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Abstract
Cardiac involvement of sarcoid lesions is diagnosed by 
myocardial biopsy which is frequently false-negative, 
and patients with cardiac sarcoidosis (CS) who have 
impaired left ventricular (LV) systolic function are 
sometimes diagnosed with dilated cardiomyopathy 
(DCM). Late gadolinium enhancement (LE) in magnetic 
resonance imaging is now a critical finding in diagnosing 
CS, and the novel Japanese guideline considers myo
cardial LE to be a major criterion of CS. This article 
describes the value of LE in patients with CS who have 
impaired LV systolic function, particularly the diagnostic 
and clinical significance of LE distribution in comparison 
with DCM. LE existed at all LV segments and myocardial 
layers in patients with CS, whereas it was localized 
predominantly in the midwall of basal to mid septum in 
those with DCM. Transmural (nodular), circumferential, 
and subepicardial and subendocardial LE distribution 
were highly specific in patients with CS, whereas the 
prevalence of striated midwall LE were high both in 
patients with CS and with DCM. Since sarcoidosis 
patients with LE have higher incidences of heart failure 
symptoms, ventricular tachyarrhythmia and sudden 
cardiac death, the analyses of extent and distribution 
of LE are crucial in early diagnosis and therapeutic 
approach for patients with CS.

Key words: Magnetic resonance imaging; Late gado
linium enhancement; Sarcoidosis; Dilated cardiomyo
pathy; Diagnosis

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Late gadolinium enhancement (LE) in magnetic 
resonance imaging is a critical finding in the diagnosis of 
cardiac sarcoidosis (CS), but it is also observed in dilated 
cardiomyopathy (DCM). We review the significance of LE 
distribution in comparison with DCM. LE distributed into 
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all ventricular segments and myocardial layers in CS, 
whereas it was localized predominantly in the midwall of 
ventricular septum in DCM. Transmural, circumferential, 
and subepicardial and subendocardial LE were highly 
specific in CS. Since patients with LE have more adverse 
cardiac events, the analyses of extent and distribution 
of LE are crucial for diagnosis and management of CS.

Sano M, Satoh H, Suwa K, Saotome M, Urushida T, Katoh H, 
Hayashi H, Saitoh T. Intra-cardiac distribution of late gadolinium 
enhancement in cardiac sarcoidosis and dilated cardiomyopathy. 
World J Cardiol 2016; 8(9): 496-503  Available from: URL: 
http://www.wjgnet.com/1949-8462/full/v8/i9/496.htm  DOI: 
http://dx.doi.org/10.4330/wjc.v8.i9.496

INTRODUCTION
Sarcoidosis is a multi-organ granulomatous disorder 
of undetermined aetiology. Cardiac involvement is 
identified clinically only in few percentage (%) of 
patients with systemic sarcoidosis, while post-mor
tem investigations have found myocardial lesions 
in around 60%[1]. Necropsies exhibited that cardiac 
involvement was mostly non-transmural and lesions 
were located predominantly in the basal left ventricle 
(LV) and subepicardial myocardium[2,3]. Patients with 
cardiac sarcoidosis (CS) have a poor prognosis due to 
congestive heart failure with impaired LV function, and 
sudden cardiac death associated with lethal ventricular 
tachycardia (VT) or conduction disturbance[4]. 

Although endomyocardial biopsy has been the gold 
standard in diagnosing CS, it has limited sensitivity 
and certain procedural risks[5]. Actually, the results of 
endomyocardial biopsy were frequently false negative 
because of the patchy distribution of the lesions. 
Therefore, patients with cardiac involvement of systemic 
sarcoidosis (sCS) and with isolated CS (iCS) are not 
always positive for endomyocardial biopsy. As a result, 
a certain part of patients may be diagnosed with normal 
or dilated cardiomyopathy (DCM), and do not receive 
immunosuppressive therapies. Since a corticosteroid 
therapy can improve long-term prognosis of CS[6,7], 
an earlier diagnosis of CS with non-invasive cardiac 
imaging is clinically significant. 

The recent development of various imaging moda
lities including magnetic resonance imaging (MRI) and 
18F-fluorodeoxyglucose-positron emission computed 
tomography (FDG-PET) has enabled more precise 
diagnosis of CS. The LV wall in most patients with CS 
has late gadolinium enhancement (LE) in MRI[5,8-10], 
and the novel guideline of Japanese Ministry of Health 
and Welfare (JMH) considers the presence of LE to 
be a major criterion in CS (Table 1)[11]. However, LE is 
non-specific and frequently observed in other cardio
myopathies including DCM. 

We have been investigating the patterns of LE 
distribution in various cardiomyopathies and trying to 

confirm the values for differential diagnosis, clinical 
features, and prognosis[12-18]. Here we describe the value 
of LE in patients with CS, particularly the diagnostic and 
clinical significance of LE distribution in comparison with 
DCM.

LE DISTRIBUTION IN CS AND 
DIFFERENTIAL DIAGNOSIS FROM DCM
Patient characteristics
We initially enrolled 21 patients with CS who had LE 
in the myocardium between 2003 and 2015. Among 
them, the intra-cardiac and intra-mural distribution 
of LE were analyzed in 14 (67%) patients (13 sCS 
and 1 iCS) who showed reduced LV ejection fraction 
(LVEF: < 50%). The clinical characteristics and LE 
features were compared with 30 patients with DCM 
who were diagnosed by the World Health Organization/
International Society and Federation of Cardiology 
definition of cardiomyopathies[19]. The present study was 
performed in accordance with the Declaration of Helsinki 
and the protocol was approved by an institutional 
review board. All study participants provided informed 
consent. 

Patients with CS included more female patients 
and were younger, but there were no differences in 
symptoms, ECG findings and medications excluding 
corticosteroids (Table 2). Patients with CS had less 
decreased LVEF and smaller LV end-systolic volume 
index, while LV end-diastolic volume index and LV mass 
index did not differ from those in DCM. The LV segment 
number with LE was also greater in patients with CS. 
Figure 1 shows LE-MRI images (left) and corresponding 
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  (1) More than two of five major findings are satisfied
  (2) One of five major findings and more than two of three minor findings 
  are satisfied
     Major findings
     Advanced atrioventricular block (including complete atrioventricular 
     block) or sustained ventricular tachycardia
     Basal thinning of the interventricular septum or morphological 
     ventricular abnormality (ventricular aneurysm, wall thinning of other 
     ventricular region, wall thickening)
     Impaired left ventricular contraction (LVEF < 50%) or regionally 
     abnormal wall motion
     Abnormal cardiac uptake in gallium-67 citrate scintigraphy or 
     fluorine-18 fluorodeoxyglucose PET
     Late myocardial enhancement in gadolinium enhanced magnetic 
     resonance imaging 
    Minor findings
     Non-sustained ventricular tachycardia, multifocal or frequent 
     premature ventricular contractions, bundle branch block, axis 
     deviation, or abnormal Q wave in electrocardiography
     Defect on myocardial perfusion scintigraphy
     Endomyocardial biopsy: Interstitial fibrosis or monocyte infiltration 
     over moderate grade

Table 1  Clinical cardiac findings in Diagnostic Standard 
and Guideline for Sarcoidosis-2015-Japanese Society of 
Sarcoidosis and Other Granulomatous Disorders

LVEF: Left ventricular ejection fraction; PET: Positron emission tomography.



FDG-PET (middle) and 99mTc-sestamibi single photon 
emission computed tomography (SPECT: right) in a 
61-year-old patient with sCS. LE-MRI exhibits diffuse 
LE in the subepicardium (RV side) and subendocardium 
(LV side) of basal to apical ventricular septum and 
patchy LE in the midwall of posterior LV (white arrows). 
FDG-PET demonstrates focal uptake in basal and apical 
ventricular septum and posterior LV wall (black arrows). 
99mTc-sestamibi SPECT shows a defect only in ventricular 
septum (black arrows). 

Intra-LV and intra-mural LE distribution
The intra-LV LE distribution was analyzed using the 
17-segments model[16]. Next, we visually divided the 
intra-mural LE distribution into subepicardial, midwall 
and subendocardial distribution. Then, the extent 
of LE in each segment was determined with a five-
point scoring system (0 = no LE, 1 = 1%-25%, 2 
= 26%-50%, 3 = 51%-75%, 4 = 76%-100% of 
transmural extent of LE). The segment with score 4 was 
defined as “transmural” distribution[16]. LE in patients 
with CS existed predominantly in the basal and mid 
septum, but also distributed throughout LV segments. 
While in patients with DCM, LE was localized mostly 
in the basal and mid septum[13,16]. In addition, LE 
distributed across all the myocardial layers in patients 
with CS, but was predominantly localized at the midwall 
in those with DCM (Figure 2). The averaged LE score 
in each LV segment was significantly higher in CS than 
that in DCM [0.95 ± 0.67 vs 0.42 ± 0.43, mean ± 
standard deviation (SD), P < 0.05].

Typical LE distribution profiles
Previous reports have also shown that transmural 
(nodular) distribution, circumferential subepicardial 
distribution, and subepicardial and subendocardial 
distribution (with spared midwall) are highly charac
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CS DCM P values

  Number 14 30
  Sex (M/F) M4/F10 M23/F7     0.001
  Age (yr) 59.8 ± 13.5 69.2 ± 12.6   0.03
  Syncope n (%) 2 (14.3) 6 (20.0)   0.65
  Palpitation n (%) 7 (50.0) 17 (56.7)   0.74
  NYHA 
  (I/II/III/IV)

8/5/1/0 
(57.1%/35.7%/

7.1%/0%)

8/11/6/5 
(26.7%/36.7%/

20%/16.7%)

  0.08

  ECG findings
     PQ duration 188.4 ± 26.0 188.1 ± 40.9   0.91
     1st/2nd AVB 7/1 (50.0%/7.1%) 7/0 (23.3%/0%)   0.14
     QRS duration 118.6 ± 22.9 128.4 ± 36.3   0.18
     Abnormal Q   
     waves n (%)

6 (42.9) 3 (10.0)   0.09

     RBBB/LBBB 3/5 (21.4%/35.7%) 2/15 (6.7%/50%)   0.57
     VTs n (%) 7 (50.0) 15 (50.0)   0.74
  Medications n (%)
     Corticosteroids 7 (50.0)            0 (0) < 0.001
     ACEI/ARB 9 (64.3) 20 (66.7)   0.73
     β blockers 7 (50.0) 23 (76.7)   0.07
     AADs 4 (28.6) 14 (46.7)   0.51
     Diuretics 7 (50.0) 18 (60.0)   0.32
  MRI
     LVEDVI (mL/m2) 107.0 ± 45.8 135.5 ± 43.4   0.08
     LVESVI (mL/m2)   74.2 ± 44.5 106.3 ± 42.1   0.04
     LVMI (g/m2)   60.1 ± 24.9   67.1 ± 28.9   0.34
     LVEF (%)   33.9 ± 11.0   22.8 ± 10.0     0.003
     LE segment number   8.6 ± 4.6   5.3 ± 3.1   0.04

Table 2  Clinical features and magnetic resonance imaging 
parameters in patients with cardiac sarcoidosis and with 
dilated cardiomyopathy
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Figure 1  Non-invasive cardiac imaging in a 61-year-old male patient with cardiac involvement of systemic sarcoidosis. LE-CMR (A) shows diffuse LE 
in the subepicardium (RV side) and subendocardium (LV side) of basal to apical ventricular septum and patchy LE in the midwall of posterior LV (white arrows); 
Corresponding FDG-PET (B) demonstrates focal uptake in basal and apical ventricular septum and posterior LV wall (black arrows); 99mTc-sestamibi SPECT (C) 
exhibits a defect only in ventricular septum (black arrows). CMR: Cardiac magnetic resonance; FDG-PET: 18F-fluorodeoxyglucose-positron emission computed 
tomography; LE: Late gadolinium enhancement; LV/RV: Left and right ventricles; SPECT: Single photon emission computed tomography.

The categorical variables were expressed as number and percentage (%) and 
compared by c 2 test. The continuous variables were expressed as means ± 
SD and examined by unpaired t test. CS: Cardiac sarcoidosis; DCM: Dilated 
cardiomyopathy; M/F: Male/female; NYHA: New York Heart Association; 
ARB: Angiotensin receptor blockers; ACEI: Angiotensin converting enzyme 
inhibitors; AVB: Atrioventricular block; AAD: Anti-arrhythmic drugs; MRI: 
Magnetic resonance imaging; LVEDVI and LVESVI: Left ventricular end-
diastolic and end-systolic volume indices; LVEF: LV ejection fraction; LE: 
Late gadolinium enhancement; L/RBBB: Left/right bundle branch blocks; 
LVMI: LV mass index; VT: Ventricular tachycardia. 
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of hot spots in CS[20-22]. While LE and defects in SPECT 
reflect irreversible fibro-granulomatous replacement, 
the hot spots in T2-weighted black-blood imaging 
(T2WBB), 67Ga-SPECT and FDG-PET express active 
inflammatory change. The hot spots can be targeted for 
an endomyocardial biopsy if tissue diagnosis is required, 
and be adopted for an evaluation of corticosteroid 
therapy[21,23]. Since FDG-PET can give higher sensitivity 
and specificity than SPECT, we recommend the 
combination of LE-MRI and FDG-PET for assessing 
CS[20,21]. LE sometimes overlaps with hot spots in FDG-
PET or T2WBB according to the disease progression or 
recurrence. Thus, it is important to carefully interpret 
findings in LE-MRI and other imaging modalities[24].

LE distributions in CS
Managing patients with reduced LV contraction who 
are suspected CS without histologic manifestation is 
a critical issue, since these cases may be diagnosed 

teristic in CS, whereas striated distribution in midwall 
is typical in DCM (Figure 3A)[5,10]. In our analysis, 
transmural (nodular), circumferential, and subepicardial 
and subendocardial LE distribution were highly specific 
in patients with CS, although the prevalence of 
those distribution patterns was low. In contrast, the 
prevalence of striated midwall LE distribution was high 
in both groups, but the specificity was low (Figure 3B 
and Table 3). 

DISCUSSION
We initially demonstrated typical findings of various 
cardiac imaging in a patient with CS. Many reports have 
exhibited the correlations among LE-MRI, SPECT and 
FDG-PET in the evaluation of CS. The intra-mural extent 
of LE was quite concordant with perfusion defects 
in 201Tl- or 99mTc-sestamibi-SPECT[9,13]. On the other 
hand, FDG-PET exhibits focal or focal on diffuse type 
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Figure 2  Intra-left ventricles (A) and intra-mural (B) late gadolinium enhancement distribution in patients with cardiac sarcoidosis and with dilated 
cardiomyopathy. A: Columns indicate prevalence of LE at each LV segment in patients with CS (black) and with DCM (gray). A: Anterior; aL: Antero-lateral; aS: 
Anterior septal; I: Inferior; iL: Infero-lateral wall in basal, mid and apical LV; AP: LV apex; B: Columns consist of prevalence of LE with scores 1 to 3 at different intra-
mural distribution in patients with CS and with DCM. Score 4 indicates the transmural distribution. CS: Cardiac sarcoidosis; DCM: Dilated cardiomyopathy; LV: Left 
ventricles.
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with ischemic cardiomyopathy is also possible. LE may 
correspond to the location of wall thinning, wall motion 
abnormalities and myocardial edema[5,8,10,13,25-30]. Tezuka 
et al[25] reported that there was no difference in LE 
distribution between sCS and iCS.

In our analysis, transmural (nodular), circum
ferential, and subepicardial and subendocardial LE 
distribution were highly specific in patients with CS, 
although the prevalence of those distribution patterns 
was low. In contrast, the prevalence of striated mid
wall LE distribution was high in both groups, but the 
specificity was low. Although the mechanisms of 
these types of LE distribution remain unknown, more 
aggressive examination for CS such as serological 
tests, 67Ga-SPECT and FDG-PET should be considered, 
when patients with reduced LVEF showed diffuse and 
characteristic features of LE distribution.

Clinical implications of LE
In general, LE in patients with cardiomyopathies cor
relates with all-cause mortality, heart failure hospita
lization, and sudden cardiac death. Thus, detection of 
LE by LE-MRI has excellent prognostic significance and 
may help guide risk stratification and management in 
patients with various cardiomyopathies[17,31].

In sarcoidosis, previous reports showed that patients 

with DCM, and do not receive corticosteroid therapy[25]. 
Oppositely, the inclusion of the presence of LE in the 
novel JMH guideline (Table 1) may cause an increase 
in false positive patients. Although FDG-PET can be 
an additional tool for diagnosing CS, it is not always 
available in all hospitals and patients. Therefore, more 
detailed analyses of LE-MRI are required to differentiate 
CS from DCM.

Many previous studies have clarified the charac
teristic LE distribution in CS (Table 4). In general, LE 
in CS is polymorphic and heterogeneous; a classic 
pattern of midwall or subepicardial LE can be seen, 
but subendocardial or transmural LE as in patients 

  LE patterns Sensitivity (%) Specificity (%) PPV (%) NPV (%)

  Striated 85.7   3.3 29.3 33.3
  Nodular 57.1 96.7 88.9 82.9
  Circumferential 35.7 96.7 83.3 76.3
  Subepi + subend 50.0 96.7 87.5 80.6

Table 3  Diagnostic value of characteristic late gadolinium 
enhancement distribution patterns to differentially diagnose 
cardiac sarcoidosis from dilated cardiomyopathy

Striated                            Nodular                           Circumferential                      Sub-epi + sub-end
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Figure 3  Typical late gadolinium enhancement distribution profiles. Characteristic patterns of LE distribution in LE-MRI (A) and the cartoons (B). Striated: 
Striated LE distribution in midwall; Nodular: Nodular (transmural) LE distribution; Circumferential: Subepicardial LE distribution in > 50% circumferential LV wall; Sub-
epi + sub-end: Subepicardial and subendocardial LE distribution with spared midwall (white arrows); C: The prevalence of characteristic patterns of LE distribution 
in patients with CS and with DCM. CS: Cardiac sarcoidosis; DCM: Dilated cardiomyopathy; LE: Late gadolinium enhancement; LV/RV: Left and right ventricles; MRI: 
Magnetic resonance imaging.

PPV and NPV: Positive and negative predictive values; Sub-epi + sub-end: 
Subepicardial and subendocardial distribution with spared midwall; LE: 
Late gadolinium enhancement.
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and patients, and has a problem of cost. Patients 
with pulmonary congestion cannot tolerate long data 
acquisition time of MRI. MRI has been prohibited in 
patients who have had device implantation. Therefore, 
patients who required urgent pacemaker or ICD 
implantation because of atrioventricular blocks or VT 
were excluded from the analyses of MRI. MR conditional 
pacemakers can be implanted in patients who may 
need MRI after device implantation[40,41]. Gadolinium 
cannot be injected to patients with chronic renal failure, 
because there is a risk of nephrogenic systemic fibrosis. 
Finally, different determination thresholds (> 2 SD 
to > 5 SD) and difficult quantification of LE are also 
limitations.

CONCLUSION
Although LE in myocardium has become a major 
criterion in the novel JMH guideline for CS, the present 
article suggests that more diffuse and characteristic 
patterns of LE distribution (in combination with abnor
mal wall motion and morphology) may be helpful for 
differentiating CS from DCM in patients with reduced 
LVEF. Future large and longitudinal follow-up studies 
are necessary to define characteristic patterns of LE 
distribution in CS as well as those prognostic values. 
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Abstract
Radiation-induced cardiovascular disease (RICVD) is the 
most common nonmalignant cause of morbidity and 
mortality among cancer survivors who have undergone 
mediastinal radiation therapy (RT). Cardiovascular 
complications include effusive or constrictive pericarditis, 
cardiomyopathy, valvular heart disease, and coronary/
vascular disease. These are pathophysiologically distinct 
disease entities whose prevalence varies depending 
on the timing and extent of radiation exposure to the 
heart and great vessels. Although refinements in RT 
dosimetry and shielding will inevitably limit future 
cases of RICVD, the increasing number of long-term 
cancer survivors, including those treated with older 
higher-dose RT regimens, will ensure a steady flow 
of afflicted patients for the foreseeable future. Thus, 
there is a pressing need for enhanced understanding 
of the disease mechanisms, and improved detection 
methods and treatment strategies. Newly characterized 
mechanisms responsible for the establishment of 
chronic fibrosis, such as oxidative stress, inflammation 
and epigenetic modifications, are discussed and linked 
to potential treatments currently under study. Novel 
imaging modalities may serve as powerful screening 
tools in RICVD, and recent research and expert opinion 
advocating their use is introduced. Data arguing for 
the aggressive use of percutaneous interventions, such 
as transcutaneous valve replacement and drug-eluting 
stents, are examined and considered in the context of 
prior therapeutic approaches. RICVD and its treatment 
options are the subject of a rich and dynamic body of 
research, and patients who are at risk or suffering from 
this disease will benefit from the care of physicians 
with specialty expertise in the emerging field of cardio-
oncology.

