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Editorial on the Research Topic
Multimodality imaging in cardiomyopathy

To the Editor,

Ad astra per aspera (“Through adversity, to the stars”)—Adapted from Virgil

The recent coronavirus-19 (COVID-19) pandemic brought global society to a standstill,
leading to a transformation across medicine and the retooling of cardiovascular medicine
to adopt evidence based best practices that prioritize safety, efficacy and outcomes (1). The
practice of cardiovascular imaging was truly transformed in a multitude of ways across North
America and the world, especially when stratified by modality (2, 3). Through this adversity,
multimodality cardiovascular imaging remained at the forefront of cardiovascular care by
allowing for new approaches in the assessment of cardiac structure and function, providing
mechanistic insights into pathobiology of disease. Cardiomyopathies vary widely in phenotype
and clinical expression, as well as variable genetic underpinnings vs. those resulting from
acquired states. Non-invasive imaging modalities such as echocardiography, cardiac CT (CCT),
cardiac MRI (CMR), and nuclear techniques including positron emission tomography (PET) and
SPECT imaging allow for delineation of cardiomyopathy phenotype as well as facilitating earlier
diagnosis, risk stratification, and guidance of therapeutic decisions in cardiomyopathic states.

Given the broad range of techniques available, variability in utilization, and a
range of expertise, the focus of this topic through state-of-the-art review articles
(Covas et al; Farrell et al; Gambahaya et al; Glynn et al; Heidari-Bateni et al;
Ismail et al; Scheel et al; Wand et al; Zghyer et al) and selected original research
(4) (Bi et al; Sperry et al; Tian et al.) was to survey contemporary clinical application
of multimodality imaging techniques in advancing early diagnosis and management of
patients with cardiomyopathies. We presented several review articles discussing common
cardiomyopathies, specifically addressing the utility of multimodality imaging methods in early
diagnosis, serial monitoring of therapeutic efficacy, and longitudinal follow-up. We also focused
on the histopathology of each cardiomyopathic state and how imaging can unmask mechanism.
In addition, this Research Topic highlighted the role and clinical utility of measuring more subtle
indices of myocardial function including speckle tracking strain with echocardiography and
feature tracking techniques using CMR (Tian et al.). Several reviews also described the emerging
role of myocardial mapping using CMR to quantify left ventricular fibrosis, inflammation and
edema and nuclear PET, which can yield important information in the workup of inflammatory
cardiomyopathies. We also included original work about the value of CMR in cancer patients
with presumed cardiomyopathy (Heidari-Bateni et al.). As clinical research has rapidly evolved
in the diagnosis and workup of stress (Zghyer et al.) and infiltrative cardiomyopathy such
as cardiac sarcoidosis (Wand et al.) and cardiac amyloidosis (Scheel et al.), and cardiac
manifestations from cancer (Heidari-Bateni et al.), pulmonary hypertension (Farrell et al.), HIV
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(Gambahaya et al.), pregnancy (Ismail et al.), and systemic diseases
such as scleroderma (Glynn et al.) these state-of the-art reviews
provide clinically applicable approaches to the diagnostic workup
as well as the clinical value of each imaging modality. Further,
artificial intelligence has erupted over the past decade through
the use of machine learning algorithms (5). To address this, also
included in this series, Covas et al. presented a review of recent
advances in artificial intelligence in coronary artery disease imaging
through algorithms that mimic human neural networks to improve
cardiovascular risk prediction, accuracy identify coronary artery
stenosis and allow for rapid evaluation of ischemia, flow and
atherosclerosis quantification. These reviews present new frontiers
in prevention, precision and monitoring of disease activity across
many clinically relevant cardiomyopathic states, thereby providing
practical guidance to clinicians across these conditions. Finally, these
reviews provide a critical, balanced approach to the workup of
cardiomyopathy, discussing the relative merits and weaknesses of
each imaging technique.

Our series also included several important original research
articles. In a pilotstudy by Sperry et al. evaluated the performance
of F18-florbetapir as a novel tracer to identify ATTR cardiac
amyloidosis. While data was limited by small sample size, it
presents the tip of the iceberg in new frontiers in molecular
PET
et al. demonstrated the superiority of 3D right ventricular

imaging of amyloidosis. In a separate study, Tian
free wall strain over 2D free wall strain and conventional
identifying the
heart

failure. This study importantly identifies the role of non-

echocardiographic functional parameters in

ischemic and non-ischemic etiologies of end-stage

invasive imaging as a diagnostic tool to differentiate underlying
cardiomyopathic etiologies.
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To that end, these novel multimodality technologies hold
promise for earlier diagnosis and non-invasive monitoring of cardiac
involvement in systemic inflammatory diseases that will aid in
preclinical studies, enhance patient selection, and provide surrogate
end points in clinical trials, and improve clinical outcomes. In this
post-pandemic era, ad astra per aspera, we hope this Research Topic
provides new insights into clinical practice and allows practicing
clinicians, trainees, and the global cardiovascular community to apply
these advances in cardiovascular multimodality imaging practice.
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Pilot Study of F18-Florbetapir in the
Early Evaluation of Cardiac
Amyloidosis
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! Cleveland Clinic Foundation, Kansas City, MO, United States, 2 Saint Luke’s Mid America Heart Institute, Kansas City, MO,
United States, © University of Missouri-Kansas City, Kansas City, MO, United States

Background: Cardiac amyloidosis is an increasingly recognized etiology of heart failure,
in part due to the rise of non-invasive nuclear bone scintigraphy. Molecular imaging using
positron emission tomography (PET) has promised the direct visualization of cardiac
amyloid fibrils. We sought to assess the performance of F18-florbetapir PET in patients
with a potential for cardiac amyloidosis in order to identify early disease.

Methods: We performed a pilot study of 12 patients: one with asymptomatic
transthyretin cardiac amyloidosis, seven with a potential for developing cardiac
amyloidosis (two smoldering myeloma and five with extracardiac biopsy demonstrating
transthyretin amyloid deposits and negative technetium pyrophosphate scans), and
four controls. Patients were imaged with PET/CT in listmode 10-20 min after receiving
F18-florbetapir. Static images were created from this acquisition, and mean standardized
uptake values (SUVs) of the left ventricular myocardium, blood pool, paraspinal muscles,
and liver were calculated.

Results: All 12 patients demonstrated radiotracer uptake in the myocardium with mean
SUV of 2.3 £ 0.4 and blood pool SUV of 0.8 &+ 0.1. The patient with cardiac amyloidosis
had SUV of 3.3, while mean SUV for patients at risk was 2.3 + 0.4 and for controls
was 2.2 + 0.3. After 3 years of follow-up, one patient with SUV below the mean was
subsequently diagnosed with ATTR cardiac amyloidosis.

Conclusion: In this cohort, PET with F18-florbetapir demonstrated non-specific
radiotracer uptake in the myocardium in all patients using a static image protocol; though,
the highest values were noted in a patient with ATTR cardiac amyloidosis. There was no
difference in the intensity of F18-florbetapir uptake in at-risk patients and controls. Future
studies should continue to investigate metabolic PET tracers and protocols in cardiac
amyloidosis, including in early disease.

Keywords: light chain amyloidosis, florbetaben, cardiomyopathy, technetium pyrophosphate, positron emision
tomography, ATTR
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Sperry et al.

F18-Florbetapir in Early Cardiac Amyloidosis

INTRODUCTION

Cardiac amyloidosis is an increasingly recognized etiology
of heart failure (1), in part due to the rise of non-invasive
cardiac imaging such as echocardiography with longitudinal
strain, nuclear bone scintigraphy, and cardiac magnetic
resonance imaging. Echocardiography with longitudinal
strain and cardiac magnetic resonance imaging may
demonstrate findings consistent with cardiac amyloidosis
and improve prognostication, while bone scintigraphy
with technetium-based agent [pyrophosphate (PYP), 3,3-
diphosphono-1,2-propanodicarboxylic  acid (DPD), and
hydroxymethylene diphosphonate (HMDP)] are highly specific
for transthyretin cardiac amyloidosis in the setting of negative
blood and urine testing for a plasma cell disorder (2). These
modalities have typically been studied in symptomatic patients,
though there is evidence that pre-symptomatic/early disease may
be detected (3). Data for direct visualization of amyloid fibrils
with amyloid-binding PET agents are emerging. Thioflavin
analogs such as F18-florbetapir have shown good discrimination
of quantitative uptake between symptomatic cardiac amyloidosis
as compared to healthy controls (3). Additional studies have
demonstrated non-cardiac uptake in patients with light chain
(AL) amyloidosis, highlighting the systemic nature of that disease
(4, 5). Though, differentiation between light chain (AL) and
transthyretin (ATTR) cardiac uptake may not be possible (6).

F18-florbetapir is FDA approved and indicated for B
amyloid imaging of the brain to estimate plaque density in
adults with cognitive impairment who are being evaluated for
Alzheimer’s Disease. As this radiotracer has demonstrated high
sensitivity in early disease, this pilot study sought to test F18-
florbetapir for early detection of cardiac amyloid deposits in
asymptomatic patients.

METHODS

A total of 12 patients were prospectively enrolled in this pilot
study and followed for 3 years. One patient was considered to
have ATTR cardiac amyloidosis, seven patients had a potential for
development of cardiac amyloidosis (two smoldering myeloma
and five with extracardiac biopsy demonstrating transthyretin
amyloid deposits and negative technetium pyrophosphate scans),
and there were four control patients. Control patients were
selected as they had negative biopsies for amyloidosis during
routine carpal tunnel release surgery without signs or symptoms
of the disease (7). This study was approved by the Institutional
Review Board and Ethics Committee at the Cleveland Clinic, and
all patients signed informed consent.

Patients were imaged using F18-florbetapir (10mCi) using
a Biograph mCT 128 (Siemens Healthineers, Malvern, PA)
PET/CT scanner with lutetium oxyorthosilicate crystals, time-
of-flight capable photomultiplier tubes with coincidence timing
resolution of 550 ps, and PET detectors covering an axial
field of view of 21.4cm. Images were acquired in listmode
from 10 to 20 min after radiotracer injection, and static images
were reconstructed by summing data including 3D iterative
time-of-flight with resolution modeling. This post-injection

time was chosen based upon prior study showing a large
differential in standardized uptake values (SUVs) between
patients and controls (8). Images were interpreted by identifying
myocardial radiotracer uptake qualitatively (present or absent)
and quantitatively using CorridordDM software (Invia, Ann
Arbor, MI). For quantitative measures, PET images were
reoriented along the standard cardiac axes and the mean and
standard deviation of cardiac uptake in the entire myocardium
was quantified using SUVs. Regions of interest were also drawn
in the blood pool (left atrium), paraspinal muscles, and liver and
mean SUVs were calculated.

PYP scintigraphy was performed using SPECT/CT with
Siemens Symbia T6 cameras, and patients were imaged 3 h after
infusion of 20 mCi+/- 10% of technetium PYP intravenously
as previously described (9). A semiquantitative score and heart-
to-contralateral lung ratios were obtained, and studies were
considered positive if there was radiotracer uptake localized to
the myocardium on SPECT/CT images (9).

RESULTS

F18-florbetapir imaging showed visible radiotracer uptake in
the myocardium in all patients (Figure 1) with mean SUV 2.3
=+ 0.4. Patient 7 was asymptomatic from a cardiac perspective
with normal levels of troponin T and NTproBNP, but had a
positive PYP study (Table 1) in the setting of negative testing
for a monoclonal protein and was considered to have cardiac
amyloidosis at the time of enrollment. This patient had the
highest myocardial SUV value of 3.3. Mean SUV for patients at
risk was 2.3 &£ 0.4, and for controls was 2.2 & 0.3. All patients
had myocardial SUV values above previously described healthy
controls (SUV 1.4-1.7), and all patients had mean myocardial
counts more than 2x blood pool counts (8). Blood pool, liver, and
paraspinal muscle SUV values are also shown in the Table 1.

Of the seven patients with a potential for cardiac involvement,
two had smoldering myeloma (1 IgG lambda with free light chain
difference 873 mg/L, 1 IgG kappa with free light chain difference
339 mg/L), and five had ATTR with negative PYP scans (four with
TTR deposits in the tenosynovium (7) and one with hereditary
ATTR polyneuropathy). Patient 1 was asymptomatic from a
cardiac perspective but had an abnormal cardiac MRI with native
T1 time 1,300 msec (but without late gadolinium enhancement),
an NTproBNP above reference range (607 pg/mL), but no fat pad
or bone marrow biopsy evidence of amyloid deposits.

Patients were followed clinically for 3 years, and none
developed new symptomatic cardiac amyloidosis. Two patients
had follow-up PYP scans (Figure 1); patient 6 had Ala81Thr
mutation and developed asymptomatic PYP conversion to Grade
3 uptake 3 years after enrollment despite initial low F18-
florbetapir myocardial retention. Interestingly, F18-florbetapir
muscle uptake in the cohort was highest in this patient.

DISCUSSION

In this prospective pilot study, F18-florbetapir identified
qualitative and quantitative radiotracer uptake above previously
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FIGURE 1 | F18-florbetapir PET/CT images demonstrating identifiable myocardial uptake of radiotracer in the patient with confirmed cardiac amyloidosis by
technetium PYP (A, mean myocardial SUV 3.3), a patient with light chain MGUS and a potential for having cardiac AL amyloidosis (B, mean myocardial SUV 2.7), and
a control patient with a negative tenosynovial biopsy for amyloidosis at the time of carpal tunnel release surgery (C, mean myocardial SUV 2.0).

TABLE 1 | Summary of patients and imaging results.

