progression of atherosclerotic plaque [148]. In a recent study by
Kwiecinski et al., an automated assessment of disease activity in the whole coronary
vasculature resulted feasible using '®F-NaF, in stronger agreement with CT markers
of plaque vulnerability than the more traditional measures of plaque activity (SUV
or TBR; Fig. 4.5, [149]).
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Fig. 4.5 Case examples of coronary 18F-sodium fluoride uptake, low attenuation plaque (LAP)
on CT angiography, and LAP (orange arrows, II) on 3D CTrendering (III). Right (Patient 1) and
left anterior descending (Patient 2) coronary arteries. Areas of LAP correspond with areas of
increased 18F-NaF activity. While maximum target-to-background ratio (TBRmax) reflects single
hot-spot activity coronary microcalcification activity (CMA) values represent the whole-vessel
18F-sodium fluoride burden. (adapted from: Kwiecinski J, Cadet S, Daghem M, Lassen ML, Dey
D, Dweck MR, Berman DS, Newby DE, Slomka PJ. Whole-vessel coronary 18F-sodium fluoride
PET for assessment of the global coronary microcalcification burden. Eur J Nucl Med Mol
Imaging. 2020 Jul;47(7): 1736-1745. https://doi.org/10.1007/s00259-019-04667-z. Under the
licence of Springer)

4.5.2 Cardiovascular Risk Quantification

Several studies have demonstrated that frequency and/or uptake of lesions are linked
to cardiovascular risk. Namely, in a large retrospective study by Derlin et al., NaF
uptake in carotid plaque resulted significantly associated with age (P < 0.0001, con-
firmed by [150, 151], male gender (P < 0.0001), hypertension (P < 0.002), hyper-
cholesterolemia (P < 0.05), and increased with the number of cardiovascular risk
factors (P < 0.0001, [146]). Similar results have been described by Morbelli et al.
who demonstrated a higher relation for NaF instead of CT [152]. However, other
studies showed conflicting results [146, 150]. In a study by Janssen et al. in a cohort
of 409 patients, linear NaF uptake in the femoral arteries significantly and propor-
tionally correlated with cardiovascular risk factors (increasing NaF uptake as the
number of cardiovascular risk factors increased, P < 0.0001)(Fig. 4.6, [153]).
Similar results have been reported by the group of Dweck et al. in which patients
with increased coronary NaF uptake showed higher Framingham Risk Score and
higher rates of prior cardiovascular events and angina [154]. Also, Fitz et al. reported
that in 78 patients, thoracic wall aorta NaF uptake correlated with cardiovascular
risk and was able to describe patients’ risk class. Interestingly, descending aorta
TBR was the most significant parameter in cardiovascular risk determination [155].
Finally, in a cohort including 32 patients followed-up for 2 years after an NaF PET/
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Fig. 4.6 MIP PET images of a
74-year-old woman demonstrating
bilateral diffuse 18F-sodium
fluoride uptake in the femoral
arteries. (Adapted from: Janssen T,
Bannas P, Herrmann J, Veldhoen S,
Busch JD, Treszl A, Miinster S,
Mester J, Derlin T. Association of
linear '*F-sodium fluoride
accumulation in femoral arteries as
a measure of diffuse calcification
with cardiovascular risk factors: a
PET/CT study. J Nucl Cardiol.
2013 Aug; 20(4): 569-77. https://
doi.org/10.1007/
$12350-013-9680-8. Under the
licence of Springer)

CT scan, patients with coronary events had higher TBRmax than those without
(P =0.0034, [156]).

4.5.3 High/Risk Coronary Plaque Evaluation

Beyond being associated with general cardiovascular risk, NaF PET has demon-
strated promising results to identify high-risk and localize ruptured plaque. In a
prospective clinical trial by Joshi et al., patients with myocardial infarction and
stable angina underwent NaF PET and invasive coronary angiography: in 93% of
patients with myocardial infarction, the highest coronary NaF uptake was seen in
the culprit plaque with statistically significant higher uptake (median maximum
TBR: culprit 1.66 vs highest non-culprit 1.24, P < 0.0001). Histology specimen
analysis demonstrated that all carotid plaque ruptures were associated with NaF
uptake and with the presence of active calcification, macrophage infiltration, apop-
tosis, and necrosis [157].
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In their experience, Vesey et al. investigated patients after a recent transient isch-
emic attack or minor ischemic stroke, finding that carotid NaF uptake was higher in
symptomatic culprit plaques compared with asymptomatic contralateral plaques
(P =0.001), and with control patients (P = 0.001) [82]; also other studies confirmed
that high-risk plaque has higher NaF uptake [158—160].

Lee et al. compared before coronary angiography the NaF uptake with optical
coherence tomography (OCT), intravascular ultrasound (IVUS), and coronary CT
angiography, prospectively in 51 patients cohort. The NaF TBR in plaques with
high-risk characteristics was significantly higher than in those without (P < 0.001
for IVUS; P =0.014 for OCT). Also, in 14/15 lesions that met both IVUS and OCT
criteria for high-risk plaque, authors observed the presence of NaF uptake [159].