Key words: Radiotherapy; Radiation; Cardiovascular; 
Atherosclerosis; Cardiomyopathy; Pericarditis; Valvular; 
Hodgkin; Breast cancer; Radiation fibrosis
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Core tip: Radiation-induced cardiovascular disease is 
a common complication of mediastinal radiotherapy 
and often occurs years or decades after treatment. 
It most commonly manifests as chronic pericarditis, 
cardiomyopathy, and valvular or coronary heart disease. 
Its pathophysiology is chiefly that of radiation fibrosis, 
fueled by chronic states of inflammation and oxidative 
stress. Conventional risk factors impose additive risk 
to these patients and must be addressed as early 
as possible. Development of more sensitive imaging 
modalities is enabling detection at earlier stages of the 
disease and creating opportunities for novel treatment 
strategies. Percutaneous interventions have an increa
sing role in the treatment of symptomatic vascular and 
valvular disease.

Cuomo JR, Sharma GK, Conger PD, Weintraub NL. Novel 
concepts in radiation-induced cardiovascular disease. World J 
Cardiol 2016; 8(9): 504-519  Available from: URL: http://www.
wjgnet.com/1949-8462/full/v8/i9/504.htm  DOI: http://dx.doi.
org/10.4330/wjc.v8.i9.504

INTRODUCTION
Mediastinal radiotherapy (RT) has been successfully 
used to decrease mortality and recurrence of a number 
of thoracic malignancies for decades, particularly early 
Hodgkin’s lymphoma (HL) and breast cancer. Thanks 
to advances in chemotherapeutics and radiation 
oncology, HL is now eminently curable, with 20-year 
survival approaching 80%[1], while 15-year breast 
cancer survival is nearing the same threshold[2]. 
Increased longevity has unintended consequences, 
however, including radiation-induced cardiovascular 
disease (RICVD). Where the heart was once thought 
to be insensitive to radiation, RICVD is now known to 
be the chief non-malignant cause of death in these 
patients, responsible for between one-quarter and one-
third of their mortality[1,3-5]. The intervening decades 
have witnessed significant decreases in the amount of 
radiation to which patients are exposed, but injury to 
the pericardium, myocardium, valvular architecture, 
and vasculature continue to impose significant chal
lenges to patients and clinicians entrusted with their 
care. Here, we will briefly review the epidemiology and 
basic characteristics of the cardinal types of RICVD, 
focusing on emerging concepts in the pathophysiology, 
prevention, and treatment of this disease.

EPIDEMIOLOGY AND BASIC 
CHARACTERISTICS
The epidemiology of RICVD is complicated by the 
continual improvements in radiation dosimetry and 
shielding that tend to reduce cardiovascular exposure 
and the latent effects of radiation, which take years 

or decades to manifest. Thus, RICD is an inherently 
dynamic disease process, and while clinicians continue 
to cope with radiation-induced comorbidities afflicted 
by older and higher-dose radiation regimens, data 
derived from patients treated decades ago will tend to 
overestimate incidences and morbidities, etc., of newly 
evolving cases. Updated epidemiologic data is therefore 
of critical importance to inform both patients and clini
cians. Several large studies have been published over 
the last few years that analyzed the outcomes of RT 
administered between one and four decades ago. In 
the following section, these data will be presented in 
reference to the four cardinal radiation-induced car
diovascular pathologies, as well as a brief overview of 
the gross anatomic and histopathologic derangements 
known to occur over the given timelines and at the 
described doses.

Acute and chronic pericarditis
Radiation-induced pericarditis is the earliest form of 
RICVD to occur following mediastinal radiation. It 
may occur in either of two forms, early and acute or 
delayed and chronic, which should be regarded from 
a histopathological standpoint as two distinct disease 
entities. As an early complication of very high dose 
radiation, early pericarditis is extremely rare today 
due to implementation of dose reducing techniques. It 
occurs either during RT or in the days or weeks after 
in response to irradiation in excess of the “tolerance 
dose” of the organ, which is variably described as a 
mean heart dose of greater than 36 or 40 Gy, or a > 50 
Gy dose administered to > 30% of the heart[6-8]. The 
effect of these doses on histopathology is profound in 
the short-term. In the acute setting, the pericardium 
becomes porous, resulting in a neutrophilic infiltrate 
and collection of a high-protein exudate[9]. Nearly half of 
affected patients develop hemodynamically-significant 
effusions, although in most cases they are self-limited. 
The development of apparently benign pericardial 
effusions in the acute stage may predispose the patient 
to chronic pericarditis of delayed onset, however[10].

Chronic pericarditis is the most common cardiac 
complication of radiation therapy, observed in some 
70%-90% of necropsy cases[11,12]. The effect is highly 
dose-dependent, with incidence increasing from < 10% 
to > 50% as the total dose is increased from 50 to 60 
Gy[7]. The incidence of symptomatic chronic, delayed 
pericarditis has decreased dramatically since the 1970s, 
falling from 20% to 2.5% with the application of just a 
few of the radiation-sparing techniques that are used 
today[13]. Nevertheless, even the low-dose radiation 
to which contemporary cohorts are exposed increases 
the incidence of chronic pericarditis by a factor of 1.6 
when comparing patients undergoing left- vs right-
sided RT[14]. This finding suggests that through the early 
2000s, breast cancer survivors were accruing excess 
risk of chronic pericardial disease despite modern dose-
schedules.

The time to onset of symptoms in chronic pericar
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ditis can range from three months to over a decade, 
with one year being the median[8]. In the months prior 
to presentation, these patients will experience fibrous 
thickening of the pericardium and replacement of 
pericardial fat by collagen[11]. In nearly 20% of cases, 
pericardial thickening is severe enough to cause a 
chronic constrictive pericarditis[15], which, when it 
becomes symptomatic, does so much later, requiring 
pericardiectomy at a median of 11 years after RT 
according to one recent study[16].

Radiation-induced cardiomyopathy
According to the latest epidemiologic data, radiation-
induced cardiomyopathy (RICM) occurs at a 40-year 
cumulative incidence rate of 24.8%, though most of 
these cases evolve following a distinct cardiac insult 
such as valvular disease or myocardial infarction 
(MI)[17]. The risk of RICM increases after 5 years, but 
it can evolve decades after initial RT[18]. Higher doses 
of radiation exposure are required to instigate this 
level of injury; rat hearts display a tolerance dose of 
15-20 Gy[19], whereas the tolerance dose of human 
myocardium is approximately 40 Gy[7]. That said, 
asymptomatic myocardial perfusion defects have been 
detected as soon as 6 mo following irradiation at the 
much lower mean heart radiation doses used in the 
contemporary treatment of breast cancer[20]. In the 
latter study, defects were observed in about 40% of 
patients within two years, suggesting that RICM will 
continue to be a significant late adverse effect of RT 
in the coming decades despite reductions in radiation 
exposure.

Pathologically, RICM is characterized by inflam
mation followed by the development of a diffuse, patchy 
interstitial fibrosis of the myocardium, and effacement 
of the peri-myocyte endothelium[21]. Perfusion defects 
can often be detected by nuclear medicine studies in the 
early years following RT. They lie in the irradiated regions 
and do not follow the major coronary artery distributions, 
reinforcing the view that microvascular injury is central 
to this pathology[22]. As the heart becomes fibrotic it 
loses compliance, resulting in diastolic dysfunction[23]. 
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Wall-motion abnormalities follow, occurring in 18% 
and 29% of patients in their second and third decades 
after RT, respectively, vs 5% in non-irradiated age-
matched subjects in the Framingham population[24]. In 
the same study, a decline in left ventricular mass and 
wall thickness was also noted, which runs contrary to 
the trend seen in normal aging. Impairment of systolic 
function occurs last and should be considered a sign of 
late RICVD.

Valvular heart disease
The natural history of valvular heart disease (VHD) 
varies with radiation dose and, by extension, the decade 
in which the patient was treated. A study of HL survivors 
irradiated under obsolete protocols between 1965 and 
1995 revealed 13- and 30-year cumulative incidences 
of 10% and 20%, respectively. Prior history of RT 
increased the risk of VHD for these patients 7-fold[18]. 
Unfortunately, VHD progresses in more than 30% of 
irradiated HL survivors throughout the second and third 
decades following treatment in this dose range[25]. More 
recently, researchers at the Netherlands Cancer Institute 
found a stepwise decrease in 30-year cumulative inci
dence of VHD corresponding to diminishing doses of RT, 
from 12.4% at doses greater than 40 Gy to 3.0% at 
doses less than 30 Gy[26]. At the lower end of this steep 
dose-response curve, where most treatment regimens 
are dosed currently, the absolute difference in 30 year 
VHD risk in irradiated vs non-irradiated patients was 
estimated to be 1.4%. Nevertheless, patients treated in 
past decades will continue to experience higher rates of 
VHD in the coming decades, particularly those exposed 
to high doses of radiation in the remote past.

With respect to the gross pathology of VHD, the 
earliest change appears to be the formation of valvular 
retractions and accompanying regurgitation prefer
entially involving the mitral and aortic valves, occurring 
within the first 10 years. The progression to fibrotic 
thickening and calcification of the valves occurs much 
later, with stenosis often appearing 20 years after 
RT[25]. Mitral and aortic valve regurgitation are the most 
common defects, and when stenosis occurs, it most 
commonly afflicts the aortic valve (Figures 1 and 2).

Radiation-induced coronary heart disease
Radiation-induced coronary heart disease (CHD) is 
currently the most active area of RICVD research. 
Until the 1990s, its existence was controversial, but it 
has been unmasked by longer survivorships and mass 
epidemiological studies in the ensuing decades. The 
disease burden it imposes is significant, in part because 
it can be induced by radiation doses that are well less 
than 10% of the tolerance dose of other cardiac tissues; 
thus, it more frequently complicates the course of 
breast cancer treatment than other forms of RICVD[7]. 
A large case control study of breast cancer survivors 
in Denmark and Sweden undertaken in 2013 found 
that the risk of a major CHD event begins to increase 

Figure 1  Severe calcification of proximal aorta and aortic leaflets (arrows) 
resulting in moderate aortic regurgitation and stenosis.
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been known to rupture following RT on occasion[21]. 
Moreover, the carotid arteries have been noted to 
demonstrate early and rapid formation of unstable 
plaques following irradiation in rat models[7].

PATHOPHYSIOLOGY
Our basic understanding of the pathophysiology of 
RICVD has changed little since the seminal work of 
Fajardo et al[9,10] in the 1960s and 1970s. It has long 
been understood that irradiated pericardial, myo
cardial, endocardial, or endothelial tissue is prone to 
inflammation, which later results in tissue fibrosis and 
loss of capillaries at the microvascular level[10]. Until 
the early 2000s, studies in animal models and in vitro 
human tissues primarily focused on the mechanisms 
by which these changes occurred in the acute setting. 
Since the turn of the century, emphasis has shifted 
to the manner in which the acute inflammatory state 
gives way to chronic, pathological fibrosis. This section 
will begin with an overview of the inflammatory 
response, followed by a discussion of novel research 
into the mechanisms by which chronic and long-lasting 
profibrotic states become realized.

Acute inflammation
The mechanisms of tissue injury in the acute setting 
of radiation-induced pericarditis, valvular disease, 
cardiomyopathy and coronary disease are essentially 
the same and appear to be largely mediated by 
damage to the endothelium. Whether in the visceral 
pericardium, the highly vascular myocardium - which 
has a capillary density of 2800 capillaries/mm2 as 
compared to 350/mm2 in skeletal muscle[32] - or the 
small and medium-sized vessels that perfuse the heart, 
the endothelium is site of initial damage. Within minutes 
of irradiation, endothelial cells become hyperpermeable. 
By the passing of the second hour, the endothelium has 
begun to display membrane-bound molecules such as 
E- and P-selectin, which are involved in leukocyte cell 
rolling, and ICAM-1 and PECAM-1, which are involved in 
leukocyte arrest and transmigration[7]. 

within the first 5 years post-treatment and continues 
to significantly exceed that of the general population 
through at least 20 years of follow-up[27]. These patients 
experienced increased risk of angina pectoris, MI, and 
sudden cardiac death despite having been treated 
with a modest mean heart dose of 3.6 Gy RT between 
1958 and 2001. Patients receiving radiation doses of < 
2 Gy, 2-4 Gy, 5-9 Gy and > 10 Gy experienced dose-
dependent excess risks of 10%, 30%, 40% and 116%, 
respectively, vs carefully matched controls. Another 
large study of women in Denmark and Sweden (n = 
35000) comparing incidences of MI in breast cancer 
survivors observed an incidence ratio of 1.22 in patients 
undergoing left-sided vs right-sided RT[14]. In that 
study, the mean heart dose in patients with right-sided 
tumors was 2.7 Gy (vs 6.3 Gy for left-sided tumors), 
so the incidence ratio likely underestimates the true 
excess risk of RT compared with the general population. 
Concerning higher-dose radiotherapy, a 2015 study 
from the Netherlands Cancer Institute found a 40-year 
cumulative CHD incidence of 22.9%, amounting to a 
4- to 7-fold increase in risk and 475 excess cases per 
10000 person-years as compared to the general popu
lation[18].

The gross pathology of radiation-induced CHD differs 
from that of ordinary CHD in certain key respects. 
Radiation-induced coronary artery lesions tend to be 
longer and to preferentially involve the ostium, and 
they are therefore more challenging to treat percu
taneously[28-30]. The left anterior descending (LAD) 
coronary artery is often preferentially involved because 
of its proximity to the radiation field (Figure 3). 

This is particularly so in treatment of breast cancer 
where, while average heart doses are currently 1-5 Gy, 
the maximum LAD doses may exceed 20 Gy[31]. With 
respect to histopathology, these lesions tend to differ 
little from those of ordinary atherosclerosis and are 
characterized by intimal thickening, lipid accumulation, 
inflammation, and thrombosis[13]. They are often, how
ever, somewhat more fibrous, with reduced lipid content, 
and the vessels involved tend to be more friable[23]. 
Other great vessels are likewise subject to radiation-
induced friability, and the aorta and carotid artery have 

Figure 2  Apical four chamber view of mitral annular calcification (arrow). Figure 3  Severe proximal stenosis of the left anterior descending coronary 
artery (arrow).
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collagenases[40,41]. IL-13 and IL-4 are chiefly secreted 
by Th2 lymphocytes and act at a variety of tissues to 
stimulate collagen deposition[34,42]. They have chiefly 
been studied in the context of hepatic and pulmonary 
fibrosis but are active in vascular tissues as well[43-45].

Matricellular signals also contribute to pro-fibrotic 
phenotypic changes. One such ECM protein that 
may constitute a future therapeutic target in RICVD 
is connective tissue growth factor (CTGF), which is 
induced by TGF-β and promotes differentiation of 
mesenchymal cells and resident fibroblasts into myofi­
broblasts[46-48]. Moreover, CTGF can continue to stimulate 
myofibroblasts to secrete ECM even after TGF-β levels 
have normalized, thus perpetuating fibrosis long after 
the initial insult has passed[49,50]. Indeed, knockdown 
of CTGF expression in human cardiac fibroblasts 
decreased fibroblast growth, and CTGF inhibition was 
shown to reverse fibrosis, decreasing vascular stiffness 
and myocardial dysfunction in rodent models, though 
this finding has not yet been replicated in irradiated 
models[51].

As terminally-differentiated cells, myofibroblasts 
are destined to undergo apoptosis rather than mitosis 
during normal wound healing. This typically results 
in a self-limited and acellular scar[52]. They persist in 
radiation-induced fibrosis, however, and a growing body 
of evidence links this to epigenetic reprogramming. DNA 
methylation is the most studied mode of epigenetic 
modification in radiation-induced fibrosis[53]. In murine 
fibroblasts, expression of the α-smooth muscle actin 
gene, a marker of myofibroblast differentiation, was 
reported to be regulated by methylation of CpG islands 
in the gene promoter[54]. Moreover, TGF-β-induced 
suppression of DNA methyltransferase expression 
contributed to induction of the α-smooth muscle actin 
gene and thus myofibroblast differentiation. In contrast, 
induction of α-smooth muscle actin expression during 
hypoxia was reported to be associated with DNA 
hypermethylation and upregulation of DNA methyl
transferases[55]. This and other studies suggest that 
regulation of fibroblast differentiation via epigenetic 
DNA methylation is complex and context-specific[56,57].

Hypermethylation of genes involved in apoptosis has 
been observed following irradiation and is associated 
with decreased cell death, which could promote 
fibrosis[58]. Moreover, the patterns of DNA methylation 
predating irradiation may be a determinant of radiation 
fibrosis. Human dermal fibroblasts taken from pati
ents who later developed radiation-induced fibrosis 
demonstrated decreased methylation of two intragenic 
sequences of the diacylglycerol kinase alpha gene, a 
regulator of fibrosis-associated signaling pathways[59]. 
Moreover, decreased DNA methylation at these sites 
correlated with future development of profibrotic fibro­
blast activation, highlighting the potential prognostic 
value of epigenetic modifications with respect to 
radiation-induced fibrosis. Methylation-inhibiting agents 
may hold promise in the treatment or prevention of 
RICVD and are currently in clinical trials. Aberrations in 

These activities stimulate the neutrophilic response 
that predominates acutely, with these first-responders 
releasing pro-inflammatory cytokines such as tumor 
necrosis factor, monocyte chemotactic factor, and 
interleukin (IL)-8, resulting in recruitment of additional 
inflammatory cells[33]. While this pro-inflammatory 
activity of granulocytes and other immune cell types 
was once thought to be the chief, if not the sole cause 
of acute inflammation and fibrosis[34], inflammatory 
chemokine secretion by the endothelium itself has 
garnered much research interest in recent years. In vitro 
studies of cultured human microvascular endothelial cells 
have confirmed a radiation-induced increase in IL-6, IL-8, 
human fibroblast growth factor, and adhesion molecules 
such as ICAM-1, in the absence of immunologic cells. 
This suggests an immunologic and secretory functionality 
of the vascular endothelium that contributes to the pro-
inflammatory state[35,36].

Finally, the contribution of coagulation to this acute 
endothelial inflammatory response merits consideration. 
The presence of early fibrin deposits in the capillary 
networks within radiation-exposed myocardium was 
noted in the initial studies of RICVD[37]. This is now 
known to result from impaired endogenous fibrinolysis, 
likely due in part to thrombomodulin inhibition by 
transforming growth factor-beta (TGF-β), and perhaps 
by RT itself[38]. The role of hyperacute coagulation in 
the eventual development of chronic fibrosis is as yet 
unknown. Certain coagulation factors such as thrombin, 
however, can induce endothelial secretion of chemokines 
such as IL-8 and monocyte chemoattractant peptide, 
which in turn promote chemotaxis of neutrophils 
and expression of adhesion molecules to upregulate 
inflammation[39,40].

Fibrosis 
Fibrosis is the chief process by which chronic radiation 
damage occurs. At the biochemical level, fibrosis 
is the result of abnormal deposition of collagenous 
extracellular matrix (ECM) by activated myofibroblasts. 
The manner in which this comes about is still the 
subject of investigation. Cardiovascular fibrosis is a 
chronic but dynamic process that is propagated by pro-
fibrotic cytokines, phenotypic alterations in various 
cell types, and the presence of chronic hypoxia and 
oxidative stress. Central to this process is the terminal 
differentiation of fibroblasts into myofibroblasts, 
which secrete more type I and III collagen, as well 
as alpha-smooth muscle actin, another ECM protein, 
than do their progenitors[41]. Stimuli that may lead 
to myofibroblast formation in radiation injury include 
pro-inflammatory cytokines, matricellular signals, and 
epigenetic reprogramming.

Pro-fibrotic cytokines such as platelet-derived growth 
factor (PDGF), IL-13, IL-4, and TGF-β are secreted 
in abundance by neutrophils and other immune cell 
types recruited to irradiated tissues. TGF-β in particular 
has many pro-fibrotic activities, including both the 
promulgation of myofibroblasts and the inhibition of 
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phenotype over the Th1 response[73,74], thus skewing the 
lymphocyte population towards those that preferentially 
secrete IL-4, IL-13, TGF-β, etc. These and other 
chemical signals act in concert to stimulate myofibro
blast hyperactivity and disordered ECM deposition.

PREVENTION
The cardiovascular morbidity and mortality of RT can 
be forestalled through primary prevention, which 
consists of dose reduction and radioprotection, and 
secondary prevention, which consists of screening 
and radiomitigation. No pharmaceuticals are currently 
approved by the Food and Drug Administration for 
either purpose, although Amifostine, a scavenger of 
free radicals, was recently approved for the reduction 
of radiation-induced xerostomia[75]. This discussion will 
therefore focus on dose-reduction, screening, and risk 
modification, ending with a brief discussion of novel 
uses of existing pharmaceuticals, such as statins and 
ACE inhibitors. 