F18-Florbetapir

Patient Age Sex History Visual LV Mean SUV Heart/BP Echo IVS  Additional Imaging
uptake Lv Blood pool Paraspinal Liver ratio

1 77 F Smoldering myeloma  Yes 1.9 0.7 2.0 10.8 2.7 1.4cm CMR abnormal

2 70 M Smoldering myeloma  Yes 2.7 0.7 2.2 10.9 3.9 1.6cm CMR normal

3 75 M ATTRV - Val30Met Yes 2.9 0.9 2.1 17.0 3.2 1.6cm PYP negative

4 80 M ATTRwt Yes 2.2 0.8 1.7 15.0 2.8 0.9cm PYP negative

5 72 F ATTRwt Yes 2.0 0.7 1.3 12.1 2.9 1.2cm PYP negative

6 73 F ATTRv - Ala81Thr Yes 1.9 0.9 3.0 156.3 2.1 0.9cm PYP negative*

7 67 M ATTRwt Yes 3.3 0.6 1.5 10.0 5.5 1.4cm PYP positive

8 65 M ATTRwt Yes 2.4 0.6 2.1 10.9 4.0 1.3cm PYP negative

9 83 M CTS negative Yes 2.5 0.9 0.8 14.4 2.8 N/a N/a

10 67 M CTS negative Yes 2.3 0.7 1.6 14.8 3.3 N/a N/a

11 66 F CTS negative Yes 1.8 0.8 1.3 8.3 2.3 N/a N/a

12 69 F CTS negative Yes 2.0 1.0 1.2 10.4 2.0 N/a N/a

ATTRYy, hereditary transthyretin amyloidosis; ATTRwt, wild-type transthyretin amyloidosis; BF, blood pool; CA, cardiac amyloidosis; CTS, carpal tunnel surgery biopsy; IVS, interventricular
septum; LV, left ventricle; PYR, technetium pyrophosphate; SUV, standardized uptake value. *Developed Grade 3 uptake of PYP scan 3 years later.

described control levels in all 12 patients. The one patient with
technetium PYP evidence of cardiac amyloidosis did have the
highest quantified myocardial SUV values. No patients developed
clinical evidence of cardiac amyloidosis over 3 years, but one
patient had asymptomatic conversion to a positive PYP scan
despite low F18-florbetapir uptake at baseline.

This pilot study raises several important questions about
cardiac amyloidosis, progression, and the utility of molecular
PET imaging for this disease. One of the most important
points to make relates to the comparison of F18-florbetapir
with SPECT-based PYP and other bone scintigraphy. PYP has
the benefit of being interpreted qualitatively on reconstructed
tomographic images, while F18-florbetapir does not. That is to
say, if SPECT PYP images demonstrate any radiotracer localized
to the myocardium, i.e., highly specific for cardiac amyloidosis
(and most likely ATTR). Yet, all patients undergoing F18-
florbetapir PET have identifiable radiotracer localized to the
myocardium that is significantly above blood pool values. Thus,
specific thresholds are needed to separate positive from negative
cases. Other protocols using a retention index could be examined
in early disease, though these protocols involve up to a 60-min
scan duration (6, 10) which may be difficult for some patients

and inefficient for lab throughput. Our protocol utilized SUV
calculation at a fixed time point 10-20 min after radiotracer
injection which was based off of an analysis demonstrating good
correlation between retention index and SUV measurements (8),
and is in line with other PET protocols which generate static
images for infection and inflammation. As only small differences
were noted in F18-florbetapir myocardial SUV values, the utility
of this protocol in the detection of early cardiac amyloidosis using
this protocol appears limited.

Additionally, the speed of progression of myocardial amyloid
deposits is currently unknown. AL amyloidosis has been thought
to progress much more rapidly than AT TR amyloidosis; however,
patient 6 had progression of ATTR cardiac amyloidosis on PYP
nuclear scintigraphy over 3-4 years which was not preempted
by significant F18-florbetapir uptake. As both patients during
the study period with positive PYP scans were asymptomatic,
this confirms the high sensitivity of PYP in early asymptomatic
disease (11).

At this time, PET imaging with F18-florbetapir in cardiac
amyloidosis remains an imaging modality best used in clinical
research until more data accumulates regarding the best
protocol to maximize sensitivity, specificity, differentiation
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among amyloid subtypes, and ease of interpretation. Other
PET radiotracers such as the thioflavin analogs F18-florbetaben,
F18-flutemetamol, and C11-Pittsburgh compound B, and bone-
seeking agents targeting microcalcifications like F18-NaF are
similarly under investigation (12).

This pilot study is limited by an insufficient sample size
to make broad conclusions about the utility of molecular PET
imaging in cardiac amyloidosis. Further study is needed in
asymptomatic patients or those with early disease, in both the
AL and ATTR subtypes, to expand upon these findings. Repeat
imaging could shed light on subclinical progression of disease
and is an area of future research. At this time, PET imagings is
not ubiquitously available and is more costly than technetium-
based SPECT bone scintigraphy. In addition, this study also
raises additional questions regarding the potential false negative
rate of tenosynovial biopsy in our “control” patients. While
these patients had negative tenosynovial biopsies and no signs
or symptoms of amyloidosis, though unlikely, low level amyloid
infiltration could have existed in the myocardium.

CONCLUSION

In this prospective pilot study, F18-florbetapir identified
radiotracer uptake in the myocardium in early cardiac
amyloidosis, patients with a potential for developing cardiac
involvement of amyloidosis, and controls. F18-florbetapir
uptake was qualitatively noted in the myocardium above
blood pool in all patients, and there was significant overlap
among quantitative uptake. There was no difference
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Objectives: To assess the clinical impact of Cardiovascular Magnetic Resonance (CMR)
in clinical decision making of cancer patients with a suspected cardiomyopathy in a
tertiary cancer center.

Background: Cardiomyopathies of diverse etiologies are frequently encountered in a
Cardio-Oncology practice. The clinical impact of CMR after a presumptive diagnosis of
cardiomyopathy has not been studied in cancer patients.

Methods: We reviewed data on cancer patients with presumptive diagnosis of
cardiomyopathy who underwent CMR in a tertiary cancer center. The clinical impact
of CMR was defined as either change in clinical diagnosis or management post CMR
results. Univariate and multivariate logistic regression models were used to assess
whether any of the baseline characteristics were predictive of the clinical impact of CMR.

Results: A total of 110 consecutive patients were identified. Clinical impact of CMR
was seen in 68 (62%) patients. Change in the clinical diagnosis and management was
seen in 56 (51%) and 41 (37%) of patients, respectively. The most common change
was prevention of endomyocardial biopsy in 26 patients (24%). Overall, patients with
higher left ventricular ejection fraction (LVEF) by echocardiography (echo), clinical impact
was influenced more by CMR (LVEF of 37.2 + 12.3% vs. 51.5 + 11.6%, p < 0.001).
Cancer diagnosis of multiple myeloma was associated with change in the management
post CMR (adjusted OR of 25.6, 95% Cl 4.0-162.4, p = 0.001). Suspicion of infiltrative
cardiomyopathy was associated with a higher likelihood of change in diagnosis. Having
an LVEF>40 by echo was associated with change in diagnosis and management
by CMR.
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Conclusions: Utilization of CMR has a significant clinical impact in cancer patients
with suspected cardiomyopathy. Patients with cancer diagnosis of multiple myeloma,
suspicion of infiltrative cardiomyopathy and those with higher LVEF by echo seem to

benefit more from CMR.

Keywords: cardiovascular
echocardiography

INTRODUCTION

The diagnosis and management of cardiomyopathies are
important components of a Cardio-Oncology practice, given
cancer patients are at an increased risk of heart failure (HF)
(1) due to co-existing risk factors as well as cardiotoxic cancer
therapeutics. The advancement of newer cancer therapies and
improvement of survival rates, has led to an increase of
the number of patients with cancer related cardiomyopathy
(2, 3). In survivors of breast cancer, for instance, the
adjusted 3-year cumulative incidence of anthracycline associated
cardiomyopathy was calculated at 20.2 per 100 patients with
an estimated increase by 21.7 per 100 patients with addition of
trastuzumab (4).

Cardiovascular magnetic resonance (CMR) has been deemed
appropriate for initial and sequential evaluation of patients with
cardiomyopathies (specifically infiltrative, hypertrophic, and any
cardiomyopathies of unclear etiology) based on appropriateness
criteria from multimodality imaging scientific societies (5, 6).
Moreover, CMR has an emergent role in detecting cardiotoxicity-
related cardiomyopathy and other cardiovascular effects in
patients undergoing anti-cancer therapy. Data from EuroCMR
has shown that CMR has a strong impact on patient management,
showing 62% of its findings impacting patient management (7).
However, no data in cancer patients has been published in
this regard.

In the current study, we aim to assess the clinical impact
of CMR in clinical decision making for cancer patients with
suspected cardiomyopathy in a large tertiary cancer center.

METHODS

We designed a retrospective cohort study of patients treated at
the MD Anderson Cancer Center in Houston, TX, United States.
We queried a CMR imaging database from May 2015 to
September 2017 to identify consecutive patients who underwent
CMR for clinically suspected cardiomyopathy. All patients
included were receiving cancer treatment at our institution. The
study protocol was approved by the institutional review board
of MD Anderson Cancer Center. We included 110 consecutive
patients that underwent CMR in either inpatient or outpatient
settings. The diagnosis of cardiomyopathy was pre-established
clinically by chart review and available echocardiographic
findings in all inpatient cases and in the majority of outpatient

Abbreviations: CMR, Cardiovascular Magnetic Resonance; TTE, Transthoracic
echocardiogram; LVEEF, Left ventricular ejection fraction; LGE, Late Gadolinium
enhancement.

magnetic

resonance, cardiomyopathy, Cardio-Oncology, clinical impact,

cases. For a minority of cases referred from outside centers,
a recent outside hospital echocardiography record was used.
Figure 1 illustrates a summary of study design algorithm. Given
the diversity of cancer diagnosis in our cohort, we separated
them into the following groups by cancer: solid tumors (most
common was breast cancer, constituting 31% of the group),
leukemia, lymphoma, myeloma and miscellaneous (more rare
hematologic cancers).

All CMR images were acquired using a 1.5-T MRI scanner
which was either Siemens Avanto (Siemens, Erlangen, Germany)
or a 1.5-T GE AW (GE, Milwaukee, WI). All CMR exams
were protocolled for cardiomyopathy, and included the following
sequences: SSFP cines (real time cines if suspicion of constrictive
pericarditis), T1 and T2 weighted double inversion recovery (IR)
sequences, some included T2*, T1 (native and post contrast)
and T2 mapping (Modified Look-Locker IR). Late gadolinium
enhancement (LGE) was performed for tissue characterization
using a segmented inversion-recovery sequence (in-plane spatial
resolution, 1.8 x 1.3mm; slice thickness, 8 mm; temporal
resolution, 160-200 ms) 10-15min after intravenous contrast
administration (gadopentetate dimeglumine, 0.125 mmol/kg).

CMR images were interpreted independently by either a
level 3 CMR board-certified cardiologist or a radiologist with
level 3 equivalent training. Studies were reviewed to assess for
image quality. Cases with poor quality studies, including those
where gadolinium-based contrast was not administered, were
excluded. For all patients, demographic and clinical variables
including age, sex, type of malignancy, comorbidities, history of
previous chemotherapy, and echocardiographic parameters were
collected by electronic chart review. Patients with insufficient
clinical data were excluded. The clinical impact of CMR was
then assessed independently and determined upon consensus by
two investigators (J.C.L., G.HB). We adopted the definitions per
Abbasi et al. (8) where they defined significant clinical impact of
CMR as either finding an entirely new diagnosis or if a change
in clinical management occurred after CMR results. Change
in diagnosis was defined as a diagnosis resulting from CMR
that was previously unconfirmed or unsuspected. Change in
management was defined as CMR results preventing or resulting
in a procedure (invasive or medical), or admission or discharge
from hospital (Figure 1). Changes in medical management that
we considered as significant was either starting guideline directed
medical treatment for heart failure or stopping it, starting or
stopping anticoagulation, but no changes in cancer treatment
were seen caused from CMR findings. Our outcomes were
predefined as either clinical impact of CMR, depending on
changes in diagnosis and changes in management. No survival
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FIGURE 1 | Algorithm of study design: cohort selection.
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analyses or hard endpoints were evaluated, just utilization
endpoints as previously defined.

We evaluated patients’ baseline clinical characteristics to
assess if the clinical impact of CMR can be predicted by these
characteristics. Univariate and multivariate logistic regression
models were used to identify variables that were significantly
associated with diagnosis change (change in diagnosis vs. no
change), management change (change in management vs. no
change), or either of them (any change vs. no change). Only
variables with significant p-value in univariable analyses, or
those with a trend toward a significant p value, were used in
the multivariable analysis. Hosmer-Lemeshow test was used to
check the model adequacy. A p-value less than 0.05 indicated a
statistical significance. All statistical analyses were performed in
SAS® Version 9.4 (SAS Institute, Cary, NC).

RESULTS

A total of 110 patients with clinical suspicion of cardiomyopathy
were identified; of those 58 (53%) were female. The average
age was 59 £ 15 vyears. Solid tumors were the most
prevalent malignancies (40%), followed by myeloma (19%), and
lymphoma (18%). Table 1 summarizes baseline demographic
and clinical characteristics of the patients. Indications for
CMR with respective percentage frequencies were the following:
Routine CMR for cardiomyopathy (64%), suspected infiltrative
cardiomyopathy (25%), hypertrophic cardiomyopathy (6%),
viability (3%), suspected arrhythmogenic right ventricular
dysplasia (2%) and carcinoid heart disease (1%) (see Table 2).
Following CMR, cardiomyopathies were categorized into six
different diagnostic groups as summarized in Table 3. In 27
(25%) patients with suspected iron overload cardiomyopathy,
amyloidosis, or suspected myocarditis, CMR showed no evidence
of cardiomyopathy (normal ejection fraction, normal T2*
and absence of late gadolinium enhancement) despite clinical
suspicion and suggestive echocardiographic findings.

TABLE 1 | Baseline demographic and clinical characteristics of the patients.

Variable Result?
Age (years)° 59 4+ 15
Sex
Male 52 (47%)
Female 58 (63%)
Type of malignancy
Solid tumors 45 (41%)
Leukemia 14 (13%)
Lymphoma 20 (18%)
Multiple Myeloma 21 (19%)
Miscellaneous 10 (9%)
Ejection fraction by echocardiography (%)° 42413
Ejection fraction < 40% 32 (29%)
Diabetes 35 (32%)
Hypertension 65 (59%)
Atrial fibrillation 24 (22%)
History of chest radiotherapy 22 (21%)
History of coronary artery disease 27 (25%)
History of treatment with anthracycline 39 (36%)

4Data are expressed as the number of cases (percentage of total) unless
indicated otherwise.
b Data are expressed as the mean =+ standard deviation.