4.5.4 Atherosclerotic Plaque Composition/Activity Assessment

The available data on the role of arterial NaF uptake and subsequent evolving
changes in plaque activity or composition is still limited. In a 19 oncologic patients
experience, the NaF uptake measured as TBRmax, significantly increased from
baseline (2.5 + 0.8) to follow-up (2.8 + 0.7, P < 0.05) with a corresponding increased
calcium density increased [161]. Ishiwata et al. reported a significant correlation
between baseline calcification vessel wall NaF uptake activity and the change after
1 year in terms of calcification volumetric score also as a predictor of future cardio-
vascular disease risk, in absence of new macrocalcification [162]. Further longitudi-
nal studies are crucially needed to explore whether NaF accumulation precedes the
development of overt arterial calcification, and to define the reproducibility and
stability of NaF signal in coronary and carotid arteries, also in the coronary stenosis
severity assessment (Fig. 4.7) [163].

4.6 Targeting Neovascularization in Atherosclerosis

Angiogenesis is a highly regulated fundamental process involved in various physi-
ological processes such as wound repair, reproduction, and response to ischemia,
but also with pathological processes such as cancer, arthritis, and cardiovascular
diseases [164, 165]. Specific local and circulating biomarkers, such as matrix metal-
loproteinases, vascular endothelial growth factor, and integrins alpha-v beta-3
(vP3) have been shown to play an important role in the modulation of the angio-
genic cascade. Therefore, these potential biomarkers have been identified as favor-
able targets for in vivo imaging of angiogenesis, and recent research has focused on
the development of smart imaging radiotracers targeting these specific agents [166].
Among these agents, the integrin family has shown promising potential with trans-
lation from preclinical to clinical studies. The integrin family is a group of trans-
membrane glycoprotein comprised of 19 a- and 8 B-subunits, that are expressed in
25 different o/p heterodimeric combinations on the cell surface. Among 25 mem-
bers of the integrin family, the integrin avp3 has been most extensively studied for
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Fig. 4.7 Images from a 71-year-old male with stable angina who underwent regadenoson stress
Rb-82 PET myocardial perfusion study show reversible perfusion defects in the proximal to mid
inferior wall (a, shot axis view; b, long axis view). Coronary angiogram (c) shows severe stenosis
at proximal to mid RCA. He also received a 18F-NaF PET/CT scan within 2 months of the myo-
cardial perfusion imaging study. The fused PET/CT axial (¢) and coronal (d) views demonstrate
increased 18F-NaF uptake at proximal to mid-RCA. 18F-NaF uptake is also noted in the area with
mitral annular calcification (e). (Adapted from: Hayrapetian A, Berenji GR, Nguyen KL, Li
Y. 18F-Sodium fluoride uptake is associated with severity of atherosclerotic stenosis in stable
ischemic heart disease. J Nucl Cardiol. 2020 Jul 16. https://doi.org/10.1007/s12350-020-02238-6.
Under the licence of Springer)

its role in tumor growth, progression, and angiogenesis. The restricted expression
profile and good accessibility of cell adhesion molecule integrin avp3 make it an
attractive imaging target for angiogenesis given its major role in several pathophysi-
ological processes, such as for coronary disease (Fig. 4.8), tumor angiogenesis, and
metastasis [167, 168]. As previously demonstrated, intraplaque angiogenesis and
neovascularization are implicated in the process leading to growth and instability of
the atherosclerotic plaque [63—65]. The integrin avP3 cell surface receptor is over-
expressed on activated endothelial cells in state of angiogenesis. Interestingly, it is
also overexpressed in macrophages at site of increased vascular inflammation.

The last decade has seen the development of new PET tracers for in vivo imaging
of integrin avP3 receptor expression based on arginine—glycine—aspartic acid
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Fig. 4.8 Imaging of avp3 integrin expression in a rat model of coronary occlusion (20 min)/
reperfusion using 18F-galacto- RGD. (a) Autoradiographic images of a non-operated normal heart
and an ischemic heart with occlusion/reperfusion at 1 week. Focal tracer accumulation is seen in
the ischemic heart. (b) In vivo short axis PET images demonstrating focal uptake of 18F-galacto-
RGD in the corresponding area, with a decrease in perfusion on 13 N-ammonia. PET, 1 week after
the ischemic event. (adapted from: Higuchi T, Wester HJ, Schwaiger M. Imaging of angiogenesis
in cardiology. Eur J Nucl Med Mol Imaging. 2007 Jun; 34 Suppl 1: S9-19. https://doi.org/10.1007/
$00259-007-0436-z. Under the licence of Springer)