The most important means of prevention is reduction 
in radiation exposure. Advances in radiation oncology 
have resulted in decreases in absolute 15-year cardiac 
mortality from 13% in the mid-1970s to 5.8% in the 
late 1980s for breast cancer survivors[76]. Meanwhile, 
the incidence of major CHD events in HL survivors has 
remained roughly unchanged during the same period 
despite dramatic increases in utilization of cardiotoxic 
chemotherapeutics[18]. Recent reviews have dealt with 
the techniques by which this has been achieved[77,78]. 
Some of these strategies involve manipulating the 
patient so as to exclude as much of the myocardium 
from the treatment field as possible; for instance, use 
of breast boards or prone positioning may reduce the 
volume of myocardium traversed by the radiation beam. 
Likewise, deep inspiration and inspiratory gating are 
two techniques by which radiation oncologists exploit 
the heart’s tendency to fall inferiorly and posteriorly 
out of the radiation field. Perhaps the most important 
advancement is the use of intensity-modulated RT, 
in which 3-D CT images are used in conjunction with 
multileaf collimators that can be manipulated to deliver 
radiation beams that conform closely to the shape of 
the tumor. With respect to HL, reductions in radiation 
exposure are mainly attributable to dose fractionation, 
and to the shift from mantle field radiation, which 
encompasses much of the neck, mediastinum, and 
axilla, to more limited, involved fields[79]. All of these 
techniques presuppose superior imaging and software 
technologies that deliver radiation more accurately - 
often to within several millimeters of the desired target 
- and with much smaller margins than were used in the 
in the previous century.

Despite these improvements, excess risk of morbidity 
and mortality persist. It is therefore imperative that 
cardio-oncologic care be coordinated prior to initiation 
of RT for the establishment of appropriate cardiac 
baselines and for continued surveillance throughout the 

two other modes of epigenetic modulation - microRNA 
activity and histone modifications - have been linked 
to fibrosis in various tissues, including the heart (for a 
detailed review, see Weigel et al[53]), but we know very 
little about their contributions to RICVD at this time.

Oxidative stress
In addition to directly inflicting cellular injury, radiation-
induced oxidative stress is thought to play a key role 
in the transition from acute inflammation to chronic 
inflammation and fibrosis[60]. Reactive oxygen species 
(ROS) are acutely generated by the direct action of 
radiation and subsequently produced by both macro
phages and the inflamed endothelium, which are 
replete with ROS-generating enzymes[61]. Macrophages 
produce large quantities of superoxide and nitric oxide, 
the latter via inducible nitric oxide synthase[62,63]. Super
oxide and nitric oxide react to form peroxynitrite, a toxic 
source of free radical injury[64]. The decreased availability 
of nitric oxide resulting from this conversion promotes 
vascular dysfunction and tissue hypoxia, which further 
exacerbates oxidative stress[63].

Once initiated, oxidative stress propagates inflam
mation through several mechanisms. For example, 
oxidative stress promotes chemotaxis by upregulating 
expression of adhesion molecules such as ICAM[65] 
and by increasing monocyte chemotactic protein-1 
and TNF-α levels[66]. Moreover, ROS increase thrombin 
activity by inactivating thrombomodulin, potentially 
promoting inflammation as previously described[67]. 
Though a causal link between radiation-induced oxida
tive stress and inflammatory cytokine production is 
difficult to establish, anti-oxidant studies are infor
mative. For example, administration of alpha-lipoic acid 
prior to irradiation was reported to decrease local levels 
of IL-1, IL-6, and metalloproteinases in mice[68], while 
melatonin decreased levels of IL-1, TNF-α, and TGF-β[69]. 

ROS also promote inflammation via their complex 
interaction with NF-κB, a transcription factor responsible 
for such critical functions as immune regulation and cell 
survival. In the setting of RICVD, NF-κB activation by 
ROS results in increased adhesion molecule, cytokine, 
and chemokine production[70]. An association with 
fibroblast stimulation and collagen deposition has also 
been demonstrated. Importantly, NF-κB upregulation 
was detected from week 4 through week 500 post-
irradiation in small vessels of the neck in humans[71], 
suggesting that NF-κB might be a critical element in the 
transition from acute inflammation to chronic fibrosis 
(Figure 4).

Free radicals produced by macrophages result in 
increased pro-fibrotic TGF-β production in irradiated 
animals[72]. This change is preceded by tissue hypoxia, 
which follows in RICVD from capillary effacement and 
diminished perfusion. Additionally, ROS have been 
reported to cleave TGF-β from its anchorage sites 
in the ECM, which in turn promotes myofibroblast 
differentiation and ECM deposition[61]. Lastly, free 
radicals establish a preference for the Th2 lymphocyte 
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the National Comprehensive Cancer Network (NCCN) 
called for aggressive management of cardiovascular 
risk factors with annual blood pressure and biannual 
lipid screening in their expert consensus statement 
released in 2015. They also recommended considering 
a baseline stress test or echocardiogram every 10 years 
after treatment[83]. Some experts have proposed that 
irradiation should be considered an additional CHD risk 
factor in the presence of hypertension, hyperlipidemia, 
or diabetes[81].

Finally, the most rigorous set of screening recom
mendations came from the European Association of 
Cardiovascular Imaging and the American Society of 
Echocardiography in 2013, which recommend aggressive 
risk factor modification and yearly physician visits. 
The statement went further, however, recommending 
baseline echocardiography prior to RT, followed by 
repeat echocardiography 10 years after treatment and 
every five years thereafter in heart-healthy patients[84]. 
For patients with one or more conventional risk factors, 
screening echocardiography was recommended in 
the fifth year after treatment, and noninvasive stress 
testing was recommended 5-10 years after treatment 
and at 5-year intervals, with a preference for stress 
echocardiography in these patients.

The prospective data supporting these statements 
was largely derived from a series of studies by 
Heidenreich et al[24], who screened asymptomatic HL 

patient’s lifetime. The younger the patient is at time of 
treatment, the more critical the need for surveillance, as 
both their relative risk of RICVD and their survivorship 
with respect to cancer are greater[18]. Cardio-oncologic 
care should begin with risk factor modification, as 
conventional CHD risk factors are particularly hazardous 
in this population. Indeed, traditional risk factors 
have been shown to more than double the relative 
risk of CHD events in these patients as compared to 
matched patients in the general population[80]. Thus, 
hypertension, hyperlipidemia, and diabetes mellitus 
should be managed aggressively, and patients should 
be counseled regarding smoking cessation, weight loss, 
and exercise where appropriate.

Screening and detection
The cardiac morbidity and mortality associated with 
RT can be reduced if treated early, which justifies the 
need for screening and early detection of RICVD[81]. 
Prospective data regarding cost- and risk-benefit 
analyses with respect to screening are lacking, however. 
Although evidence-based guidelines are unavailable, 
several expert consensus statements have been 
derived based on the available randomized trials and 
epidemiological studies. In 2014, the American College 
of Radiology Appropriateness Criteria Report made a 
case for the importance of surveillance but stopped at 
recommending personalization[82]. The expert panel of 
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Figure 4  Radiation injury and the transition from acute inflammation to chronic fibrosis, as mediated by pro-fibrotic cytokines and reactive oxygen 
species. A-C: Normal tissue (A) becomes inflamed within hours of irradiation (B), and a pro-fibrotic cytokine profile predominates within days-to-weeks (C); D: 
Represents the chronic state of fibrosis characteristic of radiation injury. O2

-: Reactive oxygen species; TNF-a: Tumor necrosis factor alpha; MCP-1: Monocyte 
chemotactic protein-1; CTGF: Connective tissue growth factor; TGF-b: Tumor growth factor beta; IL: Interleukin. 
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MRI is helpful in evaluation of left ventricular EF and, 
with the addition of myocardial tagging, may be utilized 
for better evaluation of constrictive pericarditis. This 
modality is particularly well-suited to detection of the 
patchy fibrosis that may be associated with micro
vascular insufficiency even in the absence of classical 
ostial coronary stenosis, ischemia, or infarction[91]. 
The pattern of late gadolinium enhanced MRI images 
can help differentiate between MI, diffuse myocardial 
fibrosis, and constrictive pericarditis as the underlying 
mechanism of the cardiomyopathy[92,93]. 

Newer screening modalities for radiation-induced 
vascular disease have also been evaluated, including 
coronary artery calcium (CAC) imaging. In a cohort 
of 47 HL survivors who received a mean cardiac dose 
of 40.6 Gy, CAC imaging demonstrated a strong 
association between severity of CAC and the presence 
of coronary artery disease verified by angiography[94]. 
The proportion of patients with CAC scores of zero 
was much lower in the HL cohort than in the general 
population. Another study using CT angiography in HL 
survivors detected nearly twice as many atherosclerotic 
lesions in pre-cranial blood vessels contained within the 
radiation field as compared with a non-irradiated control 
group; the percentages of calcified vs non-calcified 
lesions were similar in the HL and control groups, 
suggesting that atherosclerosis, but not calcification, 
is a radiospecific finding[95]. Interestingly, this study 
also found that elevated total cholesterol, measured 
soon after RT, correlated strongly with later incidence 
of coronary artery disease. While these studies suggest 
a role for CT in screening for vascular disease in HL 
survivors, their generalization is limited by the high 
doses of radiation to which these older cohorts were 
exposed. Indeed, a larger study of CAC screening in 
236, 12-year breast cancer survivors who had been 
exposed to lower doses of radiation did not find any 
excess CAC, though the duration of follow-up may have 
been too short to detect late occurrences[96]. Thus, CT 
imaging may be of greater utility in detection of CHD in 
cancer survivors who are in their second or third decade 
post-RT.

Laboratory monitoring is another important com
ponent of screening for RICVD. The importance of 
identification and management of hyperlipidemia in 
cancer survivors with a history of RT is emphasized 
by data showing a direct correlation between the 
presence of hypercholesterolemia soon after RT and 
atherosclerosis[95,96]. Chen et al[97] (2009) applied a 
decision-analytic model to perform a cost-benefit 
analysis in a hypothetical cohort of HL survivors to 
establish the cost-effectiveness of screening intervals 
for hyperlipidemia. Applying an assumed relative 
risk of cardiac mortality of 3.2 to a theoretical cohort 
that otherwise differed little from that of the general 
population, the optimal interval for screening for 
hyperlipidemia was determined to be every three 
years. With respect to biomarker screening, elevation 
of troponin-I and brain natriuretic peptide have been 

survivors for RICVD. Their study of echocardiography in 
asymptomatic patients uncovered a 29% prevalence of 
significant valve disease in HL patients as compared to 
3% in the general population[24]. Diastolic dysfunction 
was detected in 14% of the HL patients at a mean 
of 14 years post-RT[23]. While the cost-benefit ratio 
of screening for heart failure with preserved ejection 
fraction (EF) is uncertain due to the lack of effective 
treatment, a disproportionate number of patients thus 
afflicted also demonstrated stress-induce ischemia on 
subsequent stress echocardiogram or nuclear perfusion 
imaging (23%). Finally, Heidenreich et al[85] evaluated 
stress echocardiography and radionuclide perfusion 
imaging as screening tests for asymptomatic CHD 
after RT. They observed a 2.7% prevalence of severe, 
multivessel or proximal coronary stenosis, and a 7.5% 
prevalence of coronary stenosis greater than 50% at 
a mean 15 years after RT. The cohort overall had a 
documented 8% prevalence of coronary insufficiency 
or death. The generalizability of these data is limited 
by the high radiation doses employed in the cohort; 
the mean heart dose in the three trials was 43-44 Gy, 
which is much higher than most HL patients receive 
today. Nevertheless, these findings are likely pertinent 
to patients irradiated prior to the 1990s, or to more 
recently treated patients receiving mean heart doses 
greater than 35 Gy.

Thus, current literature supports use of transthoracic 
echocardiogram as the screening tool of choice to 
evaluate baseline left ventricular EF, diastolic function 
and VHD. Echocardiography is also important in 
the assessment of restrictive cardiomyopathy and 
constrictive pericarditis. Ultrasonographic technologies 
are constantly evolving, leading to improvements in 
the ability to detect subtle signs of RICVD disease 
via echocardiography. Using cardiac MRI as the gold 
standard, 3D echocardiography was reported to 
exhibit greater sensitivity than 2D echocardiography 
to detect left ventricular EFs less than 50% (53% vs 
25%, respectively)[86]. Deformation imaging using 
speckle tracking or tissue Doppler velocities may be 
even more sensitive to detect subtle abnormalities 
in left ventricular function[87,88]. Reductions in systolic 
myocardial deformation were detected immediately and 
2 mo after RT, in the absence of detectable reductions in 
EF[89]. Speckle tracking echocardiography demonstrated 
abnormal global longitudinal and global circumferential 
strain in 33% and 21.7%, respectively, of patients 
who underwent RT, while depressed EF was detected 
by 3D echocardiography in only 5.7% of patients at 
a median 22.6 years[90]. While no gold standard was 
applied, abnormal longitudinal strain was correlated 
with reduced quality of life and lower mean 6-min walk 
distances, even when it was the sole abnormal finding. 
Thus, while reduced EF is a late finding in RICVD, 
abnormal strain measurements may herald early onset 
disease and are increasingly being incorporated into 
screening protocols (Figure 5). 

Though it is not a first-line screening tool, cardiac 
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models and have shown promise through several of the 
mechanisms discussed in the Pathophysiology section. 
Pravastatin has been found to inhibit the activity of 
CTGF by modulating associated proteins such as Ras-
homologous (Rho) GTPases[100]. Rho-family proteins 
regulate cellular responses to pro-fibrotic cytokines such 
as TGF-β, and to oxidative stress[46]. They also increase 
cell adhesion and contribute to the reorganization of the 
ECM[100,101]. Some of the statins’ anti-fibrotic activities 
may also be related to attenuation of radiation-induced 
NF-κB activity, which depends upon activation by Rho-
family GTPases[102]. Additionally, statins upregulate 
thrombomodulin expression in human endothelium, 
decreasing the pro-inflammatory activities of thrombin 
as described previously[103]. Lastly, atorvastatin has 
been found to reduce injury to and apoptosis of the 
vascular endothelium[104]. Notably, several trials of 
statins in young patients who were treated with RT are 
underway[105]. Although surrogate endpoints, such as 
detection of endothelial function and carotid intimal-
medial thickness, will be employed, these studies 
nevertheless may begin to illuminate the role of early 

demonstrated in patients during and immediately 
following RT in a small cohort of breast or lung cancer 
patients[98]. A later study found subacute elevations 
of high-sensitivity troponin-T following RT that were 
dose-dependent[99]. This study also detected echo
cardiographic evidence of interventricular septal thick
ening and prolonged diastolic deceleration time in 
patients who experienced a greater than 30% increase 
in troponin levels from baseline, suggesting that 
elevated high-sensitivity troponin-T correlates with 
subtle abnormalities of cardiac function after RT. The 
implications for the utility of high-sensitivity troponins 
in screening for future cardiac disease are unknown but 
may become clearer after the planned follow-up with 
this cohort.

Radioprotection and radiomitigation
As to the role of pharmaceuticals, several commonly 
prescribed agents are currently being evaluated in 
primary and secondary prevention after promising 
results were observed in animal trials. Statins have 
been studied extensively in rodent and in vitro human 
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Figure 5  Proposed algorithm for cardio-oncologic screening following mediastinal radiotherapy[84]. CHF: Congestive heart failure; TTE: Transthoracic 
echocardiography.
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the presentation is similar to that of acute pericarditis. 
The imaging modality of choice is echocardiography 
in these patients, for reasons of cost, ease of use, 
and reproducibility. The latter advantage is critically 
important in the case of recurrent effusions and sym
ptomatic constrictive pericarditis, which may help 
the clinician to make appropriate referral for invasive 
procedures[84]. Cardiac CT and MR, on the other hand, 
have proven to be more sensitive in the diagnosis of 
constrictive pericarditis owing to better visualization 
of pericardial thickening and calcifications. Moreover, 
cardiac MR is more specific in the diagnosis of con
strictive pericarditis, distinguishing it from transient 
constriction due to active inflammation and effusive-
constrictive pericarditis. This can be useful in assessing 
prognosis and in determining whether or not to proceed 
with a high-risk pericardiectomy[93]. 

Recurrent symptomatic effusions may require peri
cardiectomy, which is also the mainstay treatment of 
symptomatic constrictive pericarditis. While the pro
cedure does provide benefit to irradiated patients, these 
patients have poor prognoses, with a 21% perioperative 
mortality and a 7-year survival rate of just 27%[16,113]. 
In one study, zero of five patients survived beyond 
five years[114]. Unfortunately, these mortality rates may 
reflect both the technical difficulties in operating on the 
irradiated heart and progression of other forms of RICVD 
that inevitably follow from large radiation exposures.

RICM
RICM may remain asymptomatic for years before pre
senting as a typical clinical heart failure syndrome with 
shortness of breath and other symptoms of volume 
overload. Diastolic dysfunction is typically the earliest 
imaging finding in RICM, followed by abnormalities 
pertaining to strain and strain rate such as discussed in 
the screening and detection section. Therefore, this new 
echocardiographic modality is optimal for establishing an 
early diagnosis of RICM. When a reduction in EF occurs, 
it is often a late finding. Cardiac MR is appropriate for 
use in patients with poor acoustic windows and not only 
detects reductions in EF, but also visualizes the inciting 
myocardial inflammation and fibrosis[84]. Once RICM has 
been confirmed, treatment should be initiated per the 
ACC/AHA guidelines, as there are no drugs specifically 
approved to treat radiation-induced myocardial inflam­
mation or fibrosis. This is also the case with respect 
to implantable cardioverter-defibrillator (ICD) place
ment, as the indications for its use have not been 
specifically evaluated in RICM. As to the location of ICD 
implantation, it has been suggested that a sub-pectoral 
approach may be preferred in order to avoid instru
menting the irradiated superficial tissues[5].

In patients with biventricular heart failure due to 
radiation-induced restrictive cardiomyopathy, cardiac 
transplant may be performed as a last resort. Several 
case series have been published in recent years detail
ing the outcomes of these cases. The largest was 

statin therapy in reducing the long-term risk of RICVD.
Angiotensin converting enzyme (ACE) inhibitors 

are another commonly prescribed class of drug with 
radioprotective and radiomitigating potential. Rats 
treated with captopril shortly after radiation of the 
lung demonstrated dramatically increased survival 
and improved vasoreactivity, as well as decreased peri
vascular fibrosis and inflammatory cell infiltration[106]. 
Similar findings with respect to the pulmonary vascula­
ture have been reported in rats treated with ACE 
inhibitors two weeks after irradiation[107]. More recently, 
rats treated with captopril exhibited reduced diastolic 
dysfunction and perivascular necrosis in the left 
ventricle following radiation exposure[108]. Although 
these data are intriguing, prospective studies evaluating 
the efficacy of ACE inhibitors in patients undergoing RT 
have not been reported.

Lastly, antioxidant approaches are the subject 
of much investigation. Amifostine was previously 
mentioned in connection with its indication for treatment 
of xerostomia, but in a small rodent study of RICVD, 
this drug was found to reduce myocardial fibrosis 
and impairment of aortic and coronary blood flow[75]. 
Melatonin is also being evaluated for this use, as it is 
known to act both as a scavenger of free radicals and 
as a stimulant of antioxidants[109,110]. It was reported 
to reduce the development of vasculitis, myocyte 
necrosis, and fibrosis following high-dose radiation in 
a rat model[111]. These and several other antioxidant 
strategies such as the use of selenium[112] show promise 
and warrant further exploration in animal studies.

TREATMENT
Acute and chronic pericarditis
Acute pericarditis is extremely rare thanks to reductions 
in the mean heart dose during RT. The clinical presenta
tion may occur during treatment or in the following 
weeks. In the former instance, pericarditis is typically 
the result of the presence of a heavy tumor burden 
adjacent to or extending into the pericardium, and 
the subsequent tumor lysis. In both instances, the 
presentation is similar to that of idiopathic acute peri
carditis, characterized by fever, pleuritic chest pain, and 
a pericardial friction rub. ECG may demonstrate low QRS 
voltage and diffuse ST or T wave changes. Standard 
transthoracic echocardiography typically demonstrates a 
pericardial effusion. This syndrome is usually self-limited 
and responds to treatment with NSAIDs and colchicine, 
but it may progress to tamponade physiology[37]. Pericar
diocentesis is indicated in the event of hemodynamic 
compromise. 

Radiation-induced chronic pericarditis is a more 
unique disease entity, in that it frequently presents as 
fibrinous constrictive pericarditis. The most common 
presentation is as an incidentally discovered asymp
tomatic effusion, however. This type of pericarditis rarely 
progresses to tamponade because of its chronicity, and 
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prominent role in treatment of patients with radiation-
induced aortic disease given the associated surgical 
morbidity/mortality in this high-risk population.

CHD
There is currently no basis of evidence to suggest 
specific deviations from treatment guidelines for the 
medical management CHD in patients with a history 
of mediastinal irradiation. The increased risk of CHD 
in patients with a history of RT may prompt a more 
aggressive approach where the etiology of chest pain is 
in question and/or diagnostic findings are ambiguous. As 
always, coronary angiography is the gold standard, and 
clinicians should have a lower threshold to consider it in 
this population. On the other hand, both percutaneous 
interventions (PCI) and surgical revascularization 
are often more challenging and less effective in this 
population, which must be taken into account. As noted 
previously, coronary artery lesions tend to be proximal 
or ostial in this population, and may not be readily 
amenable to PCI. A prospective study of bare metal 
stent placement in HL survivors was conducted between 
1993 and 2003 and revealed in-stent restenosis in 
86% of irradiated patients within the first six months, 
with an odds ratio for this event of 21.7[123]. Moreover, 
revascularization of the target vessel with balloon 
angioplasty was required in 67% of the RT cohort at six 
months per coronary angiography. However, most of 
these patients were treated with early generation stents 
and single antiplatelet therapy. A larger case control 
study in which 36% of patients received newer drug-
eluting stents, and all patients received dual antiplatelet 
therapy, found no difference in the rate of in-stent 
restenosis requiring revascularization between irradiated 
and non-irradiated patients[124]. Drug-eluting stents 
did not outperform bare metal stents in this study; 
nevertheless, use of newer generation drug-eluting 
stents is usually preferred in this population.