Overall, the clinical impact of CMR was seen in 68 (62%)
patients. Results of CMR changed the diagnosis in 56 (51%), the
management in 41 (37%), and both management and diagnosis
in 29 (26%) patients. The most common clinical impact of CMR
was prevention of endomyocardial biopsy in 26 (24%) patients
by ruling out the working diagnosis of suspected infiltrative
cardiomyopathy. One noticeable finding was that in 42 patients
(38%) there was no change in diagnosis or management, and the
mean LVEF in this group by TTE was 37 £ 12% in contrast
to the 29 patients that had changes in both diagnosis and
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TABLE 2 | CMR indications.

Variable Frequency (%)
Routine CMR for cardiomyopathy 70 (64%)
Suspected infiltrative cardiomyopathy 27 (25%)
*Suspected hypertrophic cardiomyopathy 7 (6%)
*Viability 3 (3%)
*Suspected arrhythmogenic right ventricular dysplasia 2 (2%)
*Carcinoid heart disease 1(1%)
"For further analysis these categories were included in Other CM in Table 3.
TABLE 3 | Final CMR diagnosis.
Diagnosis Frequency?
NICM 49 (45%)
ICM 8 (7%)
Cardiac amyloidosis 6 (5%)
HCM 6 (5%)
Other CM 14 (13%)
Non compaction 1 (1%)
Takotsubo 1 (1%)
Myocarditis 4 (4%)
Chagas 1 (1%)
Iron overload 1 (1%)
RV failure [PH] 3 (3%)
Constrictive pericarditis 1(1%)
Eosinophilic CM 1(1%)
No cardiomyopathy 27 (25%)

4Data are expressed as the number of cases (percentage of total). CMR, cardiac
magnetic resonance imaging; NICM, non ischemic cardiomyopathy; ICM, Ischemic
cardiomyopathy, HCM, hypertrophic cardiomyopathy;, CM, cardiomyopathy; RV, right
ventricle; PH, pulmonary hypertension.

management, whose corresponding mean LVEF by TTE was 51
£ 11% (p < 0.001 by Chi-square test).

Table 4 summarizes all the management changes post CMR.
Examples of patients with change in both diagnosis and
management are summarized in Table 5. The clinical impact
of CMR is illustrated in Figure2. To assess whether any of
the baseline characteristics can predict the clinical impact of
CMR, univariate and multivariate logistic regression models
were fitted, and they are summarized in Tables6, 7. All
analyses demonstrated that a higher ejection fraction by
echocardiography (LVEF > 40) predicts a greater clinical impact
of CMR, adjusting for type of malignancy (adjusted OR 7.09,
95% CI, 2.09-24.11, p value = 0.002 and 6.16 with 95% CI 1.47-
25.77, p value = 0.013 for change in diagnosis and management
respectively). For change in diagnosis, a suspicion of infiltrative
cardiomyopathy, when compared with routine indication of
CMR for cardiomyopathy had a higher likelihood of change in
diagnosis in the multivariate analysis for change in diagnosis
(adjusted OR: 10.03, 95% CI, 1.91-52.69, p value = 0.006), but
not in multivariate analysis for change in management.

TABLE 4 | Summary of change in management followed by CMR results

(n=110).

Change in management Frequency?
Prevented endomyocardial biopsy 26 (24%)
Change in medications 14 (13%)
Prevented coronary angiogram or PCI 11 (10%)
Resulted in endomyocardial biopsy 6 (5%)
Resulted in LHC 4 (4%)
Hospital admission 2 (2%)
Hospital discharge 1(1%)
Resulted in ICD implantation 1(1%)

@Data are expressed as the number of cases (percentage of total). Some patients had
change in more than one management category. CMR, cardiac magnetic resonance
imaging; PCI, percutaneous coronary intervention; LHC, left heart catheterization; ICD,
implantable cardioverter-defibrillator.

We also found that “type of malignancy” predicted change in
management post CMR. As shown in Table 7, multiple myeloma
was the cancer group associated with significant change in the
management post CMR (adjusted OR of 25.56 with 95% CI
4.02-162.44, p value = 0.001).

DISCUSSION

This study demonstrates a valuable role for CMR as part of the
assessment for suspected or known cardiomyopathy in patients
with cancer. In 62% of our patients there was a benefit from
the addition of CMR imaging in their diagnostic work up, by
achieving either a change in diagnosis or change in management.
Furthermore, we identified baseline clinical characteristics that
could predict the clinical impact of CMR. In particular, we
showed that patients with higher left ventricular ejection fraction
by echocardiography, patients with a diagnosis of multiple
myeloma as the primary malignancy and those with suspicion of
infiltrative cardiomyopathy were those in which CMR had the
most clinical impact.

CMR has proven to have an additive role in diagnosis and
management of patients with cardiomyopathy (8-10). However,
in patients with non-ischemic cardiomyopathy, its value on
routine use may be limited, given it may not yield more
specific etiologies in majority of cases (11). Which was consistent
with our findings, given routine CMR for cardiomyopathy
didn’t yield as much clinical impact as suspicion of infiltrative
cardiomyopathy. Compared to echocardiography, CMR has a
higher spatial resolution, larger field of view, highly reproducible
ventricular volumes and ejection fraction quantification (12) with
the ability for functional assessment and ability to perform tissue
phenotyping using tissue characterization sequences such T1
weighted imaging with late gadolinium enhancement (LGE) (13),
T2 weighted imaging and parametric mapping (14).

With the advancement of CMR techniques, recent multi-
society expert consensus recommendations for multimodality
imaging in cardiac amyloidosis have considered a central role for
CMR in the non-invasive diagnosis of cardiac amyloidosis (15).
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TABLE 5 | Examples of patients with (green) and without (red) changes in both diagnosis and management after CMR.

Patient description Indication for CMR CMR findings Clinical impact

CMR, cardiac magnetic resonance imaging; y/o, years old; F, female; M, male; PMHx, past medical history; HLF, hyperlipidemia; HTN, hypertension; EF, ejection fraction; RCA,
right coronary artery; MGUS, monoclonal gamopathy of unknown significance; LV, left ventricle; NICM, non-ischemic cardiomyopathy; GDMT, guideline directed medical therapy; HF,
Heart Failure.

Hospital admission ICD implantation

2% 1% ‘ _Hospital discharge
1%

B Changesin diagnosis
Resulted in coronary

angiogram
3% M Prevented endomyocardial biopsy
Indicated B Changesin medications
biopsy
5%

u Prevented coronary angiogram

Changes in diagnosis

46% m Indicated biopsy

M Resulted in coronary angiogram

W Hospital admission

B ICD implantation

W Hospital discharge

FIGURE 2 | Clinical impact of utilization of cardiac magnetic resonance in a tertiary cancer center: 121 events in total of 66 patients.

CMR s a cornerstone test in the evaluation of patients with left Multivariate analyses also revealed that the clinical impact of
ventricular hypertrophy (LVH) phenotype on echocardiography =~ CMR in both diagnosis and management is more appreciated
and suspected infiltrative cardiomyopathies, explaining why  in patients’ groups with an echo LVEF of 40% or higher
there was a significant clinical impact in cancer patients with ~ and changes in diagnosis more likely with suspicion of
suspected infiltrative cardiomyopathy particularly those with infiltrative cardiomyopathy (adjusted OR 10.03, p = 0.006).
primary multiple myeloma, given the risk to develop cardiac ~ This could be explained due to the high proportion of cases
amyloidosis. This might in part explain our findings of baseline ~ (25%) that CMR showed no evidence of cardiomyopathy
multiple myeloma predicting the clinical impact of CMR. despite clinical suspicion by TTE. This finding changes the
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TABLE 6 | Selected univariate and multivariate analysis of factors predicting diagnosis change following CMR.

Variable Univariate logistic regression model Multivariate logistic regression model®
OR 95% Cl P-value aOR 95% CI P-value
Age 1.08 0.99-1.05 0.079 1.05 1.005-1.09 0.031
Female sex 0.77 0.35-1.72 0.521
Type of malignancy?
Lymphoma 0.73 0.22-2.37 0.596
Leukemia 1.94 0.54-6.91 0.308
MM 9.68 1.97-47.52 0.005
Miscellaneous 4.24 0.79-22.84 0.093
CMR indication®
Infiltrative CM 12.29 2.66-56.83 0.001 10.03 1.91-52.69 0.006
Other 0.48 0.13-1.71 0.255 0.31 0.06-1.54 0.153
Diabetes 2.56 1.03-6.34 0.043
Hypertension 1.05 0.46-2.38 0.905
Atrial fibrillation 3.41 1.15-10.15 0.028
Echocardiographic EF 1.08 1.04-1.13 <0.001
EF>40 5.35 1.99-14.38 0.001 7.09 2.09-24.11 0.002
EF>50 7.21 2.60-19.98 <0.001
History of treatment with anthracycline 0.33 0.14-0.80 0.014

CMR, cardiac magnetic resonance imaging; OR, Odds Ratio; Cl, confidence interval; aOR, adjusted odds ratio; EF, gjection fraction; N/A, not applicable (variable not included in the
multivariate logistic regression model); CM, cardiomyopathy. @“Solid tumor” malignancy as reference group. ° “Routine CMR for cardiomyopathy” as reference group. ° The multivariate
model initiated with the following variables: age, type of malignancy, diabetes, atrial fibrillation, EF, CMR indication, and history of anthracycline use. It reduced by stepwise selection
to age, CMR indiication, and EF as shown here. Same results obtained when using of EF > 50% in lieu of > 40% (adjusted OR of 7.57 with 95% CI 1.42-40.24, p value = 0.018 and
adjusted OR of 9.13 with 95% Cl 2.23-37.45, p value = 0.002 for CM infiltrative and EF>50, respectively).

TABLE 7 | Selected univariate and multivariate analysis of factors predicting management change following CMR.

Variable Univariate logistic regression model Multivariate logistic regression model ¢
OR 95 % CI P-value aOR 95% CI P-value
Age 1.01 0.98-1.04 0.443
Female sex 1.43 0.59-3.45 0.424
Type of malignancy?
Lymphoma 1.61 0.48-5.44 0.444 0.86 0.18-4.04 0.845
Leukemia 1.84 0.41-8.33 0.429 1.25 0.23-6.73 0.799
MM 18.40 3.5656-95.50 0.001 25.56 4.02-162.44 0.001
Miscellaneous 4.60 0.72-29.33 0.106 3.99 0.33-48.36 0.277
CMR indication®
Infiltrative CM 12.68 2.67-60.33 0.001
Other 0.16 0.02-1.33 0.089
Diabetes 1.90 0.71-5.06 0.199
Hypertension 1.18 0.49-2.86 0.716
Atrial fibrillation 2.03 0.62-6.67 0.246
Echocardiographic EF 1.07 1.03-1.04 0.001
EF>40 4.54 1.60-12.86 0.004 6.16 1.47-25.77 0.013
EF>50 5.01 1.73-14.51 0.003
History anthracycline use 0.44 0.18-1.11 0.084

CMR, cardiac magnetic resonance imaging;, OR, Odds Ratio; Cl, confidence interval; aOR, adjusted odds ratio; EF, ejection fraction; N/A, not applicable (variable not included in the
multivariate logistic regression model); CM, cardiomyopathy. @“Solid tumor” malignancy as reference group. ° “Routine CMR for cardiomyopathy” as reference group. ° The multivariate
model initiated with the following variables: type of malignancy, CMR indication, diabetes, EF, and history of anthracycline use. It reduced by stepwise selection to type of malignancy
and EF as shown here. Same results obtained when using of EF > 50% in lieu of >40% (adjusted OR of 16.92 with 95% CI 2.94-97.38, p value = 0.002 and adjusted OR of 3.85 with
95% Cl 1.11-13.34, p value = 0.034 for MM and EF > 50, respectively).
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management dramatically, as patients could be able to resume
chemotherapy promptly and without the need for treatment
of Heart failure. Conversely, the patients that did not have
significant change in diagnosis and management had lower
mean LVEF by TTE, which could suggest that in most of
these cases LV systolic dysfunction was identified appropriately
by TTE. In other words, in the context of a significant
decrease in LVEF that could be detected by TTE, CMR might
not add to the diagnosis or management. Anthracycline and
trastuzumab cardiotoxicity and related cardiomyopathies are
not well characterized in CMR by a specific patterns of LGE
or specific findings in parametric mapping (16). Conversely,
if an LVEF measurement by TTE is borderline low or in the
realm of 40%, CMR accurately differentiates true decreases
from cases of preserved LV systolic function because of its
robustness in reproducibility and less interobserver variability
in ventricular volumes and LVEF quantification. This suggest
that routine utilization of CMR for cardiomyopathy evaluation
based on echo findings might not offer clinical benefit if echo
identifies well possible etiologies such as decreased LVEF from
anthracyclines. Also suspicion of infiltrative cardiomyopathy
was associated with increased of change in diagnosis related
with CMR. Which suggests that clinical impact by CMR is
higher in patients for which iron overload cardiomyopathy
or cardiac amyloidosis must be evaluated. CMR ruled out
cardiomyopathy in 25% of patients. This has an impact
for patients mental wellbeing, withdrawal of heart failure
medications and resumption of lifesaving cancer therapies. In
our study, prevention of endomyocardial biopsy was found
to be the most common clinical impact of CMR comprising
24% of patients. Prevention of endomyocardial biopsy is
important in the setting of cancer particularly for those
actively receiving chemotherapy given the increased risk of
complications, mainly vascular complications and bleeding in
this vulnerable group. A cost effectiveness analysis may also
enlighten the economic benefit of using CMR as a gatekeeper for
myocardial biopsy.

In conclusion, application of CMR in Cardio-Oncology
appears to have frequent clinical impact (62% patients) on the
evaluation of confirmed or suspected cases of cardiomyopathy
in a cohort of cancer patients. Baseline systolic function from
TTE, suspicion of infiltrative cardiomyopathy and primary
malignancy type increase the likelihood of clinical impact
of the addition of CMR to the diagnostic approach. Our
findings support an important role of CMR in a Cardio-
Oncology practice. Further larger and multi-center studies
looking at hard clinical endpoints and cost-effectiveness analyses
are needed to quantify better the benefits of CMR in
these patients.