(RGD) peptide, a specific amino-sequence contains in the cell-ligand interaction
site of the avp3-receptor on cell surface. Several studies have been published pre-
senting the recent advancements in preparations of '®F-labeled, **Cu-labeled, and
%Ga-labeled RGD tracers, RGD-based PET multivalent probes, and RGD-based
PET multimodality probes for imaging receptor integrin avp3 expression but the
translation in clinical practice is still limited [169]. The major use of these tracers
has been presented in the assessment of tumor neoangiogenesis, but few papers
described the potential role in atherosclerosis. Indeed, preclinical studies depicted
promising potential in the assessment of the atherosclerotic disease activity in mice-
models [170-172]. Recently, Jenkins et al. published the largest multimodality
imaging study evaluating the clinical significance of RGD-based avp3 integrin
receptor radiotracer (**F-fluciclatide) in the atherosclerotic process in human [173].
The authors demonstrated a positive correlation between the in vivo expression of
avP3 integrin receptor in human aortic atheroma and the atherosclerotic plaque bur-
den, with an increase expression in patients with recent myocardial infarction.
Therefore, quantification of avf3 integrin expression using '*F-fluciclatide PET
could be seen as a promising non-invasive radiotracer to evaluate the disease
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activity as well as the atherosclerotic plaque instability. Despite these very promis-
ing pre-clinical and clinical studies, large clinical trials are still needed to better
elucidate the clinical importance of RGD-based radiotracers in our pathophysiolog-
ical understanding of atherosclerotic process as well as in the identification of
patients at increased risk of adverse cardiovascular events.

4.7 Targeting SSRT-2 Receptor Expression
in Atherosclerosis with DOTA-Derivatives-PET

One particular target of the atherosclerosis is the macrophage, which is an abundant
cell type in the plaque and highly active in inflammation. As previously demon-
strated, the macrophage migrates into the arterial intima as a monocyte where it
matures to become a phagocytic macrophage [42, 44, 45]. Various processes and
cellular targets related to macrophages have been investigated and identified as
potential target for non-invasive PET imaging. Among these, somatostatin receptor,
a G-protein-coupled 7-transmembrane protein has been well studied. Indeed, from
the five human somatostatin receptors subtypes, the subtype 2 has been shown to be
upregulated on the surface of pro-inflammatory M1 macrophages [174]. Preclinical
studies on mice [175, 176] as well as retrospective studies [177-179] suggest the
potential utility of DOTA-peptide-based PET imaging in the assessment of athero-
sclerotic disease activity (Fig. 4.9). Hence, DOTA-derivatives-PET targeting
SSRT-2 receptor expression might be potential tracers for molecular imaging of
atherosclerosis [7, 8]. Recently, Tarkin et al. [180] provide genetic, cellular, plaque-
and patient-level evidences on the utility of ®*Ga-DOTATATE PET/CT in the cell-
specificity quantification of inflammatory activity in atherosclerotic plaque in the
coronary arteries, outperforming 'F-FDG PET/CT. This opens further perspectives
for theranostics. Indeed, Schatka et al. investigated an oncological cohort treated
with SSTR peptide receptor radionuclide therapy (PRRT), reporting the reduction
of plaque burden by a subsequent SSTR-targeting endoradiotherapy [179]. Despite
these promising results, further investigations are needed to confirm these results in
a large cohort.

4.8 Summary

The concept of vulnerable plaque has been accurately studied and extensively rec-
ognized as one of the major cause of acute myocardial infarction and sudden cardiac
death. Many cellular and molecular pathways have been demonstrated as crucial in
the pathogenesis of vulnerable plaque. The role of nuclear medicine imaging tech-
niques, through the ongoing advancements, surpassed the conventional morpho-
logical evaluation, permitting the assessment of specific bio-molecular targets
involved in the plaque pathogenesis for a panel of application able to characterize
the intraplaque inflammatory processes, the necrotic core, flogosis, and related
receptor expression and fibrous cap thickness with the evaluation of calcification as
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Fig. 4.9 Focal vascular uptake of 68Ga-DOTATATE without corresponding focal 18F-FDG
uptake. Transverse PET/CT images of a 73-year-old male patient with hypertension, hypercholes-
terolemia, and smoking. Intense focal uptake of 68Ga-DOTATATE can be observed in the aortic
arch (upper row), whereas no focally increased 18F-FDG uptake was seen (lower row).
TBRDOTATATE was 7.60, while TRBFDG was 1.74. (Adapted from: i X, Samnick S, Lapa C,
Israel I, Buck AK, Kreissl MC, Bauer W. 68Ga-DOTATATE PET/CT for the detection of inflam-
mation of large arteries: correlation with18F-FDG, calcium burden and risk factors. EINMMI Res.
2012 Sep 27; 2(1): 52. https://doi.org/10.1186/2191-219X-2-52. Under the licence of Springer)

well as marker of neoangiogenesis. '8FDG-PET has the potential to diagnose and
monitor the inflammatory activity of macrophages within the atherosclerotic plaque,
with promising potential in the therapy monitoring of atherosclerotic plaque as well
as in risk stratification. However, SFDG-PET shows limitations, due to the physio-
logical myocardial FDG uptake, which can altered the evaluation of coronary plaque
uptake. This limitation can be overcome through a specific dietary preparation.
Furthermore, SSRT-2 receptor expression PET imaging, which also target activated
inflammatory cells, appears to be a possible valuable alternative to *F-FDG PET/
CT, with a more specific signal and without need for dietary preparation.