Surgical revascularization of the irradiated heart 
is often necessary, but is not without complication. 
Operative mortality rates of 6% have been reported, 
and one- and five-year actuarial survival has been 
estimated to be 87% and 72%, respectively[125]. Sixty-
two percent of patients in the latter cohort required 
valve surgery concomitantly or after the initial surgery, 
suggesting that valvular dysfunction is a significant 
contributor to mortality in this population. In another, 
larger study of cardiothoracic surgical outcomes in 
irradiated patients, a dose-dependence was observed 
with regard to post-operative and long-term mortality 
data[126]. At lower doses of radiation exposure, breast 
cancer patients undergoing open-heart surgery were 
found to approach, but not reach, the levels of 4-year 
survival expected of the general population, while the 
outlook for HL patients was much worse (73%, 64% 
and 57% survival at 1-, 2- and 4-years, respectively). 
Lastly, irradiated patients often exhibit friability of 
the left internal mammary artery, a well-known com

a 2012 study of patients undergoing transplant for 
restrictive cardiomyopathy, which included a subgroup 
of 35 patients with RICM. This group demonstrated 1-, 5- 
and 10-year transplant survival rates of 71%, 47%, and 
32%, respectively - the poorest survival rates amongst 
all of the subgroups[115]. A 12-subject cohort of patients 
transplanted for RICM reported a lower mortality, with 
a 5- and 10-year survival of 75% and 47%[116]. Of note, 
eight of these patients were transplanted for treatment 
of restrictive cardiomyopathy. Given the limitation in 
donor hearts eligible for transplantation, and the large 
numbers of patients currently on waiting lists, cardiac 
transplantation is likely to play a very limited role in 
patients with end-stage RICVD.

VHD
Little has been written about peculiarities of the clinical 
presentation of radiation-induced VHD. Echocardiographic 
studies have demonstrated that it typically begins as an 
asymptomatic regurgitation of the mitral and/or aortic 
valves, progressing to include aortic stenosis in 39% of 
patients[25]. Radiation-induced VHD is most commonly 
diagnosed after a long latent period[117] and in the context 
of clinical symptoms of heart failure[18], to which valvular 
insufficiency is either contributing or responsible. When 
VHD is suspected, i.e., on the basis of a new murmur, 
transthoracic Doppler echocardiography is the first line 
of investigation, with transesophageal echocardiography 
reserved for when the initial evaluation is non-dia
gnostic[84].

The frequency of radiation-induced VHD is signi
ficantly greater than seen in the general population. In 
a cohort of HL patients, the standardized incidence ratio 
for valve surgery was found to be 9.19 when compared 
to the estimated expected national incidence in the 
United States, though this may be an overestimate, 
as some of these patients were irradiated under older 
protocols[118]. Aortic valve replacement was the most 
common procedure in this cohort, though mitral and 
tricuspid valve disease may also require intervention. 
Crestanello et al[119] reported that 32% of previously 
irradiated patients who underwent mitral and/or tricuspid 
valve repair experienced severe valve deterioration, 
likely because of progression of radiation-induced tissue 
injury. In light of these findings and the known dangers 
of reoperation in this cohort, the authors concluded that 
mitral and tricuspid valve replacement may be superior 
to repair in patients with RICVD. 

Over the past several years, transcutaneous aortic 
valve replacement (TAVR) has proven equal or superior 
to surgical valve replacement in high-risk patients[120,121]. 
As valve technology and techniques for TAVR have 
evolved, favorable outcomes are now also being obser
ved in intermediate risk patients. Approximately 5% of 
patients enrolled in recently published TAVR trials have a 
history of prior chest wall radiation, with initial favorable 
results[122]. However, long-term results are unavailable. 
Nevertheless, TAVR is likely to play an increasingly 
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Oncol 2011; 100: 160-166 [PMID: 20826032 DOI: 10.1016/
j.radonc.2010.08.010]
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induced heart disease. Arch Pathol 1968; 86: 512-519 [PMID: 
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11	 Veinot JP, Edwards WD. Pathology of radiation-induced heart 
disease: a surgical and autopsy study of 27 cases. Hum Pathol 1996; 
27: 766-773 [PMID: 8760008 DOI: 10.1016/s0046-8177(96)90447-5]
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[PMID: 6782873]

13	 Carmel RJ, Kaplan HS. Mantle irradiation in Hodgkin’s disease. 
An analysis of technique, tumor eradication, and complications. 
Cancer 1976; 37: 2813-2825 [PMID: 949701 DOI: 10.1002/1097-0
142(197606)37]

14	 McGale P, Darby SC, Hall P, Adolfsson J, Bengtsson NO, Bennet 
AM, Fornander T, Gigante B, Jensen MB, Peto R, Rahimi K, Taylor 
CW, Ewertz M. Incidence of heart disease in 35,000 women treated 
with radiotherapy for breast cancer in Denmark and Sweden. 
Radiother Oncol 2011; 100: 167-175 [PMID: 21752480 DOI: 
10.1016/j.radonc.2011.06.016]

15	 Gaya AM, Ashford RF. Cardiac complications of radiation therapy. 
Clin Oncol (R Coll Radiol) 2005; 17: 153-159 [PMID: 15900998 
DOI: 10.1016/j.clon.2004.09.016]

16	 Bertog SC, Thambidorai SK, Parakh K, Schoenhagen P, Ozduran V, 
Houghtaling PL, Lytle BW, Blackstone EH, Lauer MS, Klein AL. 
Constrictive pericarditis: etiology and cause-specific survival after 
pericardiectomy. J Am Coll Cardiol 2004; 43: 1445-1452 [PMID: 
15093882 DOI: 10.1016/j.accreview.2004.06.051]

17	 van Nimwegen FA, Schaapveld M, Janus CP, Krol AD, Petersen 
EJ, Raemaekers JM, Kok WE, Aleman BM, van Leeuwen FE. 
Cardiovascular disease after Hodgkin lymphoma treatment: 40-year 
disease risk. JAMA Intern Med 2015; 175: 1007-1017 [PMID: 
25915855 DOI: 10.1001/jamainternmed.2015.1180]

18	 Aleman BM, van den Belt-Dusebout AW, De Bruin ML, van ‘t 
Veer MB, Baaijens MH, de Boer JP, Hart AA, Klokman WJ, 
Kuenen MA, Ouwens GM, Bartelink H, van Leeuwen FE. Late 
cardiotoxicity after treatment for Hodgkin lymphoma. Blood 2007; 
109: 1878-1886 [PMID: 17119114 DOI: 10.1016/0360-3016(85)90
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plication encountered when that vessel lies in the 
irradiated field, which compromises its use as a bypass 
conduit and diminishes the overall benefit of bypass 
surgery in patients with RT.

CONCLUSION
Despite advancements in radiation oncology, it ap
pears that cancer survivors treated with breast and 
mediastinal radiotherapy will continue to present with 
complicated cardiovascular problems for the foreseeable 
future. Further research is needed to elucidate pro-
fibrotic mechanisms and identify promising therapies 
that can be implemented early during the course of 
treatment. The phenotypic shift from fibroblast to 
myofibroblast is a result of the complex interplay of 
radiation-induced oxidative stress, inflammation, cell 
signaling, and epigenetic modifications, which requires 
further study in animal models. Medications such as 
ACE inhibitors and statins favorably impact many of 
these pathways and have shown promise in animal 
models of RICVD; these agents are just now beginning 
to be tested in patients who have undergone RT. Novel 
imaging approaches, such as 3D echocardiography, 
strain imaging, and CT/MRI scanning, are enabling the 
detection of early-stage RICVD, which will help to better 
evaluate risk and facilitate future interventional trials. 
Evolution of PCI (i.e., transcutaneous valve replacement 
and drug-eluting stents) holds great potential for impro
ving treatment of patients with RICVD, and these 
techniques are rapidly gaining favor given their encourag
ing outcomes and lower complication rates as compared 
to surgical interventions. Although evidence-based 
guidelines with respect to screening, prevention and 
treatment of RICVD are lacking, algorithms have been 
developed by experts in the field that favor a more 
aggressive approach than was typically pursued in prior 
decades. Coordination of care between oncologists, 
cardiologists, and primary care physicians for the 
purpose of early detection, risk factor modification 
and treatment provides the best hope of reducing the 
morbidity and mortality associated with RICVD.
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Abstract
Myocardial infarction and sudden cardiac death are 
frequently the first manifestation of coronary artery 
disease. For this reason, screening of asymptomatic 
coronary atherosclerosis has become an attractive field 
of research in cardiovascular medicine. Necropsy studies 
have described histopathological changes associated 
with the development of acute coronary events. In this 
regard, thin-cap fibroatheroma has been identified as 
the main vulnerable coronary plaque feature. Hence, 
many imaging techniques, such as coronary computed 
tomography, cardiac magnetic resonance or positron 
emission tomography, have tried to detect noninvasively 
these histomorphological characteristics with different 
approaches. In this article, we review the role of these 
diagnostic tools in the detection of vulnerable coronary 
plaque with particular interest in their advantages and 
limitations as well as the clinical implications of the 
derived findings.

Key words: Atherosclerosis; Vulnerable coronary plaque; 
Diagnosis; Cardiac computed tomography; Cardiac 
magnetic resonance
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Core tip: Noninvasive diagnosis of vulnerable coronary 
plaque has become of major interest in preventive 
cardiology. Certain histological features have been 
related with an increased risk of plaque rupture. Coro
nary computed tomography has been largely used for 
this aim, and some lesion characteristics have been 
consistently associated with acute coronary syndrome 
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in several studies. Moreover, a growing body of 
evidence suggests the potential role of cardiac magnetic 
resonance and positron emission tomography in high-
risk lesion detection. These promising results should 
be put in perspective to select the high-risk population 
that may benefit the most from the use of coronary 
vulnerable plaque imaging screening.

Pozo E, Agudo-Quilez P, Rojas-González A, Alvarado T, Olivera 
MJ, Jiménez-Borreguero LJ, Alfonso F. Noninvasive diagnosis of 
vulnerable coronary plaque. World J Cardiol 2016; 8(9): 520-533  
Available from: URL: http://www.wjgnet.com/1949-8462/full/
v8/i9/520.htm  DOI: http://dx.doi.org/10.4330/wjc.v8.i9.520

INTRODUCTION
Atherosclerosis constitutes the leading cause of 
morbidity and mortality in the developed countries, 
mostly secondary to acute coronary syndromes (ACS)[1]. 
Moreover, the progressive aging of the population 
forecasts an exponential growth of the prevalence 
of cardiovascular disease[2]. In this clinical scenario, 
detection of patients at risk of suffering an ACS has 
become one of the major goals in cardiology. Traditional 
cardiovascular risk factors have been extensively used 
for this aim. Nevertheless, they fail to anticipate the 
occurrence of an ACS, especially in certain popula­
tions[3,4], so myocardial infarction and sudden cardiac 
death (SCD) are frequent first manifestations of 
coronary disease. This situation has boosted the interest 
in subclinical detection of atherosclerosis. In this regard, 
quantification of calcium score with coronary computed 
tomography (CCT)[5] as well as ultrasound evaluation 
of carotid atherosclerosis[6,7] have demonstrated their 
utility for cardiovascular risk reclassification[8,9]. In any 
case, in spite of a very common detection of coronary 
atherosclerosis in autopsy series among young adults[10] 
the incidence of ACS in this population is very low[1]. 
Thus, the onus should be shifted onto the detection of 
lesions that are prone to develop a coronary event.

VULNERABLE CORONARY PLAQUE: 
DEFINITION, HISTOPATHOLOGICAL 
FEATURES AND RATIONALE FOR 
NONINVASIVE DIAGNOSIS
Classical studies supported that ACS were caused 
mainly by lesions with severe stenosis[11]; however, 
PROSPECT trial[12], a prospective intravascular ultra­
sound (IVUS) and virtual histology (VH) follow-up of 
non-culprit lesions after ACS, revealed that most of the 
events are derived from angiographically mild stenosis 
(< 50%). Again autopsy studies have provided relevant 
information regarding the atherosclerotic plaque 
characteristics in culprit lesions. The most frequent 

presentation is plaque rupture, followed by plaque 
erosion[13]. Rarely (2%-7% of the cases) the ACS are 
related with a calcified nodule morphology[14]. These 
lesions are unfailingly associated with a variable amount 
of thrombus[15]. Given that plaque rupture is the most 
common substrate of acute coronary events, vulnerable 
plaques are defined as lesions at the greatest risk of 
rupture, with subsequent thrombosis or rapid stenosis 
progression (Table 1)[16]. Therefore, they are also 
named high-risk or thrombosis-prone plaques.

When ruptured plaques leading to acute coronary 
events were studied in necropsies, they usually presented 
a large necrotic core with a thin overlying fibrous cap 
together with inflammatory cells and little calcification[17]. 
Moreover, unlike lesions related to stable disease, these 
plaques showed expansive or positive remodeling not 
causing significant narrowing of the coronary lumen[18]. 
Thus, plaques with these histomorphologic features 
but intact fibrous cap, named thin-cap fibroatheroma 
(TCFA), were assumed to be prone to rupture. This 
concept was evaluated in a detailed histologic analysis 
of atherosclerotic plaques from a large series of patients 
who suffered SCD[19]. This study established a relevance 
hierarchy of morphological features that may influence 
plaque rupture. In a general analysis a thin fibrous cap (< 
84 μm) was able to exclude stable lesions. Interestingly, 
among TCFA with a cap thickness < 54 μm cross-
section area stenosis was most likely < 74%. Finally, 
when fibrous cap thickness was not considered in the 
analysis, inflammation, characterized by macrophage 
plaque infiltration, as well as a large necrotic core 
emerged as typical features of potentially unstable 
lesions. In this regard, aforementioned PROSPECT 
trial[12] was able to confirm these findings in vivo with 
IVUS. In this study plaque burden ≥ 70%, minimal 
luminal area ≤ 4 mm2 and TCFA characteristics on VH 
were independently associated with subsequent major 
adverse cardiovascular events (MACE) derived from 
non-culprit lesions.

Some considerations should be kept in mind to 
understand the clinical relevance of vulnerable plaque 
detection. All the plaque ruptures do not inevitably 
cause an ACS[20], whereas disruption and healing is the 
typical mechanism of plaque stenosis growth[21,22]. Thus, 
a perfect storm scenario, with confluence of plaque 
vulnerability, inflammatory state, platelet activation and 
impaired fibrinolysis, is necessary for ACS occurrence[23]. 
However, given that substrate presence is a conditio 
sine qua non and the other involved factors (homeostasis 
disbalance and thrombogenicity) are difficult to esta­
blish and/or variable in time, noninvasive detection 
of vulnerable plaques may be clinically relevant[24], 
especially in very high risk patients[25]. 

Hence, in this paper we review the different noninva­
sive diagnostic tools to evaluate vulnerable coronary 
plaques, with a detailed description of the relevant 
information they provide as well as their particular 
strengths and limitations (Table 2). We focus specially 
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on the technique with the greatest evidence in this 
field, CCT, mentioning other available imaging tools 
with promising perspective such as cardiac magnetic 
resonance (CMR) imaging and positron emission tomo­
graphy (PET).

CCT 
CCT general information with predictive value 
CCT not only provides information about the presence 
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of significant stenoses with a high diagnostic accuracy[26] 
(Figure 1) but also allows a sensitive noninvasive direct 
evaluation of coronary atherosclerosis[27]. Coronary 
calcium score determination[28] as well as non-calcified 
plaque detection, even in the absence of significant 
stenosis[29-31], have demonstrated their value to predict 
MACE. Moreover, a large and systematic meta-analysis 
highlighted the relevance of luminal stenosis severity 
assessment with CCT[32], showing an increasing risk of 
the composite end-point of cardiac death or myocardial 

  Culprit lesion Coronary lesion considered to be responsible for the clinical event, usually plaque complicated by intraluminal 
thrombosis

  Thrombosed plaque Plaque with an overlying thrombus extending into the vessel lumen either occlusive or non-occlusive
  Eroded plaque Thrombosed plaque (mainly fibrotic or proteoglycan-rich) due to loss or dysfunction of endothelial cells without 

associated rupture
  Plaque with calcified nodule Heavily calcified protruding plaque with loss or dysfunction of endothelial cells
  Vulnerable, high-risk or thrombosis 
  prone plaque

Plaque at increased risk of thrombosis and rapid stenosis progression
TCFA: Inflamed plaque with a thin cap covering a lipid-rich necrotic core

  Vulnerable patient Patient at high-risk to experience a cardiovascular ischemic event due to a high atherosclerotic burden, high-risk 
plaques and/or thrombogenic blood

Table 1  Concepts related to vulnerable coronary plaque[16]

TCFA: Thin-cap fibroatheroma.

A B C

Figure 1  Coronary computed tomography stenosis evaluation compared with invasive coronary angiography. Case of a patient with 3-vessel disease. 
Maximum intensity projection CCT findings are shown in the upper row with the corresponding ICA projections in the lower row. (A) demonstrates a significant 
stenosis in the ostium of the diagonal branch (arrow) at the level of its take-off from the mid-LAD in both CCT and ICA (D); In (B) CCT shows a subtotal occlusion 
in the proximal LCx (red arrow) that corresponds to a critical lesion at the same level in ICA (E); In CCT image from (C) a mixed plaque is detected in proximal RCA 
causing a significant stenosis (arrowhead), as corroborated by ICA (F). CCT: Coronary computed tomography; ICA: Invasive coronary angiography; LAD: Left anterior 
descending coronary artery; LCx: Left circumflex coronary artery; RCA: Right coronary artery.
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Coronary plaque characterization with CCT
Certainly, the most relevant information is derived from 
the direct evaluation of coronary plaque with CCT. By 
consensus[35] the lesions are classified in 3 categories: 
Non-calcified, calcified and mixed plaques (Figure 
2). In this regard, for a further assessment of CCT 

infarction for absence (0.04%), non-obstructive (1.29%) 
and obstructive (6.53%) coronary artery disease. It 
has shown a particular utility in chest pain evaluation at 
the emergency room[33]. There is also data supporting 
the capacity of CCT to evaluate coronary anatomy to 
determine the best revascularization strategy[34].

A

B

C

D

Figure 2  Coronary plaque categories by coronary computed tomography. Patient with chest pain referred for CCT. A: LAD in multiplanar reconstruction with a 
mixed plaque in the mid segment (arrow) that causes significant stenosis confirmed in the ICA (B, arrow). Note that there is also a nonsignificant noncalcified plaque 
in the proximal segment (red arrow) that is barely seen in coronariography (B, red arrow); C: A maximum intensity projection that demonstrates a severely calcified 
plaque in the ostial RCA (arrowhead), which does not allow luminal stenosis evaluation. However, ICA (D) confirms the absence of significant stenosis at the same 
level (arrowhead). CCT: Coronary computed tomography; LAD: Left anterior descending coronary artery; ICA: Invasive coronary angiography; RCA: Right coronary 
artery.

CCT CMR PET

  Plaque 
  characterization

Plaque morphology Plaque morphology
Tissue characterization of plaque

Inflammation (FDG)
Macrophage infiltration (new tracers)

  Vulnerable features Positive remodeling
Low attenuation

Spotty calcification
Napkin-ring sign

Positive remodeling
T1 hyperintensity

Late gadolinium enhancement

Increased tracer uptake

  Clinical relevance Strong association with ACS
Prediction of slow-flow after PCI
Evaluation of response to statins

Initial data of association of T1 hyperintense 
plaques with slow-flow, ACS and response to 

statins

Differentiation between ACS and stable 
coronary disease

  Limitations Radiation exposure
Heavy calcification

Overlap in attenuation ranges
Inability to detect plaque erosion

Direct relation between spatial resolution and 
acquisition time

Susceptibility to motion artifacts

Low spatial and temporal resolution
Myocardial background uptake

Expensive and limited availability

Table 2  Diagnostic tests for noninvasive evaluation of coronary vulnerable plaque

CCT: Coronary computed tomography; CMR: Cardiac magnetic resonance; PET: Positron emission tomography; ACS: Acute coronary syndrome; PCI: 
Percutaneous coronary intervention; FDG: Fluorodeoxyglucose.
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erosions leading to ACS from stable lesions. Lastly, CCT 
accuracy for plaque composition characterization was 
also evaluated with near-infrared spectroscopy (NIRS), 
showing a good correlation of plaque burden and non-
calcified plaque area and density with cholesterol 
deposition in the coronary wall[27].