LIMITATIONS

We cannot exclude the role of selection and referral bias of
the primary cardiologist when choosing the appropriate patient
for CMR assessment; however, the studied patients represents a

heterogeneous group either referred by outpatient centers or seen
as an inpatient consult in a tertiary cardio-oncology practice.

Our study has some additional limitations. First, this is
a retrospective study which can be skewed by limitations of
medical documentation and the absence of a control group.
Second, there are some known limitations in application of
CMR such as patients with claustrophobia, prosthetic devices
or foreign bodies. Also, 11 out of 121 (9%) of scans were
excluded due to poor image quality or lack of contrast (see
Figure 1), and therefore our results may overestimate the benefit
of performing CMR.

Moreover, the economic value of CMR for all patients
with suspected cardiomyopathy is uncertain. Similarly, there
is no outcome data on survival benefit of using CMR in the
management of cardiomyopathy in cancer patients. Undoubtedly
a cost-effective analytical study or a comparative effectiveness
study with focus on survival benefit can better highlight the value
of this approach.

Clinical Perspectives
In patients with cancer and suspected cardiomyopathy, CMR
may result in change in diagnosis and management in certain
clinical scenarios. Patients with LVEF of 40% or more, those
with suspicion of infiltrative cardiomyopathy and those with
cancer diagnosis of multiple myeloma, have a higher likelihood
to benefit from the use of CMR.

Further prospective research is needed to identify the value,
including the economic burden, of the use of CMR for cancer
patients with suspected cardiomyopathy.
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A Clinical Approach to Multimodality
Imaging in Pulmonary Hypertension

Christine Farrell ", Aparna Balasubramanian?', Allison G. Hays?®, Steven Hsu?,
Steven Rowe*, Stefan L. Zimmerman*, Paul M. Hassoun', Stephen C. Mathai? and
Monica Mukherjee*
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Pulmonary hypertension (PH) is a clinical condition characterized by progressive
elevations in mean pulmonary artery pressures and right ventricular dysfunction,
associated with significant morbidity and mortality. For resting PH to develop, ~50-70%
of the pulmonary vasculature must be affected, suggesting that even mild hemodynamic
abnormalities are representative of advanced pulmonary vascular disease. The definitive
diagnosis of PH is based upon hemodynamics measured by right heart catheterization;
however this is an invasive and resource intense study. Early identification of pulmonary
vascular disease offers the opportunity to improve outcomes by instituting therapies
that slow, reverse, or potentially prevent this devastating disease. Multimodality imaging,
including non-invasive modalities such as echocardiography, computed tomography,
ventilation perfusion scans, and cardiac magnetic resonance imaging, has emerged
as an integral tool for screening, classifying, prognosticating, and monitoring response
to therapy in PH. Additionally, novel imaging modalities such as echocardiographic
strain imaging, 3D echocardiography, dual energy CT, FDG-PET, and 4D flow MRI are
actively being investigated to assess the severity of right ventricular dysfunction in PH.
In this review, we will describe the utility and clinical application of multimodality imaging
techniques across PH subtypes as it pertains to screening and monitoring of PH.

Keywords: pulmonary hypertension, echocardiography, computed tomography, scintigraphy, magnetic resonance
imaging

KEY POINTS

e Pulmonary hypertension is a devastating disease and early detection improves morbidity
and mortality.

e Echocardiography, computed tomography, nuclear imaging, and magnetic resonance imaging
are non-invasive imaging studies for screening, classification, prognostication, and monitoring
of pulmonary hypertension.

e New non-invasive imaging techniques such as strain imaging, 3D echocardiography, dual energy
CT, and 4D flow MRI are emerging techniques that can assist in the diagnosis and monitoring of
pulmonary hypertension.
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INTRODUCTION

Pulmonary hypertension (PH) is an insidious, highly morbid,
and heterogeneous disease that is characterized by elevations
in pulmonary arterial pressures and is classified into five
groups based on etiology (1-3). Early diagnosis and referral
are associated with better clinical outcomes, however the time
from symptom onset to diagnosis is often greater than 2
years (4-6). PH is exclusively diagnosed using confirmatory
invasive right heart catheterization (RHC) to measure mean
pulmonary artery pressure (mPAP), pulmonary capillary wedge
pressure (PCWP), and pulmonary vascular resistance (PVR)
(7). Currently, PH is defined by a mPAP >20 mmHg, a
threshold which was recently decreased from >25 mmHg based
on epidemiologic data demonstrating the distribution of mPAP
among healthy individuals and the significant impact of mildly
elevated pulmonary pressures on morbidity and mortality (8).
While RHC is the only method to directly measure pulmonary
and right heart pressures, it is invasive, resource intensive, and
carries procedural risk (9). As a result, in 2015, the European
Society of Cardiology/European Respiratory Society guidelines
recommended the use of a variety of non-invasive imaging
modalities to screen and risk stratify patients (10). The standard
of care for screening and classifying PH includes transthoracic
echocardiogram (TTE), chest computed tomography (CT),
ventilation perfusion (VQ) scan, RHC, and increasingly cardiac
magnetic resonance imaging (CMR). Multimodality imaging is
useful for screening, classifying, prognosticating, and monitoring
effectiveness of therapy in PH. This review seeks to describe the
current imaging modalities used in diagnosing and monitoring
the various forms of PH along with several novel imaging
modalities that may soon be incorporated into clinical practice.

METHODOLOGY

We conducted a search utilizing Medline/PubMed from
November 1989 to June 2021 to identify relevant articles.
Search terms included: pulmonary hypertension AND
echocardiography OR magnetic resonance OR computed
tomography OR nuclear OR cardiovascular imaging. Identified
articles were then evaluated, including screening of references.
Review articles, meta-analyses, and major medical society
guideline documents were also assessed. Finally, selected articles
were included if felt to be relevant in the authors’ opinion.
Data from these articles were abstracted and guided this
narrative review.

RESULTS

We identified 46 articles on echocardiography, 19 on
computerized tomography, 7 on nuclear medicine techniques
including scintigraphy, and 45 on magnetic resonance imaging
in PH.

Echocardiography
TTE is the most common imaging modality used to screen for
PH and is the mainstay for screening, monitoring of therapeutic

response, and prognostication (11). As most deaths from PH
are from right heart failure, recognizing the presence, and
quantifying the degree of right heart dysfunction, is helpful in
monitoring disease progression and prognostication. In addition
to conventional two-dimensional (2D) TTE, speckle-tracking
strain imaging and three-dimensional (3D) echocardiography are
more specialized techniques that are increasingly becoming part
of the standard of care in monitoring right heart structure and
function. Representative echocardiographic images are shown in
Figure 1.

Screening for Pulmonary Hypertension

Screening for PH using conventional TTE primarily relies upon
assessment of the right ventricular systolic pressure (RVSP),
which is measured from the tricuspid regurgitant (TR) jet velocity
and size/collapsibility of the inferior vena cava (IVC) to estimate
right atrial pressure (RAP) (12). Using the modified Bernoulli
equation, RVSP = 4V2 + RAP with V equaling the maximum TR
jet velocity (13). For RVSP measurements > 40 mmHg, a right
heart catherization is recommended (14). However, RVSP has
been shown in numerous studies across various PH subgroups to
poorly correlate with systolic pulmonary artery pressure (sPAP)
measured by RHC. These studies have routinely shown that RVSP
is &+ 10 mmHg different to the true sPAP in approximately
50% of cases (15-18). Additionally, the ability to capture and
quantify the TR jet velocity can be technically challenging and
is estimated to be feasible in only 75% of cases (19). RVSP can be
combined with other non-invasive measures to evaluate the need
for a RHC in suspected PH (20). Additional RV hemodynamics
can also be obtained including PA end-diastolic pressure using
end-diastolic pulmonic regurgitation peak velocity, mean PA
pressure, and pulmonary vascular resistance. Lastly, early closure
of the pulmonic valve due to rapid pressure equilibration of the
RV and PA in midsystole can be detected using both M-mode or
pulse waved Doppler signal, known as the “flying W” sign (21).

Assessment of the Right Heart

The American Society of Echocardiography has standardized
measurements of right-sided cardiac structure and function
(13). Measurements include the right atrial and ventricular
area, fractional area change (FAC) as a surrogate of right
ventricular ejection fraction (RVEF), tricuspid annular plane
systolic excursion (TAPSE), RVSP, and the presence of a
pericardial effusion. A right atrial area measured at the end
of systole >18 cm? has been independently associated with
elevated right ventricular (RV) end-diastolic pressure (RVEDP)
and mean RAP with a sensitivity of 89% and specificity of 82%
(13, 22). The RV diameter at the base is considered enlarged
when it is >42 mm. However, this measure only weakly correlates
with the gold standard RV volume assessment via CMR (23,
24). Measurements based off estimations of the 2D RV area
or volume, such as FAC or RVEE are similarly flawed when
compared to CMR techniques (25, 26) due to the complex shape
of the right ventricle (27). Eccentricity index, or interventricular
septal morphology, is a useful echocardiographic tool and
assesses the interventricular dependency of the RV:LV from the
parasternal short-axis view and is an important component of the
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FIGURE 1 | Echocardiographic images are shown in a scleroderma patient with severe pulmonary hypertension on stable therapies. (A) Apical 4 chamber view

demonstrates severe right atrial enlargement with bowing of the interatrial septum from right to left suggestive of elevated right atrial pressures. The right ventricle is
severely dilated and hypertrophied with a prominent moderator band. The left ventricle is hypertrophied and small. (B) Parasternal short-axis is shown in the same
patient with marked RV enlargement and evidence of RV pressure overload distorting the normal circular short-axis geometry of the LV. There is a small posterior
pericardial effusion present. (C) Tricuspid annular plane systolic excursion (TAPSE) utilizes M-mode techniques to measure the longitudinal motion of the basal right
ventricular wall segment during systole as an estimate of right ventricular systolic function. TAPSE is mildly reduced at 1.5 cm (normal >1.6 cm) however fractional
area change was 24% (moderate-severely reduced). (D) Right Ventricular Longitudinal Systolic Strain (RVLSS) is a recent echocardiographic advancement based on
ultrasound-myocardial tissue interactions. Each segment of the RV in this example corresponds with a strain curve with the white dotted line representing an average
of the segmental strain for the regional curves in this view. Regional RV free wall strain is reduced in the basal and midventricular wall segments with less reduction in
the apical segment. Global strain is an average of the three RV free wall segments and is —14.3%. (E) Right Ventricular Systolic Pressure utilizes the peak tricuspid
velocity to calculate the peak right ventricular systolic pressure using the modified Bernoulli equation. RVSP= [peak gradient (mmHg) = right atrial pressure + (4 x
Peak velocity 2)]. In this example, RVSP = 57 mmHg + 15 mmHg = 72 mmHg. (F) Right atrial pressures are estimated from the IVC diameter made in subcostal view

15 mmHg.

at end-expiration. In this example, the IVC is severely dilated at 3.2 cm with minimal respiratory variation suggestive of markedly elevated right atrial pressure of

ESC/ERS recommendations for PH screening (11). The presence
of RV hypertrophy may also be seen in chronic pressure/volume
overload states.

Due to the inaccuracy of RV area and volume assessments
using 2D echocardiographic techniques, other measurements are
used to estimate RV function. Tricuspid annular plane systolic
excursion (TAPSE) measures the movement of the tricuspid
annulus toward the apex between diastole and systole in M-
mode. A measurement <1.7cm is considered abnormal (28).
TAPSE has been shown to closely correlate with RVEF on
CMR and RHC (29). However, TAPSE measurements should be
interpreted with caution in patients with severe TR as they have
been shown to be less accurate in that setting (30). The Tei index,
or myocardial performance index (MPI) of the RV, is measured
using either color or tissue Doppler imaging and is a ratio of
isovolumic time, both in contraction and relaxation, to ejection
time (31, 32). Systolic wave velocity (S/) is another measure of

myocardial contraction measured from tissue Doppler imaging
and has been validated in an epidemiologic study of healthy
individuals to define normal values (33). Abnormal tissue
Doppler S/ velocity is defined as <9.5 cm/s.

Prognostication

As right heart failure is the primary cause of death among
individuals with PH, assessment of abnormalities in the
right ventricle by echocardiogram offers significant prognostic
information. RA area and estimation of right atrial pressure have
been demonstrated to be associated with mortality secondary
to right heart failure (34). RVSP has been found to be an
independent predictor of mortality in PH (35, 36) and while
neither sensitive nor specific, the presence of a pericardial
effusion has been shown to predict mortality in PH patients
(34, 37, 38).
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Recently, the  REVEAL  registry has  included
echocardiographic assessment of pericardial effusion
prognostic risk assessment of PAH (REVEAL risk score).
Regarding RV functional assessments in individuals with known
PH, reduced TAPSE has been shown to have a nearly four-fold
increased risk of death (39) with every 1 mm decrease in
TAPSE increasing the unadjusted risk of death by 17% (40).
Myocardial performance index is associated with clinical status
and mortality, as well as change in clinical status over time in
response to therapy (31, 41).

in

Speckle-Tracking Echocardiography (Echo Strain
Imaging)

Strain imaging is being increasingly incorporated into clinical
practice as a measurement of RV systolic function (42). Strain (g)
is the deformation of cardiac tissue from an applied force with e =
(Lsystole~Ldiastole)/ Ldiastole With L being length (42) and multiplied
by 100 resulting in a percentage of myocardial deformation across
the cardiac cycle. A positive number indicates lengthening, and a
negative number indicates shortening. Strain imaging provides a
feasible non-invasive technique to assess cardiac mechanics for
the detection of subclinical ventricular dysfunction.