%Ga-Pentixafor is a promising candidate for detecting high-risk atherosclerotic
plaques. Precise assessment of CXCR4-expressing plaque burden of the vessel wall
may allow for more reliable identification of patients that would most likely benefit
from innovative CXCR4-targeting therapies. This PET application, together with
dedicated MRI in a simultaneous PET/MRI examination, might provide new
insights into the pathobiology of atherosclerosis. Further researches are warranted
to determine the clinical role of CXCR4-directed molecular imaging and therapy in
atherosclerosis and in other scenarios due to the CXCR4-related cell-type potential
targeting.
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Despite the described promising results, the potential role of NaF PET in pro-
spective risk prediction remains to be determined. Indeed, it has been suggested that
the observed high uptake of NaF in culprit lesions may be a consequence of plaque
rupture rather than a hallmark of vulnerable plaque. Future observational studies
relying on baseline PET scans in asymptomatic patients will help to clarify this
question.

Promising results in the role of markers of intraplaque neovascularization in the
evaluation of atherosclerotic disease activity are available, but further large studies
are needed to better elucidate their utility.

Finally, the detection of atherosclerotic luminal stenosis is by far insufficient to
give insights on the vulnerability of the plaque. Pathophysiological processes which
built our current understanding of the pathogenesis of atherosclerosis have to be
better address in the non-invasive imaging field, to provide a better assessment of
the disease activity, and therefore the risk of cardiovascular events.
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5.1 General Introduction

Coronary artery disease is one of the most common cardiovascular diseases and
associated with significant mortality and morbidity. Atherosclerosis is the most
common cause of myocardial infarction (MI), most often through the rupture of an
atherosclerotic plaque, resulting in obstruction of coronary flow to distal
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myocardium. Timely implementation of reperfusion therapy is the optimal treat-
ment for acute MI (AMI); restoring epicardial coronary flow via primary percutane-
ous coronary intervention (PCI) or coronary bypass grafting limits cardiomyocyte
cell death. Since development of heart failure is influenced by the size of the infarct,
prompt reperfusion therapy contributes to improving left ventricular function and
ultimately patient outcome. Myocardial injury triggers a complex biological
response, involving various molecular and cellular processes including a substantial
inflammatory reaction. The inflammatory reaction is a natural response to tissue
injury and crucial for healing of the infarcted myocardium. However, when the
inflammatory response is excessive in duration and/or magnitude, it can result in
exacerbated tissue damage and adverse remodeling contributing to the pathogenesis
of heart failure. Various (pre-)clinical studies have shown correlations between ele-
vated peripheral blood leukocyte counts and/or inflammatory cytokine levels fol-
lowing first MI and late stage cardiac function or 30-day mortality [1-3]. Moreover,
adverse LV remodeling has been linked to an excessive or prolonged inflammatory
reaction independent of initial infarct size [4]. Because of the apparent crucial role
of post-MI inflammation on long-term patient outcome, treatment aimed at modula-
tion of the inflammatory response is being widely pursued and investigated.
Encouraging results have been obtained in preclinical as well as clinical studies,
using non-steroidal anti-inflammatory drugs, anti-TNF-a therapy, and IL-1 modu-
lating therapy. However, patient selection is crucial in such strategies since anti-
inflammatory agents targeting the inflammatory response may also negatively affect
wound healing. Better understanding of the dynamics of the post-MI inflammatory
response and the ability to non-invasively monitor the processes involved is there-
fore crucial. Robust non-invasive imaging techniques are needed to ultimately pre-
dict adverse reactions and to monitor responses to anti-inflammatory therapy.

5.2  Biology of Ventricular Remodeling

The acute effect of myocardial infarction involves various molecular and mechani-
cal alterations in the myocardium that instigate remodeling of the infarcted border
zone and remote non-infarcted myocardium. Ventricular remodeling is character-
ized by changes in size, shape, structure, and function of the ventricle. Ventricular
remodeling may continue for weeks or months with an overall decline in cardiac
function. Clinically, this ultimately results in related symptoms, such as heart failure
(HF) and arrhythmias that are associated with chronic disability and higher mortality.

5.2.1 Pathobiology of Ventricular Remodeling Post-MlI

Myocardial infarction occurs when myocardial ischemia is of sufficient duration to
cause cardiomyocyte death. The duration of ischemia and size of the ischemic area
are critical determinants of infarct size, which in turn is a key factor in adverse
remodeling of the myocardium and development of heart failure. Treatment of acute
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ML is therefore principally aimed at reducing infarct size by opening of the obstruc-
tion as quickly as possible to limit the amount of irreversibly damaged myocardium
[5]. However, reperfusion of ischemic myocardium also causes damage by itself,
so-called reperfusion injury, which adds to the infarct size [6]. Cardiac tissue
response following AMI can be divided into three, overlapping, phases: a pro-
inflammatory phase (4 days in mice), a reparative (anti-inflammatory phase
(4—14 days in mice) with proliferation of fibroblasts [7, 8], and maturation of the
scar [3, 9].