Thereby, even with first generation 16-rows scan­
ners, culprit lesion characteristics could be evaluated 
in ACS[44]. When these lesions were compared with 
those in patients with stable angina, positive expansive 
remodeling, low attenuation (< 30 HU) non-calcified 
plaques and spotty calcification were detected more 
frequently (Figure 3). Furthermore, the combination of 
these three features increased the positive predictive 
value to 95%. These findings were corroborated with 
a prospective multimodal imaging protocol in acute 
coronary events[45]. Again lower radiological density with 
lower calcium score and larger remodeling index were 
more common in culprit lesions. Interestingly, these 
plaque characteristics were confirmed with IVUS and 
VH.

Beyond the classical tools for CCT analysis, there 
are new approaches with promising results in coronary 
plaque evaluation. Fujimoto et al[46] showed that the 
presence of delayed plaque enhancement in serial 
CCT acquisition was associated with high-risk plaque 
features. They hypothesized that this finding may be 
explained by plaque neovascularization and/or inflam
mation. In the same direction, a contrast agent formed 
by iodinated nanoparticles has been probed to detect 
macrophages in a preclinical model of atherosclerosis[47].

accuracy in coronary plaque qualitative analysis, head-
to-head comparisons with VH have been performed. 
Pundziute et al[36] found a good correlation between 
both diagnostic tools in plaque characterization, with 
more fibrotic and fibro-fatty components in non-
calcified plaque. Besides, the majority of TCFA in IVUS 
corresponded to mixed plaques in CCT. Hereof, Choi 
et al[37] established that plaques with > 10% necrotic 
core by VH showed significantly lower HU values in 
CCT. All the studies have shown a good agreement 
in non-calcified plaque quantification between both 
techniques[38-40]. However, there were contradictory 
results in plaque composition analysis using predefined 
Hounsfield unit (HU) ranges, due to overlapping in 
these values[38,40]. On the other hand, optical coherence 
tomography (OCT) has also been used as reference 
intravascular imaging technique. Kashiwagi et al[41] 
divided plaques in TCFA and non-TCFA according to OCT 
findings and studied the CCT plaque characteristics. 
Positive remodeling, lower attenuation values and ring-
like enhancement (napkin-ring sign) on CCT were 
significantly more common in OCT-derived TCFA lesions. 
The later feature showed a good diagnostic accuracy 
for high-risk plaque detection and was independently 
associated with acute events. Moreover, napkin-ring sign 
has been independently associated with necrotic/lipid 
core area, non-core plaque area and total vessel area in 
post-mortem histopathological correlation[42]. However, 
although the presence of low attenuation and positive 
remodeling in CCT could identify rupture plaques in 
another study[43], they failed to differentiate plaque 

A

B

C

Figure 3  Vulnerable coronary plaque features by coronary computed tomography. Patient with unstable angina who underwent CCT followed by ICA. A severe 
stenosis (arrows) in mid-LAD just before the origin of the second diagonal was detected in CCT (A) and subsequently confirmed by ICA (B); A detailed analysis of 
multiplanar reconstruction of CCT (C) revealed the presence of positive remodeling (red arrow) and low attenuation (arrow head) at the level of the culprit lesion, both 
signs associated with vulnerable coronary plaque. CCT: Coronary computed tomography; ICA: Invasive coronary angiography; LAD: Left anterior descending coronary 
artery.
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differences in lumen volume and remodeling index 
changes between the groups. Thus, CCT may play a role 
in evaluation of the response to lipid-lowering drugs.

Limitations of CCT in coronary plaque evaluation
Despite the promising data, CCT is far from be free 
of limitations in vulnerable coronary plaque analysis. 
First, precise definition of plaque components is ham
pered by inherent limited spatial resolution of this 
imaging technique. Thus, results of non-calcified plaque 
quantification may be inconsistent[39,57]. Moreover, as 
previously mentioned, CCT plaque characterization 
is restricted by the overlap in radiological attenuation 
ranges for the different types of lesions[58,59] (Figure 
4). In this regard, dual-source CCT, whose 2 different 
energies provide differing attenuation of materials, 
have shown to improve differentiation of necrotic core 
and fibrous plaque ex vivo[60]. Nevertheless, these 
results worsened when applied in vivo[38,60]. Thus, CCT 
acquisition technology needs to be refined to establish 
a generalizable HU-based categorization for accurate 
evaluation of components of the coronary plaque. 
Second, heavily calcified plaque may obscure detailed 
plaque evaluation due to partial volume effect. Finally, 
as previously mentioned, CCT has failed to detect 
plaque erosion[43], which constitutes the second more 
frequent presentation of culprit lesions[13]. 

CMR 
CMR not only allows a precise ventricular volume 
quantification[61] and myocardial tissue characteri­
zation[62,63], but also is able to detect the presence of 
significant (> 50%) coronary atherosclerosis with similar 
accuracy than CCT[64,65] (Figure 5). In any case, in CMR 
spatial resolution is directly proportional to scan time. 
Thus, the necessary high resolution for coronary imaging 
carries an inherent increased susceptibility to motion 
artifacts[66]. The most effective measure to optimize 
image resolution without affecting artifact susceptibility 
is to reduce the field of view[67], which is difficult if a 
whole coronary tree analysis is pursued. Apart from 
that, several strategies have been implemented to avoid 
aforementioned limitation: Techniques to accelerate 
image acquisition[68,69], cardiac[70] and respiratory[71] 
motion compensation and new sampling methods[72,73]. 
However, even with the last technical advances a whole-
heart coronary CMR angiography still takes at least 5 
min[74,75], which limits its translation to clinical practice.

Although the aforementioned limitations make 
the acquisition challenging, non-contrast black-blood 
sequences have shown a good correlation with IVUS 
in luminal area and coronary plaque burden deter­
mination[76,77]. Interestingly, methemoglobin produced 
during clot maturation has the potential of shortening 
T1 relaxation time, which allows coronary thrombus 
detection with T1-weighted sequences[78,79]. The dia­
gnostic accuracy of this noninvasive technique was 

Prognostic relevance of plaque characterization with 
CCT
The hypothesis that aforementioned morphological 
patterns are able to identify thrombosis-prone plaques 
was evaluated in prospective studies. Motoyama et al[48] 
analyzed for the first time CCT plaque characteristics 
associated with the incidence of ACS in the follow-
up. In this study, the presence of positive remodeling 
and/or low attenuation plaque was independently 
associated with ACS (HR = 22.8; P < 0.001) (Figure 
3). Napkin-ring sign is another feature that has been 
associated with thrombosis-prone plaque. In a large 
series this sign was the strongest predictor of ACS 
among the vulnerable plaque characteristics[49]. On the 
other hand, a case-control study[50] demonstrated that 
when a semiautomated quantitative analysis of CCT 
was implemented, total and relative plaque volume 
and non-calcified plaque were significantly higher in 
patients who suffered an acute coronary event. This 
method of evaluation also had additive value to classical 
cardiovascular risk factors and conventional CCT reading 
for ACS prediction. Nevertheless, on top of the some 
methodological limitations[51], there is contradictory 
results in large prospective series. Among patients 
derived from ROMICAT II cohort[52], acute chest pain in 
emergency room, presence of a least one of high risk 
features (positive remodeling, low attenuation, spotty 
calcification and napkin-ring sign) was an independent 
predictor of ACS, even after adjustment by clinical risk 
factors and > 50% or > 70% stenosis[52]. Conversely, 
when stable patients were evaluated, plaque feature 
analysis, although improved predictive accuracy, did 
not significantly increase model discrimination index for 
acute coronary events[53]. Interestingly, the relevance 
of high-risk plaque detection on CCT was analyzed in 
another important cohort from a patient-based and 
lesion-based perspective[54]. In the former, vulnerable 
plaque was independently associated with prognosis. 
However, presence of high-risk features failed to predict 
ACS in a lesion-based analysis. Additionally, when serial 
CCT was available, plaque progression emerged as an 
independent predictor of events. Putting all these data 
in perspective, although vulnerable plaque CCT features 
may predict ACS the clinical relevance of these finding 
still needs to be clarify.

Influence of CCT plaque characteristics in percutane
ous coronary interventions outcome was evaluated 
as well. The incidence of slow-flow phenomenon in 
patients with stable coronary disease was related with 
the presence of circumferential plaque calcification, a 
higher positive remodeling index and a lower plaque 
density in previous CCT[55]. In fact, circumferential 
plaque calcification showed the strongest independent 
association with this complication.

Finally, when CCT was used to evaluate the response 
to statin therapy[56] a greater decrease of total plaque 
volume, due to reduction in low attenuation plaque, 
was detected among patients under treatment, without 
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large animals and/or humans: Fibrin-specific[88-90] and 
elastin-specific[91] contrast agents, gadofluorine[92,93], 
albumin-binding[94-96] contrast agent, and iron oxide-
based[97] contrast. However, due to the growing field of 
molecular imaging a detailed discussion of these agents 
exceed the scope of this review.

PET
Besides the detailed morphological characterization 
provided by CCT and CMR, quantification of inflam­
mation is a key feature in vulnerable coronary plaque 
evaluation. In this regard, nuclear imaging techniques 
have been extensively used for this purpose in 
atherosclerosis[98,99]. PET is the preferred tool, due to its 
superior spatial resolution over single photon emission 
tomography (SPECT), and is usually combined with 
computed tomography for a better anatomical definition. 
Fluorodeoxyglucose (FDG) is the most widely used tracer 
in this field. However, coronary evaluation is hampered 
by the significant myocardial uptake of FDG. To override 
this limitation, free fatty myocardial metabolism was 
favored with a low-carbohydrate high fat preparation[100]. 
This strategy was initially proven to detect coronary 
plaque inflammation[101]. Moreover, when coronary 
PET was evaluated in ACS as well as in stable angina 

proven to be high when it was evaluated against inva­
sive coronary angiography[80] and OCT[81] (Figure 6). 
On the other hand, in a head-to-head comparison 
with CCT the presence of high intensity lesions on T1 
sequences was associated with features of vulnerable 
plaque, such as positive remodeling, low attenuation 
and spotty calcification[82]. Moreover, this CMR finding 
was also associated with prognosis: Higher incidence 
of slow-flow phenomenon after percutaneous coronary 
intervention[82], coronary events during the follow-up[83], 
and regression of plaque in response to statin therapy[84]. 
Finally, T2-weighted sequences have demonstrated 
their ability to detect coronary vessel wall edema, in 
probable relation with plaque neovascularization, in initial 
studies[85,86].

Targeted as well as non-targeted contrast agents 
have been used to evaluate coronary arteries with 
CMR. When nonspecific gadolinium contrast is used, the 
presence of hyperenhancement has been linked to the 
severity of coronary atherosclerosis[79]. Additionally, a 
progressive reduction of coronary hyperenhancement 
has been noted in serial CMR after acute myocardial 
infarction[87]. Contrarily, many targeted contrast agents, 
directed to specific components of the plaque, are 
currently under investigation. Among them some have 
already reached positive data for coronary evaluation in 
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Figure 4  Coronary computed tomography characterization of plaque components. Multimodal evaluation of a mid-LAD lesion in bifurcation with a Dx branch. 
A: CCT multiplanar reconstruction demonstrates a nonsignificant luminal narrowing in the mid LAD (arrow), and when short axis was evaluated the lesion fulfills 
noncalcified plaque features (arrowhead); B and C: ICA: The same nonobstructive lesion is observed in mid-LAD (arrow), which seems hyperlucent on LAO cranial 
projection (C); D: OCT confirms the presence of a red intracoronary thrombus (T) in the same location. CCT: Coronary computed tomography; LAD: Left anterior 
descending artery; Dx: Diagonal branch; ICA: Invasive coronary angiography; OCT: Optical coherence tomography.
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Framingham risk score, prior cardiovascular events 
and angina. Lastly, new tracers targeted against other 
markers of inflammation such as macrophage infiltration 
(11C-PK11195[104] and 68Ga-DOTATATE[105]) have been 
successfully tested.

CONCLUSION
Noninvasive imaging tools have shown their capacity 
to detect features related with vulnerable coronary 

after stent implantation, a higher FDG uptake was 
noted not only in the culprit lesions but also in the left 
main and ascending thoracic aorta of the patients with 
acute coronary events (Figure 7)[102]. This suggests the 
presence of spread arterial wall inflammation in the 
former group. Conversely, Dweck et al[103] demonstrated 
the ability of the new tracer 18F-sodium fluoride to 
detect coronary atherosclerosis without the limitation 
of myocardial metabolism artifact. Increased uptake 
was also associated with coronary calcium score, 
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Figure 5  Unenhanced Whole-Heart coronary cardiac magnetic resonance angiography. Correlation of unenhanced whole-heart coronary CMR angiography 
(A, maximum intensity projection image, and B, volume-rendered image) with invasive coronary angiography (C) in a in a 50-year-old male patient with chest pain 
on effort. Note the presence of significant stenosis in proximal LAD (arrows). Adapted with permisssion from Nagata et al[75]. LAD: Left anterior descending coronary 
artery; D1: First diagonal branch; CMR: Cardiac magnetic resonance.
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Figure 6  T1 hyperintense coronary plaques in cardiac magnetic resonance. Noninvasive and invasive coronary imaging of a significant plaque in proximal LAD. 
CCTA (A) showed a noncalcified plaque in LAD causing significant stenosis. When noncontrast T1-weighted CMR imaging was performed (B) a hyperintense lesion 
was detected. Afterwards, CMR images were fused with CCTA (C and D) and this lesion was found to correspond with the previously described coronary stenosis. 
Interestingly, during the subsequent coronary angiography it showed a large lipid component in IVUS (E) as well as OCT (F). Adapted with permission from Asaumi 
et al[106]. LAD: Left anterior descending coronary artery; CCTA: Coronary computed tomography; CMR: Cardiac magnetic resonance; IVUS: Intravascular ultrasound; 
OCT: Optical coherence tomography; PMR: Plaque to myocardium signal intensity ratio.
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Figure 7  Fluorodeoxyglucose positron emission tomography of the coronary arteries. PET CT fusion imaging in three cases of patients with STEMI. An 
increased 18F-FDG uptake at stent site is shown in different culprit vessels, from A to C: LAD, RCA and LCX. Adapted with permission from Cheng et al[107]. This 
research was originally published in JNM. ©by the Society of Nuclear Medicine and Molecular Imaging, Inc. FDG: Fluorodeoxyglucose; PET: Positron emission 
tomography; STEMI: ST elevation myocardial infarction; LAD: Left anterior descending coronary artery; RCA: Right coronary artery; LCX: Left circumflex coronary 
artery.
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Abstract
Cardiovascular implantable electronic device (CIED) 

infection and prosthetic valve endocarditis (PVE) re
main a diagnostic challenge. Cardiac imaging plays an 
important role in the diagnosis and management of 
patients with CIED infection or PVE. Over the past few 
years, cardiac radionuclide imaging has gained a key 
role in the diagnosis of these patients, and in assessing 
the need for surgery, mainly in the most difficult cases. 
Both 18F-fluorodeoxyglucose positron emission tomo
graphy/computed tomography (18F-FDG PET/CT) and 
radiolabelled white blood cell single-photon emission 
computed tomography/computed tomography (WBC 
SPECT/CT) have been studied in these situations. In 
their 2015 guidelines for the management of infective 
endocarditis, the European Society of Cardiology incor
porated cardiac nuclear imaging as part of their dia
gnostic algorithm for PVE, but not CIED infection since 
the data were judged insufficient at the moment. This 
article reviews the actual knowledge and recent studies 
on the use of 18F-FDG PET/CT and WBC SPECT/CT in 
the context of CIED infection and PVE, and describes 
the technical aspects of cardiac radionuclide imaging. It 
also discusses their accepted and potential indications 
for the diagnosis and management of CIED infection 
and PVE, the limitations of these tests, and potential 
areas of future research.

Key words: Device; Endocarditis; Fluorodeoxyglucose; 
Imaging; Infection; Leukocytes; Positron emission 
tomography/computed tomography; Prosthetic valve; 
Radionuclide; Scintigraphy
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Core tip: Cardiovascular implantable electronic device 
infection and prosthetic valve endocarditis remain a 
diagnostic challenge. This review article describes the 
evolving role of cardiac radionuclide imaging in the 
diagnosis and management of cardiac infections. It 
focuses on recent published studies, indications and 
limitations of both 18F-fluorodeoxyglucose positron 
emission tomography/computed tomography and 
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radiolabelled white blood cell single-photon emission 
computed tomography/computed tomography.

Sarrazin JF, Philippon F, Trottier M, Tessier M. Role of radio
nuclide imaging for diagnosis of device and prosthetic valve 
infections. World J Cardiol 2016; 8(9): 534-546  Available from: 
URL: http://www.wjgnet.com/1949-8462/full/v8/i9/534.htm  
DOI: http://dx.doi.org/10.4330/wjc.v8.i9.534

INTRODUCTION
Cardiovascular implantable electronic device (CIED) 
infection and prosthetic valve endocarditis (PVE) carry 
significant morbidity and mortality as well as sub­
stantial financial burden to the society[1]. In some 
cases, establishing the diagnosis might be challenging 
since cultures are not always positive and they do 
not necessarily imply that the device/leads or heart 
valves are infected. Since device/lead extraction and 
repeat cardiac surgery are associated with significant 
risks, it is important to confirm the diagnosis and to 
plan the appropriate treatment. Cardiac imaging plays 
an important role in the pre-operative evaluation of 
patients with CIED infection and PVE. Radionuclide 
imaging has evolved over the past few years as an 
additional tool to confirm or exclude prosthetic infection 
and to guide the most appropriate clinical management, 
either complete removal or conservative treatment. In 
their 2015 guidelines for the management of infective 
endocarditis (IE), the European Society of Cardiology 
(ESC) addressed the use of nuclear medicine imaging 
for the diagnosis of IE[1]. The main objectives are to 
position 18F-fluorodeoxyglucose positron emission 
tomography/computed tomography (18F-FDG PET/CT) 
and white blood cell single-photon emission computed 
tomography/computed tomography (WBC SPECT/CT) 
imaging in clinical practice and to review the actual 
knowledge and recent studies as well as to address 
areas of future research.

CLINICAL PRESENTATION AND 
DIAGNOSIS OF CARDIAC INFECTIONS
CIED infection and PVE remain a diagnostic challenge. 
The clinical presentation can be highly variable because 
of multiple potential causative microorganisms, the 
presence of documented heart disease, cardiac devices 
or prosthetic valves, different modes of presentation, and 
sometimes non-specific symptoms at the time of initial 
presentation. The modified Duke criteria are considered 
the gold standard for the diagnosis of endocarditis[2,3]. 
However, the early diagnostic accuracy is often sub­
optimal with several patients being misclassified[4]. 
This is true mainly in patients with CIED infection 
and PVE. The early diagnosis of IE is imperative since 
postponement of antibiotic therapy and/or surgery can 

lead to a poor outcome[5,6].
A high level of expertise is required and it often 

includes cardiologists, nuclear medicine specialists, 
electrophysiologists, cardiac surgeons and infectious 
disease specialists. The concept of a “Heart Team 
approach” or “Endocarditis Team” has been proposed 
to improve the diagnosis and management of CIED 
infection and PVE. The use of a multidisciplinary task 
force with a well-defined protocol has been shown to 
decrease the 1-year mortality of patients with IE from 
18.5% to 8.2%[7].

In addition, cardiac imaging plays an essential role 
in the diagnosis and management of IE. In recent 
guidelines, transthoracic echocardiography (TTE) and 
transesophageal echocardiography (TEE) remain 
the initial recommended imaging techniques for the 
diagnosis of IE (class I indication, level of evidence 
B)[1]. Some echocardiographic information is included 
as major criteria for the diagnosis of IE. The sensitivity 
for the identification of vegetations with TTE is 75% 
for native valves, but may be lower in patients with 
poor echogenicity or prosthetic valves or very small 
vegetations[8]. On the other hand, the sensitivity of TEE 
is superior at 85%-90%. However, a negative echo­
cardiography does not rule out IE, and it has been 
recommended to repeat the TEE 3 to 5 d later or sooner 
when there is a high suspicion of IE or a change in the 
clinical status (class I, level of evidence B)[9]. In addition, 
non-infective vegetations such as strands or thrombi on 
valvular prosthesis or leads can lead to a false diagnosis 
of IE in up to 15% of cases[4]. These findings highlight 
the limitations of echocardiography and the potential 
benefits of other imaging techniques in such instances.

Investigation of patients with IE can also include 
other imaging techniques, such as multislice computed 
tomography for detection of abscesses or pseudo­
aneurysms, magnetic resonance imaging for detection 
of cerebral lesions, 18F-FDG PET/CT, and radiolabelled 
WBC hybrid SPECT/CT imaging.

USE OF CARDIAC NUCLEAR IMAGING IN 
CARDIAC INFECTIONS
PET imaging has been used for cancer diagnosis 
and staging and to detect infection in orthopaedic 
prostheses. In cardiology, it is used to evaluate myo­
cardial viability, ischemia and to identify infection 
associated with vascular grafts, CIED and prosthetic 
valves.