Using 2D echocardiographic techniques, there are two
methods by which strain can be calculated: tissue Doppler
imaging (TDI) and speckle tracking echocardiography (STE).
TDI-derived strain calculates the rate at which a particular
segment of the myocardium moves toward or away from the
transducer (43). TDI is less commonly used since it is highly
angle dependent and requires high frame rates. In contrast, STE is
angle-independent and performed by measuring the movement,
or deformation, of ultrasound pixels over the cardiac cycle. It is
particularly helpful in the right heart as it tends to preferentially
measure speckles at the endocardial border whose longitudinal
fibers account for 80% of RV contraction. STE-derived strain can
be reported across the RV free wall regions or as an average of
visualized segments known as global longitudinal strain (GLS)
and is expressed as a percentage and a more negative number
signifies a more shortening of the myocardial segment during
systole. Worsening strain refers to a less negative number (a
lower absolute value) than expected or diminished deformation
along the longitudinal axis. GLS typically represents the basal,
midventricular, and apical RV free segments however it may
also include the basal, midventricular, and apical segments of
the interventricular septum. The latter approach, however, is less
favored due to inability to isolate RV and LV contributions (42).
The most common measurement of strain in the RV is GLS,
however individual longitudinal segmental strain is also being
investigated in PH (44).

Reduced RV function using STE GLS imaging predicts worse
clinical outcomes such as right heart failure and death in PH
across various subgroups (45-47). Additionally, a reduction
in RV free wall strain has also been shown to predict worse
outcomes in PH (48). Reduced strain is one of the earliest signs
of RV dysfunction as patients with less longitudinal deformation
had worse outcomes than matched controls with equivalent right
heart dimensions and TAPSE (49, 50).

For a strain analysis to be done, 2D echo image quality
must also be adequate at a frame rate of at least 70-90
frames per second. Strain imaging requires post processing
using dedicated software and can be performed utilizing CMR-
based techniques as well. Echo-derived strain requires specialized
software and ultrasound machines, which may result in increased
cost, however can typically be performed during real-time image
acquisition with minimal increase in patient exam time or
retrospectively on previously acquired images. There is also
a significant learning curve in strain analysis as automated
endocardial border definition must be verified manually by
experienced operators (51). Additionally, there is well-described
vendor-specific variability in strain measures (52) and the cutoft
values for normal and abnormal strain also depend on the
analytic software and modality, ie.,, CMR vs. echo-derived
strain, being used. Longitudinal strain monitoring must therefore
ensure that patients’ images are analyzed using the same software
across time and should be performed by experienced operators.

Three-Dimensional Echocardiography

3D echocardiography is a state-of-the-art imaging strategy
increasingly being used in clinical practice (53). Estimations
of the RVEF have been found to be more closely correlated
to those measured by CMR (54-57). However, 3D echo
tends to underestimate the true RVEF (58). Despite this, the
accessibility of 3D echo is greater than CMR which makes
this an attractive alternative. In addition, strain imaging has
been combined with 3D echo to accurately predict RVEF
(59). 3D imaging can be performed during both 2D and
transesophageal echocardiography and is recommended in the
assessment of severe TR (60) for grading and determining
suitability for intervention.

Chest Computed Tomography Imaging
Acquiring a non-contrast chest CT scan is part of the standard
workup for the diagnosis of PH (10). The presence of lung
disease on a chest CT along with abnormalities on pulmonary
function tests can indicate PH secondary to lung disease (Group
3 PH). Along with its evaluation of the pulmonary parenchyma,
there are several findings that can screen for PH on CT. These
include the absolute size of the main pulmonary artery and its
relative size compared to the aorta. Chest CT with contrast is
also essential if acute pulmonary embolism is suspected as an
etiology of PH. New CT techniques such as dual energy CT are
also being investigated to measure lung perfusion qualitatively
and quantitatively. A representative image from a patient with
connective tissue disease- associated interstitial lung disease and
mixed PH is shown in Figure 2.

Pulmonary Artery Size

The diameter of the main pulmonary artery (mPA) and its size in
comparison to the ascending aorta correlate to mPAP on RHC.
In the Framingham Heart Study, the 90th percentile for mPA
diameter measured by CT was >29 mm in men and >27 mm
in women (61). Subsequent work has shown that a mPA >
29mm is correlated with elevated mPAP with a sensitivity and
a specificity of ~80% and an r of 0.6 (62-66). A ratio of the
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mPA/ascending aorta >1 also correlated with elevated mPAP
with ~70% specificity and sensitivity. The mPA size can be
enlarged in fibrotic lung disease which can confound its use as
a screen for PH in patients with these disorders. CT has not been
shown to predict PH as accurately as echo or CMR (67, 68) but its
sensitivity and specificity increase when it is combined with these
modalities for screening (69).

Dual Energy CT

Dual energy CT (DECT) is a technique that acquires CT
angiographic (CTA) images of the pulmonary vasculature at two
different energy levels after the administration of intravenous
iodine-based contrast. Due to the different attenuation properties
of iodine contrast at these two different energy levels, the quantity
of iodine inside the pulmonary vasculature, which can serve
as a surrogate for pulmonary perfusion, can be isolated and
measured. As CT scans are commonly used in the work up
of PH, DECT has the capability to be built into the screening
chest CT without extra radiation (70). DECT is primarily used
as a replacement for the V/Q scan in diagnosis of CTEPH,
but has also been investigated as a screening tool for PH and
a tool to assess the degree of PH. DECT has been shown to
have an 80% sensitivity in the diagnosis of CTEPH compared
to VQ scintigraphy (71-74) which is much improved compared
to standard CTAs (75). While this is the most useful and well-
understood utility of DECT, additional assessment of pulmonary
perfused blood volumes (PBV), representing the total amount of
iodine inside the pulmonary vasculature at a certain timepoint,
can be qualitatively and quantitatively used to screen for PH.
Patients with PH have a mosaic attenuation pattern on DECT
given the dysregulation of the pulmonary vasculature inherent
to the disease (76). Additionally, the total degree of PBV has been
shown to correlate with mPAP (77) along with the ratio of PBV to
the attenuation of the pulmonary artery (78, 79). However, many
of these findings are non-specific.

FIGURE 2 | Computed tomography (CT) images of the chest with and without
contrast are shown from a 64-year-old female with connective tissue disease,
severe interstitial lung disease, and mixed severe pulmonary hypertension are
shown. (A) Transaxial images are shown demonstrating an enlarged main
pulmonary arterial size at 3.2 cm when compared to ascending aorta size of
2.9cm at the same level suggestive of pulmonary hypertension. There is no
evidence of pulmonary embolism with optimal contrast opacification. (B)
Transaxial images in the lung window demonstrate extensive bilateral diffuse
groundglass opacities and honeycombing. There is associated intralobular and
interstitial thickening and bronchiectasis consistent with patient’s known history
of connective tissue disease associated non-specific interstitial pneumonitis.

Scintigraphy and Nuclear Imaging
Ventilation-Perfusion (V/Q) Scans

V/Q Scintigraphy is part of the standardized diagnostic workup
of PH, specifically for diagnosis of WHO Group 4 chronic
thromboembolic pulmonary hypertension (CTEPH) (10).
CTEPH is defined as PH in the presence of mismatched perfusion
defects by V/Q scan as well as signs of thromboembolism on
CT and/or pulmonary angiography following 3 months of
therapeutic anticoagulation (10). This modality is considered to
be the standard of care in the initial evaluation for PH etiologies
due to high sensitivity and specificity in the diagnosis of CTEPH,
outperforming CTA alone (80-82).

Nuclear Medicine Techniques

Increased stress on the right heart in PH results in an increase
in myocyte glycolysis and can be measured with a radioactively
tagged glucose analog and measured by PET. Increased 2-deoxy-
2-[18F]fluoro-D-glucose (FDG) uptake in the RV is observed in
patients with PH and correlated with mPAP (83-85). Increased
FDG uptake has been found to be associated with clinical
worsening and death, and patients who respond to therapy
show decreased FDG uptake over time (86, 87). In addition,
alternatives to FDG, such as a radiotracer targeting mannose
receptors on macrophages, have been similarly observed to
detect PAH and respond to pulmonary vasodilator therapy
(88). Further, hybrid PET/MRI imaging has demonstrated that
a combination of RV ejection fraction and tracer uptake was
associated with clinical deterioration or death in PAH patients

FIGURE 3 | Positron emission tomography (PET) images are shown from a
52-year-old woman with emphysema and associated Group 3 pulmonary
hypertension presenting with acute exacerbation. 9.78 mGCi '8F-FDG injected
at 119 mg/dl blood glucose level. Image acquisition 57 mins post injection. (A)
Maximum intensity projection image demonstrates FDG uptake in the
diaphragm, infrahyoid muscles, and intercostal muscles consistent with
increased work of breathing noted during examination. There is also diffuse
subcutaneous uptake, reflecting treatment with corticosteroids during the
exacerbation. (B) Transaxial images at the midventricular level demonstrate
abnormal uptake in the right ventricle. (C) Transaxial images at the level of the
main pulmonary artery (mPA) demonstrate enlarged mPA and abnormal FDG
uptake in the right ventricular outflow track.
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visualized portion of the right ventricle, consistent with pulmonary hypertension.

FIGURE 4 | Computed tomography (CT) and %™ Tc-sestamibi single-photon emission computed tomography (SPECT) images from a 23-year-old woman with history
of D-transposition of the great arteries (D-TGA) status-post repair. (A) Transaxial CT angiogram image demonstrating the characteristic appearance of the pulmonary
artery and aorta after repair of D-TGA. (B) Non-contrast CT acquired at time of SPECT shows a stent in the pulmonary artery that was placed after the patient
developed severe pulmonary artery stenosis. (C) Short axis SPECT image shows normal radiotracer distribution in the left ventricle with extension of uptake into the

(89). Figure 3 demonstrates representative FDG-PET imaging
from a PH patient with emphysema.

Single-photon emission computed tomography (SPECT)
utilizes multiple different radiotracers to evaluate cardiac
perfusion and function. Analogous to PET, patients with PH
will have evidence of thickening, enlargement, and metabolic
derangement in the RV. The most commonly used radiotracers
in modern cardiac SPECT are mitochondrial imaging agents
(e.g. 9mTc-sestamibi), and their increased uptake in the RV
is reflective of both increased RV mass and increased energy
production and use (90). Figure4 is from a patient with a
pulmonary artery stenosis and increased *™Tc-sestamibi uptake
in the RV.

Cardiac Magnetic Resonance Imaging

CMR Quantitative Assessment of Structure and
Function

CMR is a non-invasive, non-radiating imaging technique that
allows for highly reproducible tissue characterization (90),
permits assessment of radial and circumferential RV strain,
and can distinguish ischemic-perfusion vs. fibrotic processes.
CMR provides the best three-dimensional characterization of
the RV and its dynamic relationship with the LV with high
interstudy reproducibility (91). CMR also generates accurate
3D measurements of the RV throughout the cardiac cycle (92).
Right ventricular mass, volume, and function can be accurately
assessed and quantified on CMR. Additionally, evaluation
of infiltrative disease processes relevant to development of
cardiomyopathy is possible. Reduced RV ejection fraction, and
RV end-systolic volume have been shown to be independent
predictors of mortality (93-95). Reduced stroke volume has also
been correlated with mortality (96), and improvements in stroke
volume are seen in response to therapy (97, 98). Representative
CMR images are demonstrated in Figure 5.

CMR Tissue Characterization and Perfusion Imaging

In the assessment of PH, CMR can be of particular value in
patients with rheumatologic etiologies allowing for identification
of occult lesions such as myocarditis, interstitial edema,

FIGURE 5 | Cardiac Magnetic Resonance (CMR) images are shown from a
38-year-old female with idiopathic pulmonary arterial hypertension. (A)
Four-chamber bright blood CMR image from end diastole shows a dilated and
hypertrophied right ventricle at a mean pulmonary pressure of 47 mmHg. End
systolic images show leftward bowing of the interventricular septum from
elevated right ventricular pressure. (B) Late systolic images show leftward
bowing of the interventricular septum from elevated RV pressure. (C) Short
axis CMR image shows marked hypertrophy of the right ventricular free wall
and septal bowing. (D) Short axis LGE image shows prominent enhancement
at the anterior and inferior RV insertion points (asterisks).

myocardial infarction, and diffuse endocardial fibrosis (99).
Assessment of native T1 and post-contrast T1 mapping allows
for the accurate differentiation between the acute and chronic
phases in many rheumatologic disorders. Understanding to what
extent either ischemic injury or inflammation contributes to
myocardial damage and fibrosis is also important in therapeutic
interventions (100).

Late gadolinium enhancement (LGE) is a well validated
approach for the evaluation of focal myocardial scarring and
is the gold standard for in vivo assessment of replacement
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macroscopic fibrosis (99). CMR techniques can detect fibrosis in
as little as 1 cm? of tissue with excellent agreement with histologic
studies (99, 101). Native T1 mapping and extracellular volume
(ECV) quantification may be more sensitive than LGE techniques
at detecting low-grade inflammation and diffuse myocardial
fibrosis (102). In fact, in a recent study, rheumatologic patients
were found to have higher T1 and T2 values, as well as expanded
ECV compared with control subjects, with the most significant
differences between native T1 and T2, independent of the
presence of LGE (103). The extent and location of LGE in the
RV can also indicate presence of RV stress. Delayed enhancement
from gadolinium (10-20 mins after injection) is associated with
cardiac fibrosis (104). Delayed enhancement mass at the insertion
points of the RV is a sensitive and specific marker for PH
(105-108). The extent of delayed enhancement mass into the
interventricular septum is associated with worse RV function and
clinical outcomes (109-111).

Quantification of myocardial perfusion utilizing CMR
is observer-independent and highly reproducible (112).
CMR perfusion imaging may allow for the investigation of
characteristic disease-specific findings beyond the hemodynamic
derangements in loading conditions in PH. In a study of
CMR perfusion imaging in PAH patients associated with
the autoimmune disorder systemic sclerosis (SSc-PAH) vs.
those with idiopathic PAH (IPAH), RV and LV perfusion was
significantly reduced and inversely correlated with RV workload
and ejection fraction (113). Reduction in RV myocardial
perfusion reserve was significantly correlated with worse
hemodynamic profile and decreased RV function suggesting
that reduced myocardial perfusion reserve may contribute to
RV dysfunction in patients with PAH (113). CMR markers of
RV remodeling and fibrosis, including RV and LV ventricular
mass index, LGE and RV myocardial perfusion index, were also
predictive of survival and improved with PAH-specific therapies.