Cardiomyocyte death triggers an acute pro-inflammatory response (Fig. 5.1)
starting with the activation of several processes including activation of the comple-
ment cascade, reactive oxygen species (ROS) production, and release of damage-
associated molecular patterns (DAMPs) which bind pattern recognition receptors
(PRRs) (for more information on these processes we refer the reader to Prabdu and
Frangogiannis [11], Ong et al. [10]). This subsequently results in the release of
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Fig. 5.1 The inflammatory response cascade. Following cardiomyocyte injury, an inflammatory
response is induced through the release of danger-associated molecular patterns (DAMPs), reac-
tive oxygen species (ROS), and complement elements that in turn induce production of pro-
inflammatory cytokines in resident inflammatory cells and fibroblasts. These cytokines recruit
pro-inflammatory cells into the infarct zone from circulation and remote depots, for clearance of
dead cells and matrix debris. In the following anti-inflammatory reparative phase anti-inflammatory
cytokines are produced and cells involved with inflammation mitigation appear and promote
wound healing and scar formation. Reproduced without changes under Creative Commons license
from Ong et al. [10]
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cytokines and chemokines which in turn recruit inflammatory cells into the infarct
region [11, 12].

It is important to note that both the proximal obstruction and reperfusion injury
not only impact the cardiomyocytes but also the coronary microvasculature. The
role of the microvasculature is underscored by a meta-analysis showing that micro-
vascular obstruction was a better predictor for adverse outcome than infarct size
[13]. The absence of flow and thus shear stress during the occlusion and the subse-
quent reperfusion with small debris from the proximal obstruction cause damage to,
and dysfunction of, the microvascular endothelium [5, 14]. Endothelial dysfunction
is accompanied by altered Ca** homeostasis and endothelial contraction which
increases the gaps between endothelial cells, thereby increasing endothelial perme-
ability to macromolecules and promoting edema formation and/or intramyocardial
hemorrhage [5, 14]. Furthermore, endothelial activation promotes expression of
adhesion molecules, thereby recruiting platelets and inflammatory cells, which
causes plugging of the coronary microvasculature and no-reflow, and further add to
the local inflammatory environment [5, 14]. In addition, inflammatory cell infiltra-
tion of the viable border zone of the infarct region induces the death of cardiomyo-
cytes there, thus extending ischemic injury beyond the original MI zone.

5.2.2 The Inflammatory Response

The inflammatory response is initially aimed at clearing cellular debris and wound
healing and encompasses extracellular matrix (ECM) degradation. This ECM is not
only a scaffold that anchors the cardiomyocytes and myocardial vasculature but it
also serves as a large reservoir for bioactive molecules, including proteolytic
enzymes and growth factors [15]. ECM degradation has been found even prior to
influx of inflammatory cells; the release of endogenous proteolytic enzymes is pro-
posed to be the trigger for the influx of neutrophils and macrophages, followed by a
vigorous inflammatory response that amplifies the proteolytic response [15].

The anti-inflammatory, pro-repair response encompasses proliferation and dif-
ferentiation of fibroblasts into myofibroblasts and subsequent ECM deposition by
these myofibroblasts to form scar tissue. The final step is crosslinking of ECM that
further stabilizes the tissue and is accompanied by de-activation of the reparative
cells [11, 12]. Immediately after infarct, there is an increase in collagen V, which
presumably plays a role in stabilizing the type I and III fibers. In a murine model,
collagen V decreases again 4 days after M1, at a time that type III peaks. Finally, the
stiff type I collagen is the major collagen isoform in scar tissue [16]. Aberrant tim-
ing and/or resolution of the inflammatory processes is now thought to be one of the
main factors determining ventricular remodeling after MI as excessive inflamma-
tion and insufficient scar maturation are related to scar thinning and adverse left
ventricular remodeling [4, 11]. Furthermore, several studies have shown correla-
tions between 30-day mortality and circulating leukocyte counts and cytokines [1-
3]. Macrophages play a key role in orchestrating the wound healing response as
macrophage depletion results in impaired wound healing and excessive LV dilation
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[12]. Yet, it is important to realize that the principal macrophage subtype shifts from
pro-inflammatory M1 to anti-inflammatory, pro-reparative M2 macrophages in the
process of infarct healing, and that this shift is critical for a proper healing response
[12]. The inflammatory cell populations that are recruited to the infarct area and
play a role in the pro-inflammatory and/or in the reparative, anti-inflammatory
phase are described below.