With the combination of radionuclide imaging to CT 
scan (hybrid technology), nuclear imaging has provided 
significant supplementary information in patients with 
suspected IE. Two radionuclide imaging techniques 
are presently used in the diagnosis of CIED infection 
and PVE: (1) radiolabelled WBC SPECT/CT using either 
111In-oxine or 99mTc-hexamethylpropyleneamine oxime 
(HMPAO); and (2) 18F-FDG PET/CT.

WBC SPECT/CT imaging uses autologous radio­
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labelled leukocytes (111In-oxine or 99mTc-HMPAO) that 
are injected intravenously back to the patient to look 
for infection in the body by imaging gamma rays. The 
accumulation of radiolabelled leukocytes is time-depen­
dent between initial and late images. Planar images are 
obtained from different angulations with subsequent 
SPECT acquisition, 3D reconstruction and fusion with 
low-dose CT for further anatomical localization and 
attenuation correction. Figure 1 shows the differences 
between planar scintigraphy, conventional SPECT imag­
ing and hybrid SPECT/CT. The sensitivity of this test 
depends on neutrophil granulocytes accumulation and is 
higher during acute infection. Studies have shown that 
cells participating in infection and inflammation, mainly 
neutrophils and macrophages, are able to express a 
great amount of glucose transporters, mainly GLUT1 
or GLUT3 as well as hexokinase activity[10-14]. WBC 
SPECT/CT using 99mTc-HMPAO is performed 4 h following 
injection of radiolabelled leukocytes, although images at 
24 h are possible but with loss of some image quality, 
whereas WBC SPECT/CT using 111In-oxine allows 
imaging up to 72 h with potentially better sensitivity 
(typically performed at 4, 24 and sometimes 48 h). 
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This is based on the half-life of each radioactive isotope, 
being 6 h for 99mTc and 67 h for 111In. WBC SPECT/CT 
allows a higher specificity for the identification of active 
infection. However, leukocytes radiolabelling is more 
time-consuming. It also associated with manipulation of 
blood products.

18F-FDG PET/CT is a well-known non-invasive ima­
ging technique that allows 3D calculation of metabolic 
activity within the body obtained from the emission 
of positrons subsequent to the disintegration of a 
radioactive compound. 18F-FDG is a glucose analogue, 
which is incorporated and retained within cells with 
a high metabolic activity, such as inflammatory cells. 
It is usually performed approximately 1 h after the 
injection of 18F-FDG. This tracer is actively incorporated 
by leukocytes, macrophages and CD4+ T-lymphocytes 
located at areas of infection via glucose transporters, 
primarily GLUT 1 and GLUT3, which are insulin sensitive 
and present in the myocardium[12-14]. Inside the cells, 
18F-FDG is phosphorylated and remains intracellular 
without further transformation.

Each technique has advantages and weaknesses 
for the identification of active infection in cases of 

A

B

C

Figure 1  Different modalities in cardiac nuclear imaging. A: Planar scintigraphy with a single two-dimensional image; B: Single photon emission computed 
tomography (SPECT) displayed as transverse, sagittal, coronal and MIP attenuation corrected (top row) and uncorrected images (bottom row); C: Hybrid SPECT/CT 
with precisely registered CT image.
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decrease the physiological uptake of 18F-FDG within the 
myocardium[17]. Patients should avoid bread, cereals, 
pasta, potatoes, rice, beans, fruit juice, chewing gum 
and drinking alcohol. Unfractionated heparin (50 IU/kg) 
can also be administered intravenously 15 min prior 
to 18F-FDG injection in an attempt to reduce more the 
physiological uptake. PET imaging is usually performed 
1 h after the injection of 4-5 MBq/kg of 18F-FDG. 
Simultaneously, a whole-body low-dose CT without 
intravenous contrast is carried out for correction of 
attenuation and anatomic localization. The capillary 
glucose is measured, and patients receive an insulin 
injection if the fasting glucose is above 7.7 mmol/L 
or 140 mg/dL. The analysis is then performed using 
dedicated softwares. Both attenuation-corrected and 
non-attenuation-corrected images are reviewed in 
order to recognize potential artefacts that could be 
related to close proximity of objects of high density, 
such as device generator or prosthesis. A visual analysis 
is first performed to identify sites of hypermetabolic 
or abnormal 18F-FDG uptakes in close proximity to 
prosthetic valves and device generator/leads with 
further confirmation in the uncorrected images. In 
patients with CIED, focal uptake can be further classified 
based on the location (pocket infection, lead infection 
or both). Then, semi-quantitative analyses are done 
to measure the maximal standardized uptake value 
(SUVmax). However, it is important to recognize that 
these values have to be used with caution, since they 
can be falsely elevated due to the attenuation correction 
when measured in close proximity to a metallic object. 
For this reason, a semi-quantitative count ratio on 
non-attenuation-corrected images is likely superior 
to SUVmax (compared to an organ of reference, i.e., 
lung, mediastinum or liver parenchyma). In addition, 
whole-body acquisition allows for the detection of silent 
embolic events and extracardiac abnormal uptakes.

Autologous radiolabelled WBC scintigraphy with 
111In-oxine was introduced in the mid-1970s. Over the 
years, it has been mainly substituted by 99mTc-HMPAO, 
which has more advantageous physical characteristics, 
cost, availability, and lower radiation burden[18]. 99mTc 
has a shorter imaging time because of a half-life of 6 h 
compared to 67 h for Indium. However, Indium is often 
preferred for the detection of CIED infection and PVE 
since it allows acquisitions over a longer period of time 
(up to 72 h).

There are several methods for labelling WBC, but 
the main principles and technique are similar. Around 
40-60 mL of venous blood is taken from the patient 
and then combined to 10 mL of acid-citrate-dextrose 
anticoagulant solution. This syringe is then put in an 
upright position for 1 to 2 h to facilitate erythrocyte 
sedimentation by gravity. After erythrocytes have been 
removed, blood centrifugation is then performed to 
separate leukocytes from platelets. HMPAO is labelled 
with 99mTc and incubated for 15 min with leukocytes. The 
routine dose of 111In labelled leukocytes is 10-20 MBq 
(0.3-0.5 mCi) while the quantity of 99mTc-HMPAO labelled 

presumed PVE (Table 1). 18F-FDG PET/CT has the 
convenience of a shorter procedure time and a high 
sensitivity for the identification of hypermetabolic areas. 
It also has an excellent spatial resolution. However, 
it does not discriminate enough between infection 
and inflammation, mainly in the first few months 
postoperatively. Also, evaluation of 18F-FDG uptakes 
around cardiac valves can be more difficult if residual 
physiological myocardial uptake is present. For this 
reason, it is recommended to prepare the patient with 
the Atkins diet, which is a low-carbohydrate diet[15]. 
It is also suggested injecting a heparin bolus before 
administration of 18F-FDG. Unfractionated heparin 
increases plasma free fatty acids via activation of 
lipoprotein and hepatic lipases[16]. This can lead to a 
reduction in glucose consumption within the normal 
myocardium 

Technical aspects
In the literature, there are significant variations in the 
18F-FDG PET/CT protocols used. Normally, 18F-FDG 
PET/CT is performed after a fasting period of 8 to 12 h. 
Eating foods rich in fat but very low in carbohydrates 
the evening prior to the exam is suggested in order to 

  Advantages Limitations

  18F-FDG PET/CT
     Excellent spatial 
     resolution

Moderate radiation exposure (8-30 mSv 
depending on the study performed)

     Short acquisition time Not available in several centers
     High sensitivity 
     for the detection 
     of hypermetabolic 
     activity

Physiological uptake of 18F-FDG in the 
myocardium might prevent adequate 

detection of cardiac infection

     Detection of 
     peripheral events

Recent surgery may demonstrate residual 
inflammatory changes without evidence of 

infection
     Detection of other 
     sources of fever or 
     bacteremia in    
     patients with CIED

Possible uptakes can be found in active 
thrombi, cardiac tumours or metastasis, and 

foreign body reactions

     Detection of CIED 
     infection and PVE in 
     cases of a negative TEE

Possible false-negative test in patients with 
small vegetations or prolonged antibiotic 

therapy
Less useful for infectious brain embolisms 
because of high glucose metabolism in the 

brain
  WBC SPECT/CT
     High specificity for 
     the presence of active 
     infection

Time-consuming
It involves blood products handling

Cases of false-negative study seen with 
Candida and Enterococcus infection

Table 1 Advantages and limitations of 18F-fluorodeoxyglucose 
positron emission tomography/computed tomography 
and white blood cell single-photon emission computed 
tomography/computed tomography for the diagnosis of device 
infection and prosthetic valve endocarditis

CIED: Cardiovascular implantable electronic device; 18F-FDG PET/CT: 
18F-fluorodeoxyglucose positron emission tomography/computed 
tomography; PVE: Prosthetic valve endocarditis; TEE: Transesophageal 
echocardiography; WBC SPECT/CT: Radiolabelled white blood cell 
single-photon emission computed tomography/computed tomography.
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without infection. 18F-FDG PET/CT had a sensitivity and 
specificity of 80% and 100%, respectively for diagnosis 
of infection. Patients with false negative studies for lead 
infection had received antibiotics for a longer period 
of time prior to the 18F-FDG PET/CT (20 d vs 3.2 d; P 
< 0.01). The sensitivity was lower for the diagnosis 
of lead infection (60% compared to 100% for pocket 
infection). Ploux et al[25] investigated the role of 18F-FDG 
PET/CT in 10 patients with CIED and fever of unknown 
origin. These patients were compared to a control 
group of 40 patients. 18F-FDG PET/CT showed increased 
18F-FDG uptakes along the leads in 6 out 10 patients 
who had initial comprehensive negative investigation. 
Subsequently, these patients had complete extraction of 
the implanted material and lead cultures were positive 
on all 6 patients. This showed the promising value of 
18F-FDG PET/CT in difficult CIED cases.

In 2012, our group evaluated the usefulness of 
18F-FDG PET/CT for the identification of CIED infec­
tion[26]. We compared 3 groups: 42 patients with sus­
pected CIED infection, 12 patients with recent device 
implantation (between 4 and 8 wk postoperatively) 
but no clinical signs of infection, and 12 patients with 
devices implanted for more than 6 mo and also no 
device infection. We showed an excellent correlation 
between sites of 18F-FDG uptakes on 18F-FDG PET/CT 
and clinical findings on TEE or at the time of extraction. 
18F-FDG PET/CT using a qualitative visual score had a 
sensitivity and specificity for diagnosis of CIED infection 
of 89% and 86%, respectively. We also demonstrated 
that 18F-FDG PET/CT could identify patients with 
superficial infection without direct involvement of the 
generator or leads that could be treated only with 
antibiotics. Negative 18F-FDG PET/CT identified a group 
of patients that had an excellent outcome without 
device extraction. Finally, we were able to identify a 
semi-quantitative ratio between the maximal uptake 
and normal lung parenchyma uptake, which was useful 
in differentiating between CIED infection and residual 
normal post-operative changes; a ratio of 1.5 had the 
best combination of sensitivity and specificity. Based 
on this information, we suggested an algorithm using 
18F-FDG PET/CT for the evaluation of CIED infection 
(Figure 2). An important clinical aspect of 18F-FDG PET/
CT is its high negative predictive value.

Since, Cautela et al[27] demonstrated that 18F-FDG 
PET/CT had a high accuracy for the diagnosis of skin 
and pocket CIED infection (sensitivity 86.7% and 
specificity 100%), but a lower sensitivity of only 
30.8% and a specificity of 62.5% for lead or cardiac 
involvement. Many patients with a false-negative test 
were already on antibiotics. The size of the vegetations 
might also have influenced the results. It cannot be 
excluded that some patients with lead extraction had 
a non-infectious cause for the vegetations seen on 
the lead. Finally, a possible limitation of this study is 
suboptimal patient preparation in order to partially 
explain the lower sensitivity observed for lead or cardiac 
involvement. It is of the utmost importance to make 

leukocytes is 185-370 MBq (5-10 mCi). Radiolabelled 
leukocytes are separated from HMPAO by centrifugation. 
The majority of labelled leukocytes are neutrophils. For 
this reason, the procedure is mainly useful for identi­
fication of a neutrophil-mediated process, such as a 
bacterial infection. A labelling efficiency of at least 40% 
should be achieved. Radiolabelled leukocytes are tested 
by the trypan blue exclusion test for viability. The cells 
are then resuspended in plasma before reinjection into 
the patient. For 99mTc-HMPAO labelled leukocytes, the 
scintigraphy is performed 4 and 24 h (delayed images) 
after injection, and sometimes 48 h or rarely 72 h for 
111In labelled leukocytes. Images are acquired using a 
SPECT/CT system. Scintigraphy is considered positive 
when an area of labelled WBC uptake superior to 
background activity is identified in the involved area and 
when the signal increases over time.

DEVICE INFECTION
CIED infection is associated with significant morbidity 
and mortality. Device infection prevalence is increasing 
in parallel with broader indications for ICD implantation 
and cardiac resynchronization, the presence of more 
comorbidities, and the growing number of implants in the 
world[19]. It is known however that the infection burden 
increases more than the increase in device implantations. 
This is probably related to more comorbidities and 
change in pathogens[20]. Cardiac device infections 
can present as a superficial or deep generator pocket 
infection or cardiac-device-related IE with involvement of 
the leads and/or extension to cardiac valves. It should 
be initially suspected in patients with CIED who consult 
for unexplained fever. Deep pocket infection and/or 
lead infection require complete system extraction. 
However, superficial infection not in contact with the 
device can be treated with antibiotic therapy alone. The 
diagnosis is sometimes quite obvious in the presence 
of significant pocket redness or pus, bacteremia or 
lead vegetation on TEE. Unfortunately, several cases 
are more complicated to assess. Since device and lead 
extraction can be associated with significant morbidity 
(major complications = 1.5%-2%) and mortality (0.8%) 
even in an experienced center, a definite diagnosis is 
important[21]. On the other hand, CIED infection can 
be overestimated with echocardiography since non-
infectious accretions can be found in up to 21% by TTE 
and 28% by TEE in CIED patients without infection[22]. 
These patients can have fever or bacteremia for another 
reason. Thus, another form of imaging is proposed 
before proceeding to extraction/surgery.

Studies using 18F-FDG PET/CT
The first report of cardiac infection detected by 18F-FDG 
PET was published in 2006[23]. Afterwards, 2 small pilot 
studies were published on device infection and 18F-FDG 
PET/CT. Bensimhon et al[24] evaluated the diagnostic 
value of 18F-FDG PET/CT in 21 patients with presumed 
device infection, which were compared to 14 patients 
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value for the early identification of patients with pocket 
infection was > 2.0, giving a sensitivity of 97% and a 
specificity of 98%.

Figure 3 shows a positive 18F-FDG PET/CT in a 
patient with a deep pocket infection, while Figure 
4 shows another positive 18F-FDG PET/CT but in a 
patient with a lead infection. Note how the physiologic 
myocardial uptake is well suppressed in this case.

sure that physiologic myocardial uptake is suppressed 
to be able to realize an optimal evaluation. Ideally, 
every patient should be prepared with the Atkins diet 
and receive a heparin bolus before 18F-FDG injection. 
Ahmed et al[28] demonstrated that 18F-FDG PET/CT had 
a high diagnostic accuracy for the detection of patient 
with pocket infection that eventually required extraction. 
They find that the optimal semi-quantitative ratio cut-off 

Suspected CIED infection

Obvious
extensive
infection

Blood tests
Blood culture
Wound culture
TEE if needed

Diagnosis of extension
unclear

Complete
system

extraction

PET/CT

Positive PET/CT Negative PET/CT

Pocket, lead or
intravascular infection

Complete system
extraction

Limited
to skin

Antibiotics

Look for
another cause
or treat as a 
superficial
infection

Bacteremia or FUO in a patient with cardiac device

PET/CT
Positive 
PET/CT

Negative 
PET/CT

Look for
another 
source

Limited
to skin

Antibiotics

Lead or intravascular
infection

Complete system
extraction

TEE if significant lead vegetation
that would preclude percutaneous

lead extraction

A

B

Figure 2  Proposed algorithms incorporating 18F-fluorodeoxyglucose positron emission tomography/computed tomography in the evaluation and 
management of patients with possible device infection. A: Initial CIED infection suspicion; B: Patients with cardiac device and bacteremia or fever of unknown 
origin (FUO) (Reprinted from Sarrazin JF, Philippon F, Tessier M, Guimond J, Molin F, Champagne J, Nault I, Blier L, Nadeau M, Charbonneau L, Trottier M, O’Hara G. 
Usefulness of fluorine-18 positron emission tomography/computed tomography for identification of cardiovascular implantable electronic device infections. J Am Coll 
Cardiol 2012; 59: 1616-1625, with permission from Elsevier). CIED: Cardiovascular implantable electronic device; PET/CT: Positron emission tomography/computed 
tomography; TEE: Transesophageal echocardiography.
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severe form of IE and accounts for 10%-30% of all 
cases of IE. The diagnosis is often more difficult than 
in native valve endocarditis. Since the initial echocar­
diography is often normal or inconclusive in PVE, other 
imaging techniques are sometimes necessary. The use 
of 18F-FDG PET/CT in patients with PVE has evolved as a 
useful tool.

Studies using 18F-FDG PET/CT
Case reports have demonstrated the possible benefits of 
18F-FDG PET/CT in the diagnosis of prosthetic valves[30]. 
Saby et al[31] demonstrated the incremental benefit of 
using abnormal 18F-FDG uptake as a major criterion 
for the modified Duke criteria in the detection of PVE. 
They have shown that 18F-FDG PET/CT significantly 
increases the sensitivity of IE diagnosis from 70% to 
97% (P = 0.008) on admission. They determined that 
18F-FDG PET/CT had an adequate diagnostic value when 
abnormal 18F-FDG uptake is found near the prosthetic 
valve. They also showed that abnormal 18F-FDG uptake 
could be seen prior to detection of valvular damage 
by echocardiography in multiple patients, which 
emphasizes the benefit of 18F-FDG PET/CT to identify 

Studies using WBC SPECT/CT
The diagnostic accuracy of radiolabelled WBC scinti­
graphy was evaluated by Erba et al[29]. They obtained a 
sensitivity of 94% for both detection and localization of 
CIED infection. Two cases of false-negative scans were 
seen in patients with Candida and Enterococcus infection. 
No false-positive studies were seen, confirming the high 
specificity of this technique. They demonstrated the 
superiority of SPECT/CT over planar and SPECT alone 
imaging.

Based on these studies, 18F-FDG PET/CT and WBC 
SPECT/CT might play an additional role in the diagnosis 
of CIED infection, but data were judged not sufficient 
at the moment to be incorporated into the diagnostic 
criteria of IE involving pacemaker or defibrillator leads 
in the latest European guidelines[1]. Overall, 18F-FDG 
PET/CT seems to have an excellent sensitivity for the 
diagnosis of pocket infection, but a lower sensitivity in 
the context of lead infection.

PROSTHETIC VALVE INFECTION
Early diagnosis of PVE is also challenging. PVE is a 

A

B

Figure 3  Positive 18F-fluorodeoxyglucose positron 
emission tomography/computed tomography in a 
patient with a deep pocket infection shown by focal 
18F-fluorodeoxyglucose uptake just underneath the 
generator (red arrow). A: SPECT displayed as trans
verse, sagittal, and coronal attenuation corrected (top 
row) and uncorrected images (bottom row); B: Hybrid 
SPECT/CT displayed as transverse, sagittal, and coronal 
images. SPECT/CT: Single-photon emission computed 
tomography/computed tomography.
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conventional diagnostic tools (clinical, microbiological 
and echocardiographic data). In addition, 18F-FDG PET/
CT can be considered to monitor response to antibiotic 
therapy. 

Studies using WBC SPECT/CT
Erba et al[34] assessed in another study the value of 
99mTc-HMPAO leukocyte scintigraphy in 131 patients 
with suspected endocarditis. In these patients, 51 had 
a confirmed diagnosis of IE and 35 had PVE (69%). 
Scintigraphy had a sensitivity of 90% and a specificity 
of 100%. No false-positive cases were seen, including 
patients evaluated for IE during the first two months 
after their surgery. However, false-negative studies 
were seen with Candida and Enterococcus endocarditis. 
It also identified cases of septic embolism. The test 
could be useful in patients with a high suspicion of IE 
but inconclusive TEE, in differentiating between infective 
and sterile vegetations identified with echocardiography, 
when other tests are contradictory, and to exclude 
valve involvement in patients with sepsis and prosthetic 
valve. In another study, Hyafil et al[35] looked at the 
role of radiolabelled leukocyte imaging in patients with 

active infection before important damage has occurred.
Rouzet et al[32] evaluated the ability of 18F-FDG 

PET/CT and radiolabelled WBC imaging to diagnose 
PVE in 39 patients with presumed PVE but inconclusive 
echocardiography findings. 18F-FDG PET/CT had a higher 
sensitivity (93% vs 64%) but leukocyte scintigraphy 
had a higher specificity (100% vs 71%). Since it has a 
higher specificity for the detection of IE, it could be used 
in cases of equivocal 18F-FDG PET/CT or within the initial 
two months after heart valve surgery[32].