CMR Strain Imaging

With high spatial and temporal resolution, CMR allows for
quantification of global RV function across three coordinate
directions (circumferential, radial, and longitudinal), as well
as precise analysis of RV regional myocardial function. A
variety of approaches to strain imaging with CMR are clinically
available, including use of line tags and spatial modulation
of magnetization (SPAMM), use of radiofrequency pulses
to conduct displacement encoding with stimulated echoes
(DENSE), and use of through-plane tags by strain-encoding
(SENC), to name a few (114-116), although only a subset
have been reliably applied to a PH population. SENC is
technique with low intra- and inter-observer variabilities (117),
and is based on the acquisition of two images with different
frequency modulation, or low-tuning (LT) and high-tuning (HT)
images in the slice-selection direction representing static and
contracting tissues, respectively. Fast-SENC RV longitudinal and
circumferential strain has been utilized in PH patients allowing
for characterization of RV regional function with a unique
pattern of reduction in RV circumferential shortening (118).

Reductions in longitudinal strain correlate with RVEF and NT-
proBNP in PH (119) and have a higher sensitivity and specificity
to detect low RVEF when compared to circumferential strain.

Similar to STE-derived strain, CMR strain can be measured
using dedicated sequences such as SENC or post-processing
of cine images using feature-tracking. While CMR-derived
myocardial tissue tagging and SENC have quantitative value,
these modalities have not gained widespread clinical use due
to expertise needed in specific sequences, additional scanning
time, and the required time and cost for complex post-processing
analysis (120). Ohyama et al. recently employed an alternative
method of CMR strain known as multimodality tissue tracking
(MTT), which similar to STE, utilizes tissue patterns obtained
from cine CMR images and automatically tracks them frame
to frame using an automated matching software algorithm.
Findings from 30 PH patients demonstrated close correlation
between MTT and SENC with high reproducibility suggesting
that quantification of regional cardiac deformation using CMR
cine images is feasible without the additional limitations of other
CMR strain techniques. CMR and STE-basesd longitudinal strain
have good inter-modality agreement while both SENC- and FT-
derived circumferential strain, especially in the presence of LGE,
is better detected using CMR techniques (121).

CMR Flow and PA Vasoreactivity
2D and 4D flow characterization through the RV is a novel
technique to investigate the hemodynamics of the RV and
pulmonary artery. CINE phase-contrast MRI can be used to
quantify blood’s velocity. When velocity in one direction is
measured through a 2D plane it is called 2D flow MRI. However,
it can underestimate the peak velocity if it is not orthogonal to the
flow of interest and it cannot measure complex flow patterns with
direction change. 4D flow MRI (3D CINE phase-contrast MRI)
can analyze this through post-hoc 3D flow analysis (122). Flow
through the pulmonary artery has been found to be qualitatively
and quantitatively different in PH. Patients with PH have been
found to have a reduced velocity of blood flow through the
pulmonary artery correlating with higher pulmonary vascular
resistance (123-126). The pulmonary artery is also noted to be
less distensible in patients with PH, which may predict mortality
(127-129). There is a greater retrograde blood flow through the
PA in patients with PH (130) thought to be secondary to a
turbulent vortex. The length of time of which the vortex is present
during the cardiac cycle correlates with mPAP (131-133).
Endothelial dysfunction of the pulmonary vasculature
is thought to be the central underlying pathophysiologic
mechanism of PH and results in decreased relaxation of the
PA (134). PA endothelial function is typically measured by
invasive assessment of changes in PA in cross-sectional area and
flow in response to an endothelial-dependent stress (135, 136).
Previous work from our group utilizing the novel combination
of 3T MRI methods with isometric handgrip exercise (IHE), a
well-established endothelial-dependent stressor, demonstrated
a non-invasive method of measuring coronary endothelial
dysfunction with high reproducibility (137, 138). In recent
work from our group, we demonstrated the feasibility of the
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TABLE 1 | Characteristic imaging findings are summarized across imaging modalities.

Imaging modality

Characteristic findings in pulmonary hypertension

Echocardiography

Chest Computed Tomography Imaging

Scintigraphy and Nuclear Imaging

Cardiac Magnetic Resonance Imaging

Abnormal hemodynamics
Right ventricular systolic pressure > 40 mmHg and/or mean pulmonary arterial pressure > 20 mmHg
Abnormal pulmonary vascular resistance > 2 Wood Units

Dilated inferior vena cava with or without respirophasic variation: IVC diameter < 2.1 cm that collapses >50% suggests
normal RAP of 3 mmHg; IVC diameter >2.1 cm that collapses <50% equivalent to RAP of 15 mmHg. In indeterminant
cases, an intermediate value of 8 mmHg may be used

Systolic flow reversal in hepatic veins suggestive of elevated right ventricular end-diastolic pressure
Abnormal right heart chamber size and function

Distortion of interventricular septal morphology suggestive of pressure volume overload
Enlargement of the right atrium in chronically elevated right ventricular filling pressures
Abnormal TAPSE < 1.7 cm, tissue Doppler S’ < 9.5 cm/s, fractional area change <35%
Presence of right ventricular hypertrophy

Globally reduced right ventricular longitudinal strain with or without regional abnormalities
Abnormal regurgitant lesions

Presence of pulmonary and/or tricuspid regurgitation

Enlargement of main pulmonary artery in comparison to ascending aorta at same level > 1
Evaluation of lung parenchyma which may be abnormal in Group 3 pulmonary hypertension
Assessment for acute pulmonary embolism using contrast imaging

Assessment of chronic thromboembolic pulmonary hypertension in Group 4 disease
Abnormal Ventilation-Perfusion (VQ) Scan

Presence of mismatched perfusion defects by VQ scan as well as signs of thromboembolism on CT and/or pulmonary
angiography following three months of therapeutic anticoagulation

Abnormal FDG-18 uptake

Increased FDG-18 uptake in the right ventricle and pulmonary artery

Abnormal right heart chamber size and function

Increased right atrial and ventricular volumes

Abnormal interventricular septal morphology suggestive of pressure/volume overload
Presence of right ventricular hypertrophy

Reflux of contrast into the hepatic veins

Decreased right ventricular function

Abnormal CMR-derived strain along both longitudinal and circumferential axis
Abnormal tissue characterization

Abnormal native T1 mapping and expanded extracellular volume suggestive of tissue inflammation seen in acute phase

Presence of late Gadolinium enhancement which can be seen at insertion points of the right ventricle and within the right
and left ventricles

Suggestive of fibrosis and tissue remodeling
Abnormal perfusion

Reduced right and left ventricular perfusion is inversely correlated with pulmonary pressures, and right ventricular workload
and ejection fraction

Abnormal flow and pulmonary arterial vasoreactivity

Reduced pulmonary arterial blood flow velocity correlates with increased pulmonary vascular resistance
Decreased pulmonary arterial distensibility

Abnormal pulmonary artery vasoreactivity suggestive of endothelial dysfunction

non-invasive measurement of PA vasoreactivity in HIV patients =~ monitoring effectiveness of therapy in PH. Characteristic
with pulmonary vascular disease (139, 140). findings for each modality are further summarized in Table 1.

CONCLUSION

The standardized algorithm using echocardiogram, CT scan,
and VQ scan in the initial diagnosis and classification in
PH can also be supplemented by CMR methods. While

Echocardiography, CT, nuclear imaging, and CMR are useful multiple modalities exist and can complement each other in the
for non-invasively screening, classifying, prognosticating, and  investigation of PH, a well-designed clinical approach should
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account for expertise and availability of necessary imaging
equipment and analytic software in a value-based framework
focused on patient-specific clinical needs and prioritizing the
minimization of imaging redundancy. Novel imaging techniques
such as strain imaging, 3D echo, DECT, FDG-PET, and 4D
flow MRI can evaluate for the severity of PH and can be used
in conjunction with standard imaging modalities to monitor
for disease progression and response to therapy. While RHC
is the gold standard in the diagnosis and monitoring of
PH, it can be supplemented by these non-invasive imaging
modalities to ensure that it is selectively and appropriately
used. Earlier detection of PA and RV dysfunction using these
common imaging modalities can lead to earlier diagnosis
and treatment of PH which has been shown to improve
clinical outcomes.
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Despite marked advances in therapeutics, HIV infection remains a leading cause of
morbidity and mortality worldwide. HIV infection is associated with cardiovascular
complications including myocardial dysfunction. The description of HIV-associated
cardiomyopathy (HIVAC) has evolved over time from a predominantly dilated
cardiomyopathy with systolic dysfunction to one of subclinical diastolic dysfunction.
Multimodality cardiovascular imaging plays an integral role in our understanding of the
etiology and pathogenesis of HIVAC. Such imaging is also essential in the evaluation
of individuals with chronic HIV disease who present with cardiac symptoms, especially
of heart failure. In the present review, we will highlight current evidence for the role of
multimodality imaging in establishing the diagnosis, etiology and pathophysiology of
HIVAC as well as guiding treatment and assessing prognosis.

Keywords: human immunodeficiency virus, cardiomyopathy, echocardiography, cardiac magnetic resonance
imaging, computed cardiac tomography

INTRODUCTION

Human immunodeficiency virus (HIV) infection remains a leading cause of morbidity and
mortality worldwide (1). Of the estimated 37.9 million people living with HIV (PWH) worldwide,
25.6 million live in sub-Saharan Africa (2). There are ~1.2 million PWH in the United States (3).
With the widespread advent of antiretroviral therapy (ART), HIV infection has largely become a
chronic manageable condition. This is especially true in developed countries where ART is readily
accessible. However, in some parts of the developing world, ART is not readily available and
HIV remains an untreated and underrecognized condition characterized by progression to AIDS
(acquired immune deficiency syndrome) and death.

HIV infection is associated with various cardiovascular manifestations. In settings where ART is
readily accessible, PWH are living longer but continue to have chronic low-grade inflammation
despite immunosuppression (4). In addition, as patients live longer traditional comorbidities
such as hypertension, dyslipidaemia and diabetes with concomitant HIV infection contribute to
accelerated atherosclerosis leading to vascular disease including coronary artery disease (CAD) (5).
In fact, CAD has become the leading cause of cardiovascular mortality and morbidity in PWH
(6). However, in resource limited settings where ART is not readily available, pericardial disease
and myocardial disease in the form of myocarditis and cardiomyopathy are the leading causes of
cardiac disease in PWH (7).
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The presentation of myocardial disease in PWH ranges
from incidental asymptomatic findings on autopsy or
cardiovascular imaging to symptomatic heart failure. Decades
after its recognition, the etiology and pathophysiology of
HIV-associated cardiomyopathy (HIVAC) remains a topic
of intense speculation with no consensus criteria for its
definition. Nevertheless, its description has evolved from
the pre-HAART era, when HIVAC was characterized by a
dilated cardiomyopathy with systolic dysfunction associated
with end-stage HIV disease and a poor prognosis. Morbidity
and mortality occurred largely in the context of myocarditis,
opportunistic infections, toxicity from medications, nutritional
disorders, autoimmune mechanisms and inflammation. In
more recent times, subclinical diastolic dysfunction has become
the hallmark of HIVAC in individuals with treated HIV
infection (8).

Cardiac imaging plays an integral role in the assessment of
PWH who present with cardiac symptoms and signs especially
those of heart failure. In the current review, we will highlight
evidence for the role of multimodality imaging in establishing
the diagnosis, etiology, and pathophysiology of HIVAC as well
as guiding treatment and assessing prognosis.

EPIDEMIOLOGY AND PATHOGENESIS OF
HIV ASSOCIATED CARDIOMYOPATHY

The epidemiology of HIVAC has changed over the course of
time from its initial description characterized by left ventricular
(LV) systolic dysfunction to its current description of varying
levels of diastolic dysfunction. Data on the prevalence of
HIVAC is largely from studies conducted in the United States
and Europe despite the fact that more than two-thirds of
PWH are found in Sub-Saharan Africa (9). With the advent
of ART, contemporary studies show that the prevalence of
diastolic dysfunction is relatively high, with lower prevalence
of systolic dysfunction. In a recent metanalysis of 11 studies
conducted in Europe and the United States which included
2,242 mildly symptomatic and asymptomatic patients with
HIV, the prevalence of systolic dysfunction was 8.3% and
diastolic dysfunction was 43.4% (10). The Heart of Soweto
Study conducted in South Africa showed that out of 5,328
cases of newly diagnosed heart failure, 518 (9.7%) were
HIV positive. Moreover, 148 patients (29%) had systolic
dysfunction and 196 (38%) had both systolic and diastolic
dysfunction regardless of whether they were symptomatic for
heart failure (7).

The pathogenesis of HIVAC is unclear but is likely
multifactorial. Prior to the widespread implementation of ART,
systolic dysfunction was thought to be mainly due to direct viral
invasion of the myocardium, with or without myocarditis by
the HIV virus or secondary to opportunistic infections such as
toxoplasmosis and cryptococcosis (11). However, with the advent
of ART other mechanisms of myocardial involvement in HIV
infection have emerged including CAD and drug toxicity (12).
Other putative mechanisms include autoimmunity, nutritional
deficiencies and inflammation.

ECHOCARDIOGRAPHY

Echocardiography remains the first line imaging modality
in assessing myocardial function. It is readily available, cost
effective and robust in detecting both systolic and diastolic
dysfunction. Prior to HAART, HIVAC was recognized on
transthoracic echocardiography (TTE) as systolic LV dysfunction
with varying degrees of LV dilatation. However, with the onset
of HAART, HIVAC is largely recognized on TTE as subclinical
diastolic dysfunction.