5.2.2.1 Resident Inflammatory Cells

Mast Cells

Mast cells are resident cells in the perivascular areas of the heart. Following cardio-
myocyte death inflammatory mediators induce mast cell to degranulate, thereby
creating a signal for initiation of the inflammatory response [17, 18].

Macrophages

In the myocardium of mice, two subsets of resident macrophages have been identi-
fied in the heart, a chemokine receptor 2-negative (CCR2-) subtype and a CCR2+
subset [19]. These subsets are assumed to play a, as of yet not fully understood,
central role in orchestrating the inflammatory response [20]. Functional analogs of
these subsets have also been identified in human myocardium [21].

5.2.2.2 Infiltrating Inflammatory Cells

Polymorphonuclear Leukocytes

Following release of danger signals from infarcted myocardium, an influx of poly-
morphonuclear leukocytes (PMNs) starts within hours after AMI peaking between
days 1 and 3 post-AMI, followed by a decline in PMN count after day 5 [22].
Neutrophils predominantly infiltrate the border zone, and their influx is augmented
by reperfusion [23]. They contribute to clearance of dead cells and matrix debris
and can amplify the immune response [24]. It has been suggested that neutrophils
can polarize to different functional states. Neutrophils harvested at day 1 were
reported to be pro-inflammatory (N1), in contrast, neutrophils harvested at days 5—7
post-AMI, exhibited an anti-inflammatory (N2) profile [22]. Apoptosis of neutro-
phils and their subsequent clearing from the infarcted area by M2 macrophages are
a hallmark of inflammation resolution during the reparative phase [25]. Excessive
PMN infiltration, insufficient or delayed removal of PMN may exacerbate myocar-
dial injury via a prolonged pro-inflammatory response.

Monocytes and Macrophages

Monocytes are recruited to the infarcted area in 2 phases. The first phase, peaking at
day 3—4 post-MI, is dominated by inflammatory Ly6Chi monocytes and M1 macro-
phages, and the second phase, peaking at day 7, by anti-inflammatory Ly6Clo
monocytes and M2 macrophages [8, 26]. Within the myocardium the infiltrated
monocytes differentiate into pro-inflammatory M1 macrophages which secrete
cytokines, chemokines, and growth factors and influence the transition to the
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reparative phase which becomes coordinated by M2 macrophages [8, 26]. This tran-
sition in phenotype is an important step in the reparative phase and could even be a
result of a switch in phenotype of recruited Ly6Chi monocytes to Ly6Clo anti-
inflammatory macrophages [11, 27], rather than an influx of Ly6Clo monocytes.

Dendritic Cells

During the inflammatory phase, dendritic cells (CD11c+) infiltrate the myocardium
peaking at 7 days. Dendritic cells may play an important role for the transition from
the inflammatory phase to the anti-inflammatory, reparative phase, by release of
anti-inflammatory cytokines that coincide with reduced infiltration of pro-
inflammatory Ly6Chi monocyte and M1 macrophages and enhanced infiltration of
anti-inflammatory Ly6Clo monocyte and M2 macrophages [28, 29]. In addition,
dendritic cells may recruit CD4+ helper T cells [30].

T and B Lymphocytes

CD8+ T lymphocytes and B lymphocytes infiltrate the infarcted area during the
inflammatory phase [29]. In rats, circulating cytotoxic T (CDS8) lymphocytes
increase 1 week following AMI, and were shown to have cytotoxic effects on
healthy cardiomyocytes in vitro and could therefore exacerbate acute ischemic
injury in vivo [31]. In STEMI patients, however, a reduction in circulating T cells
(predominantly CD8+) was observed 90 min after reperfusion [32]. B lymphocyte
infiltration peaks at day 5 and increases the pro-inflammatory response by recruiting
Ly6Chi monocytes [33]. During the reparative phase, regulatory T lymphocytes
(Tregs) may play an anti-inflammatory (immunosuppressive) role in the setting of
AMI (reviewed in [34, 35]). Tregs constitute a specific subset of T lymphocytes
with immunosuppressive capacity and make up 5-10% of circulating CD4+ T lym-
phocytes under physiological conditions [36]. Interestingly, patients presenting
with an AMI have been demonstrated to have decreased levels of circulating Tregs,
compared with control patients [37, 38]. Furthermore, it has been shown that low
levels of Tregs at baseline are associated with a higher risk for future AMI [39]. The
reduction in Tregs following AMI has been attributed to a number of factors includ-
ing: (1) accumulation of Tregs in MI zone [40]; (2) attenuated production of Tregs
by thymus [41]; and (3) increased apoptosis of Tregs [41]. These clinical studies
suggest a protective role of Tregs in MI. CD4+ helper T cells contribute to resolu-
tion of inflammation and wound healing [42]. Invariant natural killer lymphocytes
were shown to be activated following AMI, and were shown to have anti-
inflammatory effects [43, 44].