18F-FDG PET/CT can reduce the rate of misdiagnosed 
IE and help in the detection of peripheral events, 
including silent vascular phenomenon. 18F-FDG PET/CT 
can identify lesions of clinical importance not detected by 
conventional work-up in one out of seven IE patients[33]. 
It also improves the sensitivity of the modified Duke 
criteria in the most difficult situations. When endocarditis 
on a prosthetic valve is suspected, abnormal uptake 
around the site of insertion identified by 18F-FDG PET/
CT (but more than 3 mo after prosthesis implantation) 
or radiolabelled WBC SPECT/CT could be considered a 
major diagnostic criterion. Results of 18F-FDG PET/CT 
should always be examined together with the other 

A

B

Figure 4  Positive 18F-fluorodeoxyglucose positron 
emission tomography/computed tomography in a 
patient with a lead infection (red arrow). A: SPECT 
displayed as transverse, sagittal, and coronal attenuation 
corrected (top row) and uncorrected images (bottom row); 
B: Hybrid SPECT/CT displayed as transverse, sagittal, 
and coronal images. SPECT/CT: Single-photon emission 
computed tomography/computed tomography.
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Abnormal 18F-FDG uptake could also be caused by 
BioGlue surgical adhesive, a combination of bovine 
serum albumin and glutaraldehyde, used to seal the 
aortic root graft at time of surgery[36]. In addition, 
possible uptakes can be found in active thrombi, cardiac 
tumours or metastasis, post-surgical inflammation, and 
foreign body reactions like vascular grafts. At the other 
end of the spectrum, 18F-FDG PET/CT might be negative 
in patients with lower inflammation or when the test 
is performed after a long period of antibiotic therapy. 
The validity of 18F-FDG PET/CT in the context of slowly 
evolving infections is still unknown. Because of the 
high glucose metabolism in the brain, 18F-FDG PET/CT 
might not be the best test in order to detect infectious 
embolisms to the brain. However, an advantage of 
18F-FDG PET/CT is the possibility to identify non-
infectious causes of fever or underlying neoplasm. As 
opposed to echocardiography, cardiac nuclear imaging 
does not evaluate hemodynamic conditions associated 
with IE, such as valvular regurgitation, cardiac output, 
pulmonary arterial pressure and ventricular function. 
Another important issue remains that 18F-FDG PET/CT is 
less accessible than WBC SPECT/CT. The study quality 

presumed PVE and unconvincing echocardiography. 
They showed an excellent positive predictive value of 
intense signal with WBC scintigraphy for the presence of 
an abscess. Also, a negative scan predicted the absence 
of recurrent endocarditis in medically treated patients. 
Downsides of radiolabelled leukocyte scintigraphy are 
the necessity of blood handling, a longer procedure 
time, and a somewhat lower spatial resolution in 
contrast to 18F-FDG PET/CT.

Figure 5 shows a positive 111In WBC SPECT/CT in 
a patient with endocarditis following an aortic valve 
replacement.

Table 2 shows the sensitivity and specificity of both 
18F-FDG PET/CT and WBC SPECT/CT in the diagnosis of 
CIED infection and PVE.

LIMITATIONS
Despite its benefits, 18F-FDG PET/CT can have false-
positive and false-negative results. Postoperative 
inflammatory changes can lead to non-specific 18F-FDG 
uptakes during the first several weeks after surgery, 
mainly following cardiac surgery or device implantation. 

A

B

Figure 5 Positive 111In white blood cell single-
photon emission computed tomography/computed 
tomography in a patient with endocarditis following 
an aortic valve replacement (red arrow). A: SPECT 
displayed as transverse, sagittal, and coronal attenuation 
corrected (top row) and uncorrected images (bottom row); 
B: Hybrid SPECT/CT displayed as transverse, sagittal, 
and coronal images. SPECT/CT: Single-photon emission 
computed tomography/computed tomography.
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3 mo[1]. Nuclear imaging has also been incorporated 
in the new algorithm for the diagnosis of IE when the 
diagnosis is still possible or has been dismissed but 
when a high index of suspicion is still present (Figure 
6). However, despite data for the key role of 18F-FDG 
PET/CT in the diagnosis of CIED infection, actual studies 
were judged insufficient to incorporate the results of 
18F-FDG PET/CT at this time as a diagnostic criterion 
for device infection. For the moment, 18F-FDG PET/CT 
or radiolabelled leukocyte scintigraphy have a class 
IIb level of evidence C indication as an additional tool 
in patients with suspected CIED infection, positive 
blood cultures and negative echocardiography[1]. Also, 
the AHA scientific statement on IE judged that more 
clinical trials are still required to better clarify the utility 
of 18F-FDG PET/CT for the diagnosis and management 
of endocarditis[9]. Since most studies on cardiac radio­
nuclide imaging have been published in the past 5 
years, the use of 18F-FDG PET/CT in device infection was 
not discussed in the 2010 AHA scientific statement on 
CIED infections and their management[21].

Based on the recent ESC guidelines and previous 
studies, cardiac nuclear imaging could be considered 
in the following circumstances (Table 3): (1) accepted 

could be improved by using respiratory and ECG gated 
techniques. This could minimize imaging artefacts, 
although it is technically more challenging and time-
consuming. Cardiac nuclear imaging is a source of 
radiation. Administration of approximately 200 MBq 
of 18F-FDG for a PET study represents an effective 
dose between 3 and 4 mSv, which is similar to a low-
dose CT. Then the total dose for a PET/CT would be 
approximately 7.5 mSv[37]. A follow-up study to monitor 
response to antibiotic therapy would increase radiation 
exposure. However, an initial PET scan combined to a 
low-dose CT and followed by a subsequent study would 
be equivalent to a percutaneous coronary intervention 
or an atrial fibrillation ablation procedure (approximately 
15 mSv)[38].

GUIDELINES
The ESC guidelines for the management of infectious 
endocarditis were updated in 2015[1]. The Task Force 
added 18F-FDG PET/CT or radiolabelled WBC SPECT/CT 
as a new major criterion if abnormal FDG uptakes are 
found around the area of prosthetic valve implantation 
in patients with a prosthesis implanted for more than 

Figure 6  European Society of Cardiology 2015 algorithm for diagnosis of infective endocarditis. Reprinted from Habib G, Lancelloti P, Antunes MJ, Bongiorni 
MG, Casalta JP, Del Zotti F, Dulgheru R, El Khoury G, Erba PA, Iung B, Miro JM, Mulder BJ, Plonska-Gosciniak E, Price S, Roos-Hesselink J, Snygg-Martin U, Thuny 
F, Tornos Mas P, Vilacosta I, Zamorano JL; Document Reviewers, Erol Ç, Nihoyannopoulos P, Aboyans V, Agewall S, Athanassopoulos G, Aytekin S, Benzer W, 
Bueno H, Broekhuizen L, Carerj S, Cosyns B, De Backer J, De Bonis M, Dimopoulos K, Donal E, Drexel H, Flachskampf FA, Hall R, Halvorsen S, Hoen B, Kirchhof 
P, Lainscak M, Leite-Moreira AF, Lip GY, Mestres CA, Piepoli MF, Punjabi PP, Rapezzi C, Rosenhek R, Siebens K, Tamargo J, Walker DM.  2015 ESC Guidelines 
for the management of infective endocarditis: The Task Force for the Management of Infective Endocarditis of the European Society of Cardiology (ESC). Endorsed 
by: European Association for Cardio-Thoracic Surgery, the European Association of Nuclear Medicine. Eur Heart J 2015; 36: 3075-3128. Reprinted by permission 
of Oxford University Press (UK)© European Society of Cardiology, www.escardio.org/”. This image/content is not covered by the terms of the Creative Commons 
license of this publication. For permission to reuse, please contact the rights holder). aMay include cerebral MRI, whole body CT, and/or PET/CT; CT: Computed 
tomography; FDG: Fluorodeoxyglucose IE: Infective endocarditis; PET: Positron emission tomography;  SPECT: Single-photon emission computed tomography;  TTE: 
Transthoracic echocardiography; 18F-FDG PET/CT: 18F-fluorodeoxyglucose positron emission tomography/computed tomography.
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field of research before 18F-FDG PET/CT should be 
systematically performed for the diagnosis of IE or used 
as a first line investigation. At the moment, it should be 
restricted to difficult cases of suspected CIED infection 
or PVE.

CONCLUSION
18F-FDG PET/CT appears to be a very promising 
imaging technique for the diagnosis of device infection 
and prosthetic valve endocarditis. Based on recent 
publications, there is growing evidence that cardiac 
nuclear imaging can play a key role in the diagnosis 
and management of patients with suspected CIED 
infections and PVE. This is now reflected in the most 
recent published guidelines. Although echocardiography 
remains an important initial test in the evaluation of 
these patients, 18F-FDG PET/CT and WBC SPECT/CT have 
clearly demonstrated their usefulness, mainly in difficult 
cases. Larger prospective studies will help to confirm 
the benefits of 18F-FDG PET/CT and clarify its role in the 
different algorithms of device and valve infections.
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Table 2  Sensibility and specificity of 18F-fluorodeoxyglucose 
positron emission tomography/computed tomography and 
white blood cell single-photon emission computed tomography/
computed tomography for both prosthetic valve endocarditis 
and cardiac device infection

N/A: Not available; PET/CT: Positron emission tomography/computed 
tomography; WBC: White blood cell.

  Accepted indication
     Possible or rejected IE, but high suspicion of infection in patients with 
     prosthetic valve
  Potential indications
     Unclear diagnosis of CIED infection
     Evaluation of the extent of infection 
     Bacteremia or fever of unknown origin in patients with CIED
     Cases with high clinical suspicion of IE but negative TEE and/or 
     negative blood cultures
     Search for embolic events
     Monitoring the success of antibiotic therapy

Table 3  Indications for the use of cardiac nuclear imaging in 
the context of cardiovascular implantable electronic device 
infection and prosthetic valve endocarditis

CIED: Cardiovascular implantable electronic device; IE: Infective endo
carditis; TEE: Transesophageal echocardiography.
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Abstract
AIM
To determine the prevalence of depression and its risk 
factors among patients with coronary heart disease 
(CHD) treated in German primary care practices.

METHODS
Longitudinal data from nationwide general practices in 
Germany (n  = 1072) were analyzed. Individuals initially 
diagnosed with CHD (2009-2013) were identified, and 
59992 patients were included and matched (1:1) to 
59992 controls. The primary outcome measure was an 
initial diagnosis of depression within five years after the 
index date among patients with and without CHD. Cox 
proportional hazards models were used to adjust for 
confounders.

RESULTS 
Mean age was equal to 68.0 years (SD = 11.3). A 
total of 55.9% of patients were men. After a five-year 
follow-up, 21.8% of the CHD group and 14.2% of the 
control group were diagnosed with depression (P  < 
0.001). In the multivariate regression model, CHD was 
a strong risk factor for developing depression (HR = 
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1.54, 95%CI: 1.49-1.59, P  < 0.001). Prior depressive 
episodes, dementia, and eight other chronic conditions 
were associated with a higher risk of developing 
depression. Interestingly, older patients and women 
were also more likely to be diagnosed with depression 
compared with younger patients and men, respectively.

CONCLUSION
The risk of depression is significantly increased among 
patients with CHD compared with patients without 
CHD treated in primary care practices in Germany. CHD 
patients should be routinely screened for depression to 
ensure improved treatment and management.

Key words: Coronary heart disease; Depression; Primary 
care; Risk factors; Quality of life

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: This is a retrospective study to determine the 
prevalence of depression and its risk factors among 
patients with coronary heart disease (CHD) treated in 
German primary care practices. Fifty-nine thousand nine 
hundred and ninety-two patients with CHD from German 
primary care practices were included and matched 
to 59992 controls. After a five-year follow-up, 21.8% 
of the CHD group and 14.2% of the control group 
were diagnosed with depression. In the multivariate 
regression model, CHD was a strong risk factor for 
developing depression.

Konrad M, Jacob L, Rapp MA, Kostev K. Depression risk 
in patients with coronary heart disease in Germany. World J 
Cardiol 2016; 8(9): 547-552  Available from: URL: http://www.
wjgnet.com/1949-8462/full/v8/i9/547.htm  DOI: http://dx.doi.
org/10.4330/wjc.v8.i9.547

INTRODUCTION
Coronary heart disease (CHD), as one of the cardio­
vascular diseases (CVDs), is a leading chronic medical 
condition worldwide, with a large number of affected 
patients[1,2]. CHD is characterized by the manifestation 
of atherosclerosis in coronary arteries, that is, narrowed 
coronary arteries and reduced perfusion of the heart. 
This can lead to a myocardial infarction[3,4]. CVD and 
CHD are major causes of death around the world[1], 
particularly in Germany, where CVD was responsible 
for 338056 deaths in 2014 (38.9% of the total number 
of deaths)[5]. In this context, the CHD-related mortality 
rate was approximately 20%, with a total of 69890 
deaths in 2014[6].

Approximately 6 million people are affected by 
CHD in Germany[7]. Due to improvements in various 
therapies, mortality rates have decreased worldwide. 
Nevertheless, the prevalence of CHD is increasing, 

partly due to the demographic aging of the population, 
increased prevalence of cardiovascular risk factors, 
and patients’ improved survival after a cardiovascular 
event[2]. While the lifetime prevalence of CHD among 
German women remained unchanged at approximately 
7% between 2003 and 2012, it increased from 8% in 
2003 to 10% in 2010 among German men[8].

It is known that the risk of depression is significantly 
increased among individuals with chronic diseases 
(e.g., CHD), as they exhibit 2-3 times higher rates than 
the general population[9,10]. Depression significantly 
worsens the health state of patients with chronic 
diseases[11]. Overall, depression adversely affects the 
course, complications, and management of CHD[10,12]. 
Furthermore, depression in patients with CHD contributes 
to poor functional and cardiovascular outcomes, poor 
quality of life, and increased mortality[13-16].

Depression is frequently observed in patients with 
CHD[14]. Previous studies showed that up to 30% of 
patients with CHD suffer from depression[17]. Most 
published studies examined hospital patients or were 
based on a small number of patients[18]. Thus, little 
is known about the prevalence of depression among 
outpatients with CHD[14]. Because no relevant German 
data exist, the goal of this study was to estimate the 
prevalence and the risk factors of depression among CHD 
patients treated in primary care practices in Germany.

MATERIALS AND METHODS
Database
The Disease Analyzer database (IMS HEALTH) compiles 
drug prescriptions, diagnoses, and basic medical and 
demographic data obtained directly and in anonymous 
format from computer systems used by general practi­
tioners[19]. IMS has monitored diagnoses (ICD-10), 
prescriptions (Anatomical Therapeutic Chemical (ATC) 
Classification System), and the quality of reported data 
according to a number of criteria (e.g., completeness 
of documentation, linkage between diagnoses and 
prescriptions). In Germany, the sampling methods 
used to select physicians’ practices were appropriate 
for obtaining a representative database of primary 
care practices[19]. The statistics regarding prescriptions 
for several drugs were very similar to data available in 
pharmaceutical prescription reports[19]. The age groups 
suffering from given diagnoses in the Disease Analyzer 
were also consistent with those in corresponding disease 
registries[19].

Study population
This study included patients between 40 and 90 years 
of age who were being treated in 1072 primary care 
practices and who received an initial CHD diagnosis 
(ICD 10: I25) during the index period (January 2009 
to December 2013). Follow-up lasted a maximum of 
five years and ended in October 2015. Patients were 
excluded if they were diagnosed with depression 
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(ICD-10: F32, F33) or received any antidepressant 
prescription (ATC: N06A) within 12 mo prior to CHD 
diagnosis (index date). A total of 59992 CHD patients 
remained after these exclusion criteria were applied. 
Finally, 59992 controls without CHD, depression 
diagnosis or antidepressant prescriptions within 12 mo 
prior to index date (any randomly selected visit date) 
were chosen and matched (1:1) to CHD cases based on 
age, sex, past depression diagnosis (more than 12 mo 
prior to index date), and follow-up duration after the 
index date (Figure 1).

Study outcome
The primary outcome was the diagnosis of depression 
recorded in the database between the index date and 
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the end of follow-up. Depression diagnoses were based 
on primary care documentation.

Independent variables
Demographic data included age and gender. Other 
chronic conditions that could be associated with depre­
ssion risk were determined based on primary care 
diagnoses and included as confounders: Diabetes 
mellitus (E10-14), hypertension (I10), dementia (F01, 
F03, G30), stroke (F63, F64, G45), heart failure (I10), 
myocardial infarction (I21-23), cardiac arrhythmias 
(I46-I49), osteoporosis (M80, M81), cancer (C00-C98), 
and osteoarthritis (M15-19).

Statistical analysis
Descriptive statistics were obtained, and differences 
in patients’ characteristics (CHD vs controls) were 
assessed using Wilcoxon tests for paired samples 
or McNemar’s tests. Analyses of depression-free 
survival were carried out using Kaplan-Meier curves 
and log-rank tests. Cox proportional hazards models 
(dependent variable: Depression) were used to adjust 
for confounders. P < 0.05 was considered statistically 
significant. The analyses were carried out using SAS 
version 9.3.

RESULTS
Patient characteristics are displayed in Table 1. A total 
of 119984 patients were included in the CHD and 
control groups. Mean age was equal to 68.0 years (SD 
= 11.3 years), and 55.9% of the patients were men. 
The proportion of patients with a prior depression 

  Variables CHD group Control group P  value

  n    59992   59992
  Age (yr)          68.0 (11.3)       68.0 (11.3)     1
  Aged ≤ 60 (%)          26.7          26.7     1
  Aged 61-70 (%)          26.5          26.5     1
  Aged 71-80 (%)          32.6          32.6     1
  Aged > 80 (%)          14.3         14.3     1
  Males (%)          55.9          55.9     1
  Follow-up time (yr)            3.6 (1.5)           3.6 (1.5)     1
  Past depression diagnosis 
  (> 12 mo prior to index date)

         11.1          11.1     1

  Co-diagnosis (%)
     Diabetes          35.9          23.4 < 0.001
     Hypertension          78.7          59.4 < 0.001
     Myocardial infarction          11.8            0.6 < 0.001
     Cardiac arrhythmias          25.7          14.3 < 0.001
     Heart failure          18.4            7.4 < 0.001
     Stroke            9.2            5.6 < 0.001
     Cancer          11.9          11.1 < 0.001
     Dementia            4.9            4.5 < 0.001
     Osteoarthritis          31.4          27.6 < 0.001
     Osteoporosis          10.3           8.4 < 0.001

Table 1  Characteristics of coronary heart disease patients 
and matched controls treated in primary care practices in 
Germany

CHD: Coronary heart disease.

Patients seen by German general practitioners between
January 2009 and December 2013

5233918

A documented diagnosis of
CHD

306862

No diagnosis of coronary heart
disease; index date is a random

selected visit date
4641860

A first-time diagnosis of coronary
heart disease (index date)

189611

Aged ≥ 60 yr on index date
4270511

Aged 40-90 years on index date
183352

Follow-up time of at least 365
d prior to the index date

76858

Follow-up time of at least 365
d prior to the index date

1891836

Follow-up time of at least 365
d after index date

65036

Follow-up time of at least 365
d after index date

1344220

No depression diagnosis and no
antidepressant prescriptions

within 12 mo prior to index date
59992

No depression diagnosis and on 
antidepressant prescriptions within

12 mo prior to index date
1274296

Individual matching (1:1) in terms of age, sex, previous
 depression diagnosis (more than 12 mo prior to index date) 

and follow-up duration after index date

"CHD" cohort
59992

"No CHD" cohort
59992

Figure 1  Selection of study patients. CHD: Coronary heart disease.
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co-diagnoses such as dementia, stroke, cancer, oste­
oporosis, heart failure, osteoarthritis, hypertension, 
cardiac arrhythmias, and diabetes were also risk factors 
for this psychiatric disorder. Individuals aged 60 years or 
younger and individuals aged over 70 years were more 
likely to develop depression compared with patients 
aged 61-70 years. Finally, men were at a lower risk of 
being diagnosed with depression than women.

CHD is a chronic disease that has an important 
impact on patients’ physical and psychological aspects 
of life. Indeed, patients affected by CHD are more 
likely to become depressed than those without CHD. 
Several studies estimated that depression affects 
between 17.2% and 30.6% of CHD patients[20-23] but 
only approximately 7% of the general population[17]. 
More recently, Ren et al[18] performed a meta-analysis 
on the prevalence of depression among CHD patients 
in hospital and community settings. In the 23 hospital-
based studies (the total number of patients equalled 
5236), the prevalence of depression ranged from 
22.8% to 84.0%, with 0.5% to 25.44% categorized 
as severe forms[18]. In the four community-based 
studies (the total number of patients equalled 1353), 
depression prevalence ranged from 34.6% to 45.0%, 
with 3.1%-6.9% classified as major depressive 
disorders[18]. This meta-analysis clearly indicates that 
although hospital and community settings have a 
similar total number of patients, more hospital-based 
than community-based studies have been conducted 
and results differ between the two settings. Thus, 
because the findings of hospital-based studies cannot 
be extrapolated to the community population, new 
studies must be conducted outside the hospital setting. 
In line with previous data, we found that after five years 
of follow-up, 21.8% of CHD patients were depressed, 
whereas only 14.2% of controls exhibited this psychiatric 
condition. This important result underlines the fact that 
CHD increases the odds that patients treated in general 

diagnosis (> 12 mo prior to the index date) was 
11.1% in both groups. All chronic conditions (i.e., 
diabetes, hypertension, myocardial infarction, cardiac 
arrhythmias, heart failure, stroke, cancer, dementia, 
osteoarthritis and osteoporosis) occurred more fre­
quently in the CHD group than in the control group (P < 
0.001).