A study by Hakim et al. based in Zimbabwe aimed to
determine the prevalence and characteristics of myocardial
dysfunction in acutely ill HIV positive patients admitted to
hospital. Out of a total of 151 patients, 14 (9%) had a dilated
cardiomyopathy, 33 (22%) had LV dysfunction and 9 (6%) had
isolated right ventricular (RV) dysfunction (13). These results
mirrored a similar study in the United Kingdom which showed
a relatively high prevalence of myocardial dysfunction of 26/173
(15%) patients (14). Dilated cardiomyopathy was a feature of
advanced HIV disease and mean CD4 count was 38 cells/mm?
in these patients. The HIV-HEART study assessed the prevalence
of abnormalities in cardiac structure and function in 803 PWH
in the era of ART (15). The main findings of the study included
LV dilatation in 10.1% of all PWH while 34 and 48% of patients
had systolic and diastolic dysfunction, respectively. Severe forms
of ventricular dysfunction were rare. In a large systematic review
of 54 studies looking at cardiac dysfunction in ~125,382 PWH,
there were 12,655 cases of cardiac dysfunction (16). The authors
also found that there was a lower prevalence of LV systolic
dysfunction in those studies reporting a higher use of HAART.
LV systolic dysfunction was higher in the African region possibly
reflecting lower access to HAART. These studies highlight the
shift of HIVAC from a predominant systolic dysfunction to one
of predominant diastolic dysfunction in the post ART era.

Echocardiography has been shown to be instrumental in early
detection of cardiovascular disease and has also been helpful
for researchers to diagnose differences between heart disease in
PWH and in people without HIV. One study analyzed 1,195
participants from the Multicenter AIDS Cohort (MACS) study
who underwent TTE exams demonstrating that men with HIV
had a larger LV mass index and right ventricular size compared
to controls (17). In addition to the structural differences found
between groups, this study demonstrated that men with HIV
had higher rates of diastolic dysfunction and RV dysfunction
compared to men without HIV after adjusting for cardiovascular
comorbidities. These cardiac abnormalities were also seen in
virally suppressed men with HIV. The study however did not find
any association between left ventricular ejection fraction (LVEF)
and HIV seropositivity. Overall, the MACS study concluded that
structural changes in HIV-positive patients may predispose them
to heart failure with preserved ejection fraction.

Other studies evaluated LV systolic function by tissue Doppler
strain echocardiography in PWH and participants without HIV.
One study demonstrated that while LVEF in PWH was slightly
lower than in patients who were uninfected, the LVEF values
were still within normal limits. However, PWH had subtle cardiac
dysfunction, as evidenced by reduced LV strain (18). Subclinical
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LV systolic dysfunction in HIV is further supported by other
studies revealing no significant difference in conventional
echocardiographic parameters including LVEF between PWH
and people without HIV. However, the HIV population had
significantly lower mean global longitudinal strain values (GLS).
Furthermore, studies have shown that impaired GLS correlated
with decreased CD4 counts (19, 20).

Right ventricular (RV) dysfunction is relatively common in
PWH occurring largely in the setting of dilated cardiomyopathy
or with varying degrees of HIV associated pulmonary
hypertension (PH) (21). Isolated RV dysfunction has been
documented in both the pre-ART and ART eras. RV dysfunction
is associated with increased mortality in patients with PH and
other forms of heart disease (22, 23). Therefore, understanding
RV function in PWH is essential in determining the prognosis
of patients with cardiac dysfunction and potentially guiding
therapy. Prior to the widespread use of ART, smaller studies
demonstrated isolated RV dilatation in PWH (13, 14, 24). In
a more contemporary study, the prevalence of RV structural
abnormalities and RV dysfunction was determined using
echocardiography in 104 PWH on ART (25). RV dysfunction
was common, but did not always correlate with elevated
pulmonary artery systolic pressure (>35 mmHg) or LV systolic
dysfunction, suggesting that RV dysfunction in PWH may occur
independently of pulmonary hypertension or LV dysfunction.

The evidence highlights the value of echocardiography
in the evaluation of myocardial function in PWH. Studies
from the pre-HAART era demonstrate the pivotal role that
echocardiography played in diagnosing systolic dysfunction in
symptomatic patients often with advanced HIV disease. The
same remains true today, and echocardiography remains an
essential first line modality for assessing cardiac structure and
function in PWH who present with heart failure symptoms.
This non-invasive approach is important in characterizing
biventricular function and cardiac structure as well as excluding
other non-myocardial causes of symptoms. In the case of
LV systolic dysfunction, evidence-based goal directed medical
therapy should be considered per guideline recommendations
(26). Although asymptomatic diastolic dysfunction is generally
associated with an increased risk of symptomatic heart
failure and death, screening echocardiography in asymptomatic
PWH is not indicated although remains an area of active
investigation. Rather the focus should be on aggressively
managing comorbidities such as hypertension, obesity, or
diabetes which may contribute to ventricular dysfunction.

CARDIAC MAGNETIC RESONANCE
IMAGING

Cardiac magnetic resonance (CMR) has been used to detect
subtle and subclinical myocardial abnormalities, contributing
to the current understanding of the pathogenesis of HIVAC.
Untreated HIV infection is characterized by an immunodeficient
state. In contrast, patients with well-treated HIV infection
are in a state of immune activation. Several studies have
shown a correlation between elevated inflammatory biomarkers

and cardiovascular events in PWH (27). This observation
has led to the postulation that inflammation may play
an important role in the pathogenesis of HIV associated
cardiovascular disease including myocardial dysfunction. At a
cellular level, immune activation and chronic inflammation
leads to deposition of collagen and myocardial fibrosis which
is associated with an increased incidence of both systolic and
diastolic dysfunction (28).

CMR is a useful tool in assessing the role of inflammation
and fibrosis in myocardial dysfunction in PWH. CMR can detect
several components of inflammation, which include edema and
fibrosis depending on the extent of cardiac involvement and stage
of disease. Figure 1 shows CMR findings demonstrating fibrosis
by late gadolinium enhancement (LGE) in a patient with HIV as
well as markedly elevated myocardial T1 consistent with diffuse
myocardial fibrosis (29).

Several studies have looked at the role of CMR in detecting
subclinical myocardial dysfunction and fibrosis in PWH. In a
study by Holloway et al., a total of 129 asymptomatic PWH on
ART underwent CMR to assess cardiac function and myocardial
fibrosis (30). Seventy-six percent of PWH were observed to
have myocardial fibrosis predominantly in the basal inferolateral
wall as compared to 13% of control subjects. In addition,
peak myocardial systolic and diastolic strain were significantly
lower in PWH. An extension of this study demonstrated that
treated HIV infection was associated with chronic subclinical
myocardial edema and pericardial effusions (31). Another study
by Leutkens et al. studied PWH who were virally suppressed
and underwent CMR. Compared to controls, the investigators
found that PWH had lower LV strain values and ejection fraction,
and higher myocardial inflammation by T2 weighted images.
Myocardial fibrosis on LGE was also significantly elevated in
PWH compared to controls (82% vs. 27%, p < 0.001) (32).
A more recent study in South Africa demonstrated that PWH
who were virally suppressed had greater myocardial fibrosis by
extracellular volume (ECV) fraction compared with age and sex
matched HIV negative controls. In addition, an elevated NT-
proBNP level was associated with higher ECV (3.4%; 85% CI 1.3-
5.5) (33). CMR has also played a role in tissue characterization of
the RV in PWH, by demonstrating the presence of RV fibrosis by
LGE (34). However, the clinical significance of these findings is
yet unknown.

CMR plays an important role in the evaluation of HIV
associated myocarditis. Before the introduction of ART, an early
autopsy study demonstrated myocarditis in 52% of patients
who died of AIDS (35). However, with the widespread use of
ART, the incidence of HIV associated myocarditis has declined
and the condition occurs almost exclusively in those with
advanced immunosuppression. The gold standard for diagnosing
myocarditis is endomyocardial biopsy however this techniques
is invasive and can have low diagnostic yield (36). CMR
on the other hand is a non-invasive imaging technique that
permits detection of various stages of myocarditis with excellent
diagnostic performance (37).

Measures of tissue characterization using CMR also have
prognostic value for PWH. In a recent study, CMR was
used to quantify ECV, reflective of myocardial inflammation
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1,052 m/s + 23 m/s at 3T) (E) consistent with diffuse myocardial fibrosis (29).

FIGURE 1 | Short-axis (A), 2-chamber (B), and 4-chamber (C) late gadolinium phase-sensitive inversion recovery images show linear mid-wall enhancement in the
lateral wall of the LV (white arrows) in a patient with HIV. T1 map at the level of the mid-LV (D) shows a markedly elevated myocardial T1 time of 1,414 m/s (normal

or fibrosis, and showed that PWH have significantly higher
ECV fraction when compared to people without HIV. The
higher ECV value corresponded to more diffuse fibrosis, and
studies have also shown a link between higher ECV values
and increased adverse cardiovascular events. A prospective
observational study evaluated the prognostic association between
CMR measures and cardiovascular outcomes including heart
failure in PWH on HAART. It was found that patients with
difftuse myocardial fibrosis on CMR had a higher rate of
cardiovascular events (38).

Lastly, novel non-contrast CMR techniques have been
developed that may help in the work up of PWH who are
prone to developing early vascular disease and microvascular
dysfunction that may contribute to the pathogenesis of
cardiomyopathy  (39). Impaired coronary endothelial
function (CEF) provides a promising early indication
of coronary vascular disease in PWH. Abnormal CEF
plays a critical role in the development, progression and
clinical manifestations of coronary artery disease (CAD),
independently predicts cardiovascular (CV) events, and
is a target for medical interventions (40, 41). Using CMR
combined with isometric handgrip exercise, an endothelial
dependent stressor, studies in PWH revealed depressed
CEF (measured by stress-induced change in coronary
artery area and blood flow) compared to HIV negative
matched adults (42).

CARDIAC COMPUTED TOMOGRAPHY
AND CORONARY COMPUTED
TOMOGRAPHY ANGIOGRAPHY

Cardiac computed tomography (CT) and coronary CT
Angiography (CCTA) have emerged as important imaging
tools for evaluating both clinical and subclinical CAD in PWH.
An analysis of the MACS cohort, a large cohort of HIV infected
and matched uninfected men showed that after adjusting for
known CVD risk factors, HIV infected men had an increased
prevalence of non-calcified and mixed plaques compared to
HIV uninfected men using CCTA (43). CCTA was also used
to evaluate differences in the degree of coronary stenosis
between the two groups. After adjustment for risk factors only
a borderline association remained between HIV and increased
degree of coronary artery stenosis.

Coronary artery calcification (CAC) is a highly specific marker
of coronary atherosclerosis and is frequently employed to screen
for CAD and assess risk for cardiovascular events (44). The
MACS study showed that after adjustments for race, age, cohort
and location, HIV infected men had a greater prevalence of CAC
than HIV uninfected men (43). However, once adjustments for
traditional CAD risk factors were made, the association between
HIV and increased prevalence of CAC was borderline. Although
coronary CT and CCTA are not indicated as screening tests in
asymptomatic PWH, results from the MACS cohort and other
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TABLE 1 | Clinical and investigational utility of cardiac imaging modalities in HIV associated cardiomyopathy.

ECHO

CMR CT SCAN Nuclear Imaging

Chamber dimensions and volumes

Hokk

Left ventricular systolic and diastolic function

*k

Mechanisms of ventricular dysfunction
(ischemia vs. non ischemia)

Atherosclerosis
Myocardial tissue characterisation

Hokk

Staging and monitoring disease progress

Operator dependent and
may be limited by acoustic
windows

Limited by geometric
assumptions when
assessing cardiac structure
and function

Limitations

Khxk * *

Khoxk

= (MUGA)

.

Fkxk

Khoxk *%

Not widely available,
patient preparation

Not widely available Use of ionizing
radiation,

contrast (CTA)

Echo, echocardiography; CMR, cardiac magnetic resonance; CT scan, computerized tomography; MUGA, multigated acquisition scan; *poor; **intermediate, ***good,

kkkk,

excellent performance.

studies emphasize the importance of evaluating and modifying
traditional cardiovascular risk factors in this population.

PWH may present with symptomatic heart failure secondary
to ischemic heart disease. In this setting CCTA is useful in
the diagnostic workup of CAD. The utility of CT to establish
the diagnosis of CAD as well as its value as a gatekeeper for
invasive coronary angiography in patients with heart failure and
LV systolic dysfunction was shown in a study of 93 patients with
newly diagnosed heart failure of unknown etiology (45). If the
CAC score was 0, the diagnosis of ischemic heart failure was ruled
out; if the score was more than 0, CCTA was performed. Using
this proposed algorithm, there was a sensitivity of 100%, with a
specificity of 67% in the prediction of CAD.

NUCLEAR MEDICINE TECHNIQUES

Nuclear medicine-based techniques have the ability to identify
vascular inflammation and can permit the early detection
of vascular disease in PWH (46). The degree of uptake
of Fluorodeoxyglucose (FDG) in the carotid arteries and
aorta detected by positron emission tomography-computed
tomography (PET-CT) imaging techniques is useful in
characterizing vascular inflammation, early atheroma and
atherosclerotic plaques that are prone to rupture. One study
reported a higher uptake of FDG in the carotid arteries and
aorta of HIV infected individuals as compared to non-infected
individuals (47).The use of myocardial perfusion imaging (MPI)
with single-photon emission computerized tomography (SPECT)
and PET have been evaluated in patients with HIV and found
to have a high sensitivity and specificity in diagnosing CAD.
These nuclear imaging techniques shed light on the etiology
of cardiomyopathy by detecting cardiac stunning, presence
of scar and assessing viability in patients with HIV thereby
directing further management. In addition, the prevalence of
RV dysfunction in a population of PWH was also investigated
by radionuclide ventriculography in 95 patients (48). Although

there was no significant LV dysfunction, a small but significant
proportion of the cohort had modestly reduced RV systolic
function defined as an ejection fraction <44%.

A summary of multimodality cardiovascular imaging
techniques used for HIV-related heart disease is shown in
Table 1.