Regarding inflammation targeted imaging, keep the following in mind:

e inflammation evoked by AMI also occurs systemically,

¢ the size of the different inflammatory cell populations differs considerably, e.g.,
following the early appearance of neutrophils, monocytes and macrophages
comprise the most abundant cells in the infarcted heart [7, 8, 29],
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e inflammatory cell polarization is not black and white, e.g., M1 or M2 activated
cell subsets represent two polar extremes [45], while in vivo data strongly sug-
gest a much broader range of macrophage subsets [46], and

e inflammatory cell surface markers can differ between species, e.g., the human
equivalent of the Ly6Chi subset in mice is CD16—, while the Ly6Clo subset in
mice is CD16+ in humans [47].

Ventricular remodeling goes beyond the infarcted tissue. Cardiomyocytes in the
border zone between the infarcted and non-infarcted tissue undergo electrical
remodeling that together with the increased interstitial fibrosis creates an arrhyth-
mogenic substrate [48, 49]. This electrical remodeling is promoted by neurohu-
moral activation as well as cytokines derived from macrophages. Intriguingly,
cardiomyocytes can electrically couple to macrophages, which increases their
membrane potential [50, 51] and may further contribute to arrhythmogenesis.

5.2.2.3 Cardiomyocytes and ECM

Ventricular remodeling after MI is further characterized by hypertrophy and
increased calcium sensitivity of the cardiomyocytes in the remote, non-infarcted
myocardium, which contributes to impaired relaxation of the cardiomyocytes [52].
Furthermore, there is some evidence of edema, i.e., an increase in extracellular vol-
ume, in the remote zone that correlates with infarct size [53]. Edema is accompa-
nied by both structural (reduced capillary density) and functional alterations
(microvascular dysfunction), that resulted in a perturbance in myocardial oxygen
balance [54]. These changes were accompanied by alterations in gene-expression,
suggestive of alterations in metabolism as well as activation of inflammatory path-
ways [55]. Activation of inflammatory pathways is further suggested by increased
interstitial fibrosis although interstitial fibrosis is less pronounced than in the border
zone [15]. Similar to the ECM in scar tissue, collagen V is the predominant isoform
early after infarct, but collagen III is higher expressed than collagen I between 4 and
14 days after infarct. Finally, the stiff collagen I becomes the dominant collagen
type also in the remote myocardium, but total collagen volume is much smaller
(~1%) as compared to the scar region (~25%) [16].

5.2.3 Animal Models to Study Post-AMI Inflammation

To study the natural history of the inflammatory response after AMI and to test new
intervention and imaging strategies, we have to resort to animal models, in which
newly developed methods can be validated with postmortem histological examina-
tion of the tissue. Importantly, ischemia in patients ranges from low coronary flow
to total flow cessation and differs in its duration; in most cases flow can be restored,
however sometimes reperfusion is unsuccessful. When choosing an animal model,
one should therefore carefully consider factors that impact infarct development and
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subsequent wound healing. These factors not only concern the duration of ischemia
and whether-or-not perfusion is restored, but also the presence of other risk factors
and occurrence of short episodes of ischemia prior to the main ischemic event (pre-
conditioning) are of importance. Hence, a variety of animal models can be used to
address this spectrum of ischemia with or without reperfusion [56]. Here we focus
on models with coronary artery occlusion with or without subsequent reperfusion,
i.e., non-reperfused (MI) and reperfused (MI/R) myocardial infarction. We will first
discuss some considerations when deciding about the most suitable model to answer
a research question as well as the pros and cons of several commonly used ani-
mal models.

The first important aspect to consider regarding post-AMI inflammation is
whether the model should include reperfusion (MI or MI/R). Myocardial reperfu-
sion significantly reduces cardiomyocyte death and mortality after acute STEMI but
leads to an increased risk of adverse remodeling and subsequent development of
heart failure [57, 58]. Chronic occlusion (MI) models mimic patients with acute
STEMI who cannot receive timely reperfusion [59, 60]. These patients present with
robust myocardial inflammation in the infarct and border zone regions in the first
2 weeks after occlusion.