Kaplan-Meier curves for time to depression diagnosis 
in the CHD and control groups are displayed in Figure 
2. Overall, 7.7% of CHD patients and 4.3% of matched 
controls had developed depression after one year 
of follow-up (P < 0.001). After a five-year follow-up 
period, 21.8% of the CHD group and 14.2% of the 
control group were diagnosed with depression (P < 
0.001).

The results of the multivariate Cox regression model 
for depression diagnosis in CHD patients and matched 
controls are illustrated in Table 2. CHD was a strong 
risk factor for the development of depression (HR = 
1.54, 95%CI: 1.49-1.59, P < 0.001). Prior depressive 
episodes also increased the risk of renewed depression 
diagnosis (HR = 3.44; 95%CI: 3.32-3.56, P < 0.001). 
Patients in the age group ≤ 60 had a higher risk of 
depression compared with patients aged 61-70 years 
(HR = 1.50, 95%CI: 1.44-1.57, P < 0.001). Patients in 
the age groups 71-80 and > 80 years were also more 
likely to be diagnosed with depression than patients 
aged 61-70 years (HR = 1.08 (95%CI: 1.04-1.13) and 
1.16 (95%CI: 1.10-1.23), respectively, both P < 0.001). 
Furthermore, other chronic co-diagnoses increased the 
risk of depression (P < 0.001). By contrast, men had a 
lower risk of being depressed than women (HR = 0.67; 
95%CI: 0.65-0.69).

DISCUSSION
In this retrospective study of 119984 patients treated 
in primary care practices in Germany, we showed that 
CHD was associated with an increased risk of developing 
depression. Moreover, prior depressive episodes and 

  Variables Hazard ratio (95%CI) P  value

  CHD 1.54 (1.49-1.59) < 0.001
  Past depression diagnosis 3.44 (3.32-3.56) < 0.001
  Aged ≤ 60 vs 61-70 1.50 (1.44-1.57) < 0.001
  Aged 71-80 vs 61-70 1.08 (1.04-1.13) < 0.001
  Aged > 80 vs 61-70 1.16 (1.10-1.23) < 0.001
  Male gender 0.67 (0.65-0.69) < 0.001 
  Dementia 1.24 (1.17-1.31) < 0.001 
  Stroke 1.22 (1.16-1.28) < 0.001
  Cancer 1.19 (1.14-1.24) < 0.001
  Osteoporosis 1.18 (1.13-1.24) < 0.001
  Heart failure 1.17 (1.12-1.22) < 0.001 
  Osteoarthritis 1.15 (1.11-1.19) < 0.001
  Hypertension 1.10 (1.06-1.14) < 0.001
  Cardiac arrhythmias 1.08 (1.04-1.12) < 0.001
  Diabetes 1.06 (1.03-1.10) < 0.001

Table 2  Multivariate Cox regression model for depression 
diagnosis in coronary heart disease patients and matched 
controls chemotherapy

CHD: Coronary heart disease.
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Figure 2  Kaplan-Meier curves for time to depression diagnosis in 
coronary heart disease patients and matched controls. CHD: Coronary 
heart disease.
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contained no valid information on biological markers 
associated with CHD. Furthermore, no detailed documen­
tation concerning the diagnosis of depression, namely, 
the severity of depression, was available. Data on 
socioeconomic status and lifestyle-related risk factors 
were also unavailable. Each patient was observed 
retrospectively in only one practice. If a patient visited 
a different doctor - which is common in Germany - the 
visit was not documented.

In conclusion, this study showed that CHD patients 
were at a higher risk of developing depression than 
patients without CHD. Interestingly, prior depressive 
episodes, dementia, stroke, cancer, osteoporosis, heart 
failure, osteoarthritis, hypertension, cardiac arrhythmias, 
and diabetes were additional risk factors for this 
psychiatric condition. Finally, we found that individuals 
aged 60 years or younger and those aged over 70 
years have a higher risk of developing depression than 
patients aged 61-70 years. Further investigations are 
needed to gain a better understanding of the association 
between depression and CHD in general practices in 
Germany.

COMMENTS
Background
Coronary heart disease (CHD) is a leading chronic medical condition worldwide, 
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festation of atherosclerosis in coronary arteries, that is, narrowed coronary 
arteries and reduced perfusion of the heart. This can lead to a myocardial 
infarction. CHD is one of the causes of death around the world. It is known that 
the risk of depression is significantly increased among individuals with chronic 
diseases. Overall, depression adversely affects the course, complications, and 
management of CHD.

Research frontiers
Thus, little is known about the prevalence of depression among outpatients with 
CHD. Because no relevant German data exist, the goal of this study was to 
estimate the prevalence and the risk factors of depression among CHD patients 
treated in primary care practices in Germany.

Innovations and breakthroughs
In this study, analyses were performed based on 119984 patients treated in 
primary care practices in Germany. At first, this is the first study using such large 
patient numbers; at second, the study cohort includes both high-risk patients and 
patients without CHD diagnosis.

Applications
This study showed that CHD patients were at a much higher risk of developing 
depression than patients without CHD, especially patients who additionally have 
further chronic co-diagnoses. Physicians who care for CHD patients should 
consider identification and treatment of depression a clinical practice.
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Peer-review
The authors did a retrospective analysis on a German cohort of 119984 patients 
to examine the association between CHD and the development of depression. 
Strength of this study lies in the great sample size, and it is a community-based 
study. In this study, the author determines the prevalence of depression and its 
risk factors in patients with coronary heart disease. They found that CHD was a 

practices in Germany develop depression. 
Interestingly, the relationship between depression 

and CHD is bidirectional; thus, depression is also a 
risk factor for CHD[17]. In 2010, Taylor et al[24] showed 
that CHD risk, which was similar at baseline to that 
of the general population, increased within the first 
two years following the diagnosis of major depressive 
disorders. The main hypothesis proposed to explain the 
bidirectional relationship between CHD and depression 
asserts that they share common risk factors. First, 
stress is known to increase the odds of developing these 
two diseases[24,25]. Indeed, stress has a major impact on 
the cardiovascular system and on psychological aspects 
of individuals’ life and thus increases the occurrence 
of both disorders. Importantly, beyond the influence 
of stress, behavioral disorders can also lead to CHD 
and depression. In fact, such psychiatric preconditions 
are often associated with a loss of interest in daily 
tasks (i.e., eating or engaging in physical activity)[17], 
which may indirectly lead to depression and disrupt 
the body’s energetic balance. Finally, several authors 
suggested that CHD and depression share common 
genetic mechanisms that are involved in inflammation 
pathways and oxidative stress[17]. For example, the 
length of leukocyte telomeres is negatively associated 
with major depressive disorders and coronary artery 
disease[26,27]. 

In this study, we found that prior depressive epi­
sodes, dementia, stroke, cancer, osteoporosis, heart 
failure, osteoarthritis, hypertension, cardiac arrhythmias, 
and diabetes were additional risk factors for depression. 
Most of these diseases are chronic conditions that may 
reduce affected patients’ quality of life. Of note, the 
strongest predictor was past depressive episodes (HR = 
3.44; 95%CI: 3.32-3.56). In fact, depression is a highly 
recurrent disorder that is difficult for physicians to treat 
and manage[28]. Our data also showed that men were at 
a lower risk of developing this psychiatric disorder than 
women. In 2005, Perez et al[29] conducted a study of 
345 patients with acute coronary syndrome and found 
that women were more likely to be diagnosed with 
depression than men (OR = 2.40, 95%CI: 1.44-4.00)[29]. 
Although several authors hypothesized that there are 
important gender differences in hormones, genes, and 
brain structures, our discovery may be explained by 
artefacts because women tend to be more emotional 
and are more inclined to seek medical help than men. 
Finally, we found that individuals aged 60 years or 
younger and those aged over 70 years have a higher 
risk of developing depression than patients aged 61-70 
years. Although this finding is new and surprising, one 
hypothesis maintains that individuals aged 61-70 years 
receive optimal treatment and management. Because 
younger patients are less likely to develop chronic 
diseases, medical follow-up is difficult and they may be 
at higher risk of developing depression. However, very 
elderly patients are less compliant and may not follow 
the treatment prescribed by their general practitioner. 

This study had several limitations. The database 
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Abstract
AIM
To determine the optimum resting tension (ORT) for in 
vitro human pulmonary artery (PA) ring preparations. 

METHODS
Pulmonary arteries were dissected from disease free 
sections of the resected lung in the operating theatre 
and tissue samples were directly sent to the laboratory 
in Krebs-Henseleit solution (Krebs). The pulmonary 
arteries were then cut into 2 mm long rings. PA rings 
were mounted in 25 mL organ baths or 8 mL myograph 
chambers containing Krebs compound (37 ℃, bubbled 
with 21% O2: 5% CO2) to measure changes in isometric 
tension. The resting tension was set at 1-gram force 
(gf) with vessels being left static to equilibrate for 
duration of one hour. Baseline contractile reactions to 
40 mmol/L KCl were obtained from a resting tension of 
1 gf. Contractile reactions to 40 mmol/L KCl were then 
obtained from stepwise increases in resting tension (1.2, 
1.4, 1.6, 1.8 and 2.0 gf).

RESULTS
Twenty PA rings of internal diameter between 2-4 mm 
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were prepared from 4 patients. In human PA rings 
incrementing the tension during rest stance by 0.6 gf, 
up to 1.6 gf significantly augmented the 40 mmol/L 
KCl stimulated tension. Further enhancement of active 
tension by 0.4 gf, up to 2.0 gf mitigate the 40 mmol/L 
KCl stimulated reaction. Both Myograph and the organ 
bath demonstrated identical conclusions, supporting 
that the radial optimal resting tension for human PA ring 
was 1.61 g.

CONCLUSION
The radial optimal resting tension in our experiment is 
1.61 gf (15.78 mN) for human PA rings.

Key words: Pulmonary hypertension; Pulmonary artery; 
Optimal resting tension; Pulmonary artery rings; Human

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Pulmonary artery (PA) vasoconstriction is 
an important physiological process to regulate blood 
flow in the lungs but it also manifests in pathological 
conditions. Different models have been implemented 
to assess the baseline molecular and cellular functions 
of pulmonary ailments. However, a great deal of the 
research was undertaken on animals with little similarity 
to human tissue. Isolation of human PA and measure
ment of pulmonary vascular tension are vital to under
stand the pathophysiology of human pulmonary vessels. 
The objective behind this research is to assess the 
underlying resting tension for undertaking studies of the 
PA rings in humans.

Hussain A, Bennett RT, Chaudhry MA, Qadri SS, Cowen M, 
Morice AH, Loubani M. Characterization of optimal resting 
tension in human pulmonary arteries. World J Cardiol 2016; 
8(9): 553-558  Available from: URL: http://www.wjgnet.
com/1949-8462/full/v8/i9/553.htm  DOI: http://dx.doi.
org/10.4330/wjc.v8.i9.553

INTRODUCTION
The vascular wall is constituted by three sections or 
layers; the tunica intima, tunica media, and tunica 
externa, also otherwise known as the internal, middle 
and outer layer, respectively[1]. Endothelial cells are 
located in the intima and play an important role in 
regulating vascular operations through reacting to 
neurotransmitters, hormones and vasoactive elements[2]. 
The endothelium and smooth muscle are the vital com­
ponents for maintenance of arterial tone and blood 
pressure directive. The arteries main purpose is to 
deliver the blood to the organs with high pulse pressure. 
Arteries are generally classified into conducting arteries, 
conduit arteries (macrovasculature) and resistance 
arteries (microvasculature) sourced on size, anatomical 
position and functionality[3]. Conducting arteries are the 

largest in size and rich in elastic tissues which support 
the vessels to expand and recoil to accommodate high 
changes in blood pressure. The aorta, pulmonary artery 
(PA) and carotid arteries are the main examples of 
conducting arteries[4]. Conduit arteries, e.g., femoral, 
radial and brachial arteries are the subdivisions of 
conducting arteries, and their role is regulating the flow 
of blood to particular organs and sections of the body[5]. 
Conduit arteries advance more through separating 
into resistance arteries that mainly consist of smooth 
muscles and are highly innervated by sympathetic 
nerves. Resistance vessels regulate the blood flow to 
tissues through constricting or dilating as reaction to 
sympathetic simulation or dissimulation[6]. 

Hypoxic pulmonary vasoconstriction (HPV) is a funda­
mental physiological mechanism to redirect the blood 
from poorly to better-aerated areas of lungs to optimize 
the ventilation perfusion matching[7]. Persistent hypoxia 
leads to increased pulmonary vascular opposition and 
right ventricular afterload that leads to hypoxic pulmon­
ary hypertension[8]. HPV initially thought to be caused 
by alveolar hypoxia by means of local lung mechanism 
but recent advances suggest that PA smooth muscle 
cells constitute both the sensor and the transducer of 
the hypoxic signal as well as its contractile effector[9]. 
A series of experiments performed to explain the 
phenomenon on macroscopic and microscopic level has 
been reported although the underlying mechanism is 
not clear[10-12]. However, vast majority of experiments 
performed in animals with little data available from 
humans. Experiments performed on animals are gen­
erally inapplicable on humans so we need to adapt new 
methodologies for use in human to understand the 
human disease biology.

The objective of this research is assessing the 
tension in human PA to facilitate future experiments 
and also to provide a methodology of isolation of PA and 
their use in studies in the form of arterial rings.

MATERIALS AND METHODS
All patients undergoing a lung lobectomy by a Consul­
tant Cardiothoracic Surgeon at Castle Hill Hospital were 
consented for resected lung tissue to be included in 
this study prior to their operation at the time of their 
consent for surgery. Patients under the age of 18 and 
who cannot give informed consent were excluded from 
the study. Local research ethics committee and local 
research and development department approval was 
obtained for the use of human tissue for this study.

Isolation of PA rings
Tissue samples were collected from patients undergoing 
surgical lung resection for cancer and immediately 
moved to the laboratory in Krebs-Henseleit solution 
(consisting of 113.8 mmol/L NaCl, 4.7 mmol/L KCl, 
1.2 mmol/L MgSO4, 25 mmol/L NaHCO3, 1.2 mmol/L 
KH2PO4, 11.4 mmol/L glucose, and 2.4 mmol/L CaCl2 
dissolved in distilled water). Pulmonary arteries were 

554 September 26, 2016|Volume 8|Issue 9|WJC|www.wjgnet.com

Hussain A et al . Human pulmonary artery resting tension



dissected from disease free areas of lung resection and 
after careful removal of adipose and connective tissues 
cut into 2 mm long rings. The Internal diameter of ves­
sels ranged between 2-4 mm.

Mounting of PA rings
A multiwire myograph system (DMT 620M) and an 
organ bath system (Radnotti) were used for mounting 
of PA rings and measurement of ORT. The Multi wire 
myograph system consists of 4 individual myograph 
units. Each unit is created with aluminum and has a 
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centralized placement of 8 mL stainless steel chamber 
(Figure 1A). Pins to support the tissue were placed 
within the chamber, one end being connected to a 
force transducer whilst the other connected with a 
micrometer. PA rings were mounted between the pins. 
All units were subject to administered gas inflow and 
suction. Connections for vacuum and gassing, as well 
as heating are provided in the myograph interface, 
allowing for all chambers to be smoothly maintained 
under physiological settings (37 ℃, and bubbled with 
21% O2: 5% CO2) (Figure 1B). The myograph system 
was connected to a PC via an amplifier (Power Lab 
8/35, AD Instruments) for continuous measurement of 
isometric tension using data acquisition software (Lab 

 Myo-Interface display     Heat indicator           Valve buttons

Allen screws for
fine alignments

Micropositioner

Connection to Myo-interface

Multiwire Myograph unit

Force transducer pin

Myograph jaw connected 
to micropositioner

Myograph jaw connected 
to force transducer

Supports

Close up of myograph jaw

Mounting jaws for small vessels

Mounting pin for large vessels

A

B

Figure 1  Multiwire Myograph System (DMT 620 M) (A) and Multiwire 
Myograph Unit (B).

Organ bath

Gas inlet

Transducer

Transducer

Pulmonary artery

21% O2: 5% CO2

Figure 2  Radnotti (A) and Schematic (B) Organ Bath system.
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reaction to 40 mmol/L KCl for the purpose of confirming 
reproducibility in the response. When a reproducible 
response was obtained the maximum contraction to 
40 mmol/L KCl had been established from increasing 
resting tensions of 1.2, 1.4, 1.6, 1.8 and 2.0 gf with the 
vessels being washed for 30 min between responses.

At the end of each experiment the integrity of 
endothelium was confirmed by the addition of 1 umol/L 
acetylcholine. Rings that did not contract to KCl were 
excluded from the study.

Chemicals and reagents
Five percent of carbon dioxide/balance air (10 lt 
cylinders) was sourced from BOC Limited. All reagents 
were obtained from Fischer Scientific and acetylcholine 
from Sigma Aldrich. 

Statistical analysis 
Data are presented as mean ± SD and n represents the 
number of PA rings used.

RESULTS
Twenty PA rings (internal diameter 2-4 mm) were 
obtained from 4 patients. Results showed that in human 
PA rings increasing the basal tension from 1.0 to 1.6 
gf significantly augmented the 40 mmol/L KCl induced 
active tension. Increasing the active tension from 1.6 
to 2.0 g mitigate the 40 mmol/L KCl induced response 
(Figure 3). The myograph and organ bath demonstrated 
identical conclusions (Figure 4), confirming that the 
most efficient resting tension for human PA rings is 1.61 
gf (Figure 5).

DISCUSSION
The pulmonary circulation carries deoxygenated blood 
from right section of heart towards lungs, under which 

Chart Pro Version 8.0).
The organ bath system consists of 4 organ baths 

connected to a gas inlet where gas mixtures can be 
bubbled through (Figure 2A). Surrounding each bath 
is a heat exchanger that recreated the physiological 
temperatures of the human body. Each organ bath 
contained Krebs’s solution and the PA rings were 
mounted between two hooks. One hook was fixed 
and the other connected with a force transducer 
(Harvard UF1), which was linked to a PC for continuous 
measurement of isometric tension (Figure 2B). 

Determination of optimal resting tension
After mounting of PA rings the resting tension was set 
at 1 gf and the vessels left to equilibrate under 21% 
O2: 5% CO2 at 37 ℃ for 60 min. When a stable resting 
tension was achieved the vessels were contracted to 40 
mmol/L KCl by direct addition to the organ bath. The 
maximum contraction to KCl was recorded when the 
contractile response reached a plateau. Active tension 
was calculated as maximum tension at plateau (gf) 
- resting tension (gf). Vessels were then washed for 
30 min by rapidly replacing the Krebs solution in the 
chambers with fresh solution three times every five 
minutes. When a stable resting tension was achieved 
a repeat reaction with 40 mmol/L KCl was obtained 
and the vessels again washed before obtaining a third 
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Figure 3  Measurement of Optimal Resting Tension using Multi-wire 
Myograph (A) and Organ Bath system (B). A: Total 12 PA rings from four 
patients were used to perform the experiment. Increasing the resting tension 
from 1.0 gf to 1.6 gf significantly augmented the 40 mmol/L KCl induced active 
tension. Increasing the active tension from 1.6 to 2.0 gf initially plateaued off 
than decreased the 40 mmol/L KCl induced response; B: Total 8 PA rings from 
four patients were used to perform the experiment. Increasing the resting 
tension from 1.0 to 1.6 gf significantly augmented the 40 mmol/L KCl induced 
active tension. Increasing the active tension from 1.6 to 2.0 gf either decreased 
the 40 mmol/L KCl induced response. 
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result and confirmed that radial optimal resting tension for human pulmonary 
artery ring was 1.61 g.
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reliant not only on the systemic blood flowing to right 
section of the heart, rather also the outflow from the 
left section[14]. Therefore, in case of an increment under 
the left atrium pressure or increase in afterload like in 
aortic stenosis, greater pressure will be observed in the 
PA[15]. PA vasoconstriction is an important physiological 
process to regulate blood flow in lungs but it also results 
in pathologies. Various models are utilized for assessing 
the baseline molecular and cellular functions of lung 
ailments, particularly pulmonary vascular affliction. 
However, a great deal of researches is undertaken on 
animals with little similarity to humans. Few centers 
have the luxury to utilize human tissue to study this 
phenomenon. Isolation of human PA and measurement 
of pulmonary vascular tension are vital to understand 
the pathophysiology of human pulmonary vessels. The 
objective behind this research is to assess the optimal 
resting tension for undertaking studies on human PA 
rings.
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