In addition to salvaging cardiomyocytes, reperfusion induces oxidative stress
and a strong inflammatory response, the so-called reperfusion injury (MI/R), which
also affects cell responses concerning repair and remodeling [61-63]. Reperfusion
injury depends on the duration of occlusion until reperfusion and differs per species.
In mice, durations of coronary occlusion exceeding 60-90 min are considered to
cause irreversible damage [64—67]. In large animal models, such as dog and pig,
restoration of perfusion within 15 min of occlusion prevents cardiomyocyte death,
whereas 20- to 30-min. Occlusion is necessary to generate irreversible changes in
cardiomyocytes [68—70]. Reperfusion should preferably occur within 45-60 min
after initiation of the occlusion. Reperfusion after an occlusion of >6 h is considered
unsuccessful in salvaging myocardium in large animal models [71]. A wavefront of
cardiomyocyte death occurs starting at the subendocardium, progressing towards
the subepicardium with increasing duration of the occlusion [70, 72] as observed in
canine models of MI, where the subendocardium appears more susceptible to isch-
emic injury than the midmyocardium and subepicardium [73]. In mouse, rat, and
sheep, on the other hand, the midmyocardium is typically affected while the suben-
docardium and the subepicardium are relatively spared [74]. The pig model of coro-
nary occlusion-reperfusion comes closest to human STEMI in its temporal and
spatial development, but other models are nevertheless useful to study fundamental
mechanisms of MI [75]. The second aspect to consider is that induction of MI can
be performed using an open chest (coronary artery ligation with or without reperfu-
sion) or intravascular (balloon occlusion) approach. Although open chest models
are sensitive to infections, which can subsequently affect the AMI-related inflam-
matory responses, in rodents, open chest models are the only option. However, the
quality of the open chest surgery has a direct impact on study outcome [67]. Thirdly,
MI can be induced in an acute setting, in anesthetized animals or in conscious,
chronically instrumented, animals without the presence of anesthesia. Anesthesia
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affects hemodynamics and flow, in turn affecting coronary vasodilation and vaso-
constriction, and some anesthetic agents may induce pre-conditioning and thereby
directly impact infarct size [76]. Fourthly, humans and animals differ considerably
in their anatomy, including size, heart rate, metabolism, and collateral circulation. A
reduction or cessation of flow in a subject with little or no collateral circulation
often results in massive cell death in the area at risk, while in a subject with an
extensive collateral circulation cessation of flow results in unpredictable and largely
variable infarct size. Most animals have little or no collateral circulation, resulting
in a severe, but uniform infarct. However, guinea pigs exhibit a very well-developed
collateral circulation that prevents infarction upon occluding a single main coronary
artery and are therefore not suitable for occlusion studies [77]. Dogs display high
variability in collateral circulation, which majorly affects reproducibility of infarct
size. Swine on the other hand have a coronary anatomy, similar to that of humans
with minimal preexisting coronary collateral vessels [77]. In addition, their, typi-
cally right-dominant, coronary system and their cardiac conduction system are very
similar to humans [78]. However, due to their minimal preexisting coronary collat-
erals, they tolerate acute coronary occlusion poorly, with large areas of infarcted
tissue and a high mortality rate, necessitating a gradual coronary occlusion and/or a
smaller area at risk in most pig models. In imaging studies, it is also important to
keep in mind that the delivery of imaging probes to the infarct region may be
affected by the degree of collateral formation. Finally, logistics and finances can
also affect the choice of animal model. Access to patients’ scanners for large ani-
mals or to a small animal imaging equipment may play a role. Larger animal models
are expensive to obtain and labor-intensive regarding care and handling and require
larger amounts of probe. They, however, have the main advantage that they are eli-
gible for closed-chest, catheter-based techniques. Illustration of the pathophysio-
logical effects of MI induction in animal models is provided in Fig. 5.2.

5.2.3.1 Small Animal Models
Open Chest

Coronary Artery Ligation

Surgical ligation of the left coronary artery (LCA) or the left anterior descending
artery (LAD) in mice and rats, classically including ventilation and a full thoracot-
omy [79], often results in extensive tissue damage and high mortality. Gao and col-
leagues [80] developed a much faster method (with a similar infarct size and post-MI
cardiac function, without intubation, requiring just a small incision, resulting in
reduced mortality rates and reduced inflammation indicated by reduced plasma con-
centrations of TNF-a and myeloperoxidase levels). Reperfusion can be obtained by
removal of the ligature [80].

Topical Application of FeCls
The topical application of FeCl3 on the LAD by means of a tissue strip produces
several physiological and biochemical changes similar to arterial thrombus
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Fig. 5.2 Histological and schematic representation of animal models for myocardial infarction.
Reproduced without changes under Creative Commons license from Lindsey et al. [56]

formation. This method of MI induction, performed in rats [81], is very simple to
execute and does not require specialized surgical techniques or equipment.

Closed Chest

Isoproterenol Injection

Chemically induced AMI by isoproterenol [82] through B-adrenergic receptor stim-
ulation has a low mortality rate, is simple compared to surgical techniques, and has
no risk of postsurgical infections. However, the isoproterenol-induced inflammatory
response might differ from the AMI-induced inflammatory response in humans.

5.2.3.2 Large Animal Models
Open Chest

Coronary Artery Ligation

Open chest ligation of the LAD or the left circumflex (LCx) [83] has the advantage
of precise control of site of occlusion and direct visual assessment of contractile
function of heart. The severity of the MI depends on occlusion location, i.e., proxi-
mal, midpoint, or distal, but is reproducible and consistent.
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Gradual Constriction
Ameroid Constrictor

These constrictors are constructed of the hygroscopic material casein encased
within a steel sleeve [84]. When the device is implanted around an artery, the con-
strictor absorbs water and swells, compressing the artery and producing total coro-
nary occlusion over a period of 14-30 or more days [85], which can be prolonged
by coating the ameroid with petrolatum, which slows the absorption of water by the
construct