DISCUSSION: GAPS IN KNOWLEDGE AND
FUTURE DIRECTIONS

The introduction of HAART has led to a paradigm shift in
the presentation of cardiovascular disease in PWH including
that of HIVAC. Although the etiopathogenesis of HIVAC
remains unclear, multimodality imaging has played a role in
defining various putative mechanisms including inflammation
and myocardial fibrosis. Multimodality imaging is also crucial
in establishing a diagnosis of HIVAC in symptomatic patients.
Although many studies have established prognosis in HIV
patients with cardiomyopathy and systolic dysfunction, the
prognostic significance as well as progression of diastolic
dysfunction in HIVAC remains largely unknown and further
long-term studies are needed. In addition, the mechanism and
significance of right ventricular dysfunction especially in the
absence of PH and LV dysfunction should be explored further.
In summary, an approach tailored to the clinical presentation
of the patient should be used to guide the use of cardiovascular
imaging to identify myocardial dysfunction, investigate the
possible underlying causes and facilitate appropriate preventive
and evidence-based treatment for this condition.
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of Multimodality Imaging in Cardiac
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Cardiac sarcoidosis (CS) is an increasingly recognized cause of heart failure and
arrhythmia. Historically challenging to identify, particularly in the absence of extracardiac
sarcoidosis, diagnosis of CS has improved with advancements in cardiac imaging.
Recognition as well as management may require interpretation of multiple imaging
modalities. Echocardiography may serve as an initial screening study for cardiac
involvement in patients with systemic sarcoidosis. Cardiac magnetic resonance imaging
(CMR) provides information on diagnosis as well as risk stratification, particularly for
ventricular arrhythmia in the setting of late gadolinium enhancement. More recently,
8Ffluorodeoxyglucose position emission tomography (FDG-PET) has assumed a
valuable role in the diagnosis and longitudinal management of patients with CS, allowing
for the assessment of response to treatment. Hybrid FDG-PET/CT may also be used in
the evaluation of extracardiac inflammation, permitting the identification of biopsy sites for
diagnostic confirmation. Herein we examine the approach to diagnosis and management
of CS using multimodality imaging via a case-based review.

Keywords: cardiac sarcoidosis, sarcoid cardiomyopathy, multimodality imaging, inflammatory cardiomyopathy,
echocardiography, cardiac PET, cardiac MRI (CMR)

INTRODUCTION

Sarcoidosis is a multiorgan system disease characterized by noncaseating granulomatous
inflammation (1-3). Sarcoidosis most commonly involves the lungs or lymph nodes (2, 4). However
cardiac sarcoidosis (CS) is increasingly recognized and may occur with extracardiac findings
or, rarely, in isolation (4). Clinically, cardiac involvement may manifest with cardiomyopathy,
arrhythmia, or atrioventricular conduction disease, or CS may remain relatively subclinical (2).
While identifying CS has significant therapeutic and prognostic implications (5-7), diagnosis may
be challenging, particularly in the absence of extracardiac disease.

Diagnosis of CS traditionally requires histopathologic evidence of sarcoidosis (i.e., noncaseating
granulomas) either in the heart or another organ in addition to characteristic clinical and imaging
findings. Several diagnostic criteria for CS have been proposed, including the Japanese Ministry
of Health and Welfare (JMHW) criteria (8) and the Heart Rhythm Society (HRS) criteria (9).
The widely used HRS criteria require confirmatory cardiac histopathology to make a “definite CS”
diagnosis. When there is a histologic diagnosis of extracardiac sarcoidosis, a diagnosis of “probable
CS” can be made with the following HRS imaging criteria: reduced left ventricular ejection fraction
(LVEF) <40%, patchy uptake on dedicated '8F-fluorodeoxyglucose position emission tomography
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(FDG-PET) scan, and/or late gadolinium enhancement (LGE)
on cardiac magnetic resonance imaging (CMR) (9). However,
with advancements in cardiac imaging, and the limited diagnostic
yield of biopsy (4, 10, 11), there has been increased reliance
on imaging and clinical presentation for the diagnosis of CS
(12). More recently, the revised Japanese Circulation Society
updated criteria for CS to allow for a diagnosis of possible
or isolated CS based on imaging characteristics, including
cardiac FDG uptake, LGE on CMR, and abnormalities in
ventricular wall anatomy and function (basal thinning of the
interventricular septum, ventricular aneurysm, LVEF < 50%)
(12). Notably, while the updated Japanese criteria still include
abnormal 12-lead electrocardiogram (ECG) findings (ventricular
arrhythmias, bundle branch bock, axis deviation, pathologic Q
waves) as minor criteria for CS diagnosis (12), ECG has low
sensitivity and specificity for CS (7). HRS guidelines include
ECG as a screening tool for cardiac involvement among patients
with known extracardiac sarcoidosis, where it is best used for
screening in conjunction with echocardiography to increase
diagnostic yield (9).

Here we provide a case-based review of multimodality
cardiac imaging, specifically echocardiography, CMR, and FDG-
PET, in CS, with an emphasis on diagnostic and management
strategies (Figure 1). We also highlight the current limitations
and challenges as well as future directions of advanced cardiac
imaging in CS.

ECHOCARDIOGRAPHY

A 42-year-old male with a history of previously treated, well
controlled pulmonary sarcoidosis presents with 3 months of
progressive dyspnea on exertion, weight gain and fatigue. Physical
exam is notable for elevated jugular venous pressure, bilateral
inspiratory rales and pitting pretibial edema. He is referred for an
echocardiogram, which demonstrates low normal left ventricular
systolic function with an LVEF of 50-55%, moderate concentric
left ventricular (LV) hypertrophy, restrictive diastolic filling pattern
(mitral inflow E/A ratio 2.2) and mild hypokinesis of the right
ventricle. Global longitudinal strain (GLS) is reported at —6%
(normal < —18%). Given concern for restrictive cardiomyopathy,
he is referred for endomyocardial biopsy, which demonstrates
fibrosis without active granulomatous inflammation. Ongoing
suspicion for cardiac involvement of sarcoidosis prompts advanced
cardiac imaging, ultimately confirming a diagnosis of CS. He is
initiated on corticosteroids and mycophenolate mofetil.
Two-dimensional transthoracic echocardiography (TTE)
remains a cornerstone in the investigation of patients
with suspected CS (9). TTE is the only imaging modality
recommended by HRS guidelines for the screening of patients
with extracardiac sarcoidosis for cardiac involvement (9).
Left ventricular systolic or diastolic dysfunction, ventricular
dilatation, abnormal septal wall thickness, wall motion
abnormalities in non-coronary distributions, ventricular
aneurysms, and pericardial effusion are all findings that have
been associated with CS (Figure2) (2, 5, 7, 13, 14). Left
ventricular hypertrophy and restrictive physiology may also

be noted (2, 11, 15), with associated biatrial enlargement and
restrictive diastolic filling pattern (as evidenced by mitral
inflow pattern with E/A ratio > 2 and findings consistent with
increased left atrial pressure) (16). Several studies have identified
thickening or thinning of the septal wall as a more specific
finding for CS (17, 18). However, many patients with CS do not
manifest any of these echocardiographic abnormalities, limiting
the sensitivity of this modality for identifying CS (7, 19).

More recently, advanced techniques such as speckle tracking
echocardiography (STE) have shown promise in identifying
subclinical myocardial dysfunction in CS. The tracking of
grayscale speckles within the myocardium over the cardiac
cycle allows for assessment of myocardial deformation using
measurements such as strain, or change in length compared to
baseline length (20, 21). STE deformation parameters can assess
mechanics at the level of the cardiomyocytes and are sensitive
to histopathological changes in myocardial tissue (21). Thus,
reductions in strain, globally or over a regional area of interest,
can indicate underlying myocardial disease (20, 21).

CS is characterized by myocardial inflammation, fibrosis, and
edema (22), pathologic changes that affect tissue function and,
consequently, measures of strain before overt changes in LV
function might be detected by TTE. Di Stefano and colleagues, for
example, compared 23 patients with definite or probable CS and
normal LV and RV systolic function with no baseline wall motion
abnormalities to 97 healthy controls (23). The authors found
a significant impairment in left ventricular global longitudinal
strain, LVGLS (absolute LVGLS 15.9% =+ 2.5 vs. 18.2% =+ 2.7, P
= 0.001) and right ventricular global longitudinal strain, RVGLS
(absolute RVGLS 16.9% =+ 4.5 vs. 24.1% + 4.0, P = 0.0001)
among those with CS (23). Notably, among the larger cohort of
83 patients with definite or probable CS in this study (including
those with reduced LVEF), event rates for hospitalization or heart
failure were higher in those patients with absolute LVGLS <
14% (23).

Additionally, multiple  observational  studies  have
demonstrated that reductions in GLS may be identified
by STE in patients with sarcoidosis without known CS or
apparent LV dysfunction, suggestive of early subclinical
myocardial dysfunction (24-27). A recent meta-analysis of
these studies found that LVGLS was significantly impaired
in patients with extracardiac sarcoidosis and normal LV
function compared with controls, and that among patients
with sarcoidosis, LVGLS was significantly reduced in patients
who experienced major cardiac events (28). These studies
suggest a potential role for STE as a more sensitive screening
tool than traditional echocardiography alone to identify
patients with extracardiac sarcoidosis at increased risk for
cardiac involvement.

Among patients with known CS, TTE and STE may
have a role in longitudinal management. Recognition of
LV dysfunction is important for implementing guideline-
directed medical therapy (GDMT) for heart failure, while
serial TTE may be used to monitor response to medications
or potentially identify candidates for advanced heart failure
therapies and devices (5, 10, 29). The role for neurohormonal
blockade to prevent maladaptive LV remodeling is not well
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Patients with suspected CS* ‘ ‘ Patients with extracardiac sarcoidosis®

No further |

imaging h LGE (-) with low clinical
suspicion

LGE (-) with moderate/high findings™
v clinical suspicion or LGE (+) v
Consider Continue clinical follow-up
alternative | < T S
diagnosis CHEETIRaIngSOF
FDG (+) and/or
perfusion deficits
v
Diagnosis of CS . Serial imaging studies
*Based on clinical history or other criteria er HRS/JIMHW > Initiate therapy as > to assess LVEF and
@ Initial screening for cardiac involvement P S appropriate
*See Table 1 criteria response to IS

FIGURE 1 | Proposed algorithm for the multimodal imaging approach to diagnosis and management of CS.

Characteristic findings of cs*
No characteristic

FIGURE 2 | Echocardiographic findings in cardiac sarcoidosis. (a) Left ventricular dilatation; (b) Left and/or right ventricular hypertrophy; (c) Reduced global
longitudinal strain (GLS); (d) Left ventricular wall aneurysm (arrow); (e) Pericardial effusion; (f) Valvular thickening or dysfunction.

understood for patients with impaired GLS without overt LV
dysfunction. The field of cardio-oncology, where preemptive
use of cardioprotective medications in patients receiving
cardiotoxic medications to prevent cancer treatment related
cardiac dysfunction has been more extensively evaluated, may

provide some insight (30, 31). For example, one study of
159 patients receiving potentially cardiotoxic chemotherapy
(anthracyclines, trastuzumab, or both) showed that among
patients with decreased absolute GLS by > 11% relative
to baseline, those who received beta blockers demonstrated
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improvement in GLS on follow-up (32). Additional studies
are needed to explore a similar role for cardioprotective
medications among patients with CS, particularly those in
whom subclinical LV dysfunction is identified early on
cardiac imaging.

CARDIOVASCULAR MAGNETIC
RESONANCE IMAGING

A 63-year-old African American female with a history of
hypertension and dyslipidemia presents to the emergency
department with 1 week of intermittent chest pressure and
palpitations. ECG on arrival shows sinus rhythm with a nonspecific
intraventricular conduction delay and occasional premature
ventricular contractions. Serum troponin levels are undetectable.
Chest x-ray is notable for an enlarged cardiac silhouette and hilar
lymphadenopathy. Transthoracic echocardiogram reveals global
LV systolic dysfunction with LVEF 40% and thinning of the basal
septal wall. Coronary angiography shows non-obstructive coronary
artery disease. She is referred for CMR, which shows midwall
delayed gadolinium enhancement in the inferolateral basal septal
LV, suspicious for CS. For further diagnostic evaluation, she
undergoes bronchoscopy with endobronchial ultrasound-guided
lymph node biopsy. Histopathology demonstrates macrophages
and noncaseating granulomas. Given histologic confirmation of
sarcoidosis, CMR findings and in context of borderline LV function,
electrophysiology study is performed for further arrhythmic risk
stratification and demonstrates inducible ventricular tachycardia.
She undergoes implantable cardioverted-defibrillator (ICD)
placement and initiation of immunosuppressive therapy for CS.
CMR has established a role as a highly sensitive tool with
both diagnostic and prognostic value in the management of CS.
CMR has wide application in the evaluation of nonischemic
cardiomyopathies, in part owing to the ability to identify
myocardial fibrosis by LGE (33). Midwall and subepicardial LGE,
commonly involving the basal or mid-ventricular septum, are
characteristic of CS, though other patterns have been noted
(Figure 3) (34-39). Lesions detected by LGE-CMR may be too
small to cause conduction disturbances or LV structural or
functional changes that might be identified by ECG or TTE, but
nonetheless may have clinical importance (33-35). LGE-CMR
has demonstrated increased sensitivity for cardiac involvement
among patients with sarcoidosis when compared with JMHW
criteria alone (35). In another cohort of 321 sarcoidosis patients,
among whom 96 (29.9%) met HRS criteria for CS, CMR
demonstrated the highest sensitivity (96.9%), specificity (100%),
and area under the curve (0.984) when compared to ECG, Holter
monitoring, and TTE (40). CMR can also provide comprehensive
assessment of cardiac morphology and function including left
and right ventricular systolic function, ventricular dimensions,
wall thickness, and wall motion abnormalities (41, 42). The
emerging CMR technique of strain imaging may offer another
means to assess the effect of CS on LV mechanics (43). Multiple
authors have investigated the use of CMR strain imaging for
diagnosis and prognostication (44-46). One recent study of 76
patients with CS who underwent CMR with both LGE and

longitudinal strain imaging suggested that regional longitudinal
strain was not well associated with either arrhythmic phenotype
(atrioventricular block vs. ventricular arrhythmia) or future
adverse events compared to LGE (46); however, more data are
needed to understand the potential role of CMR strain imaging
in CS.

In addition to its diagnostic utility, CMR has also
demonstrated prognostic power (35, 47-50). In an early
study by Patel and colleagues noted above, patients with LGE on
CMR had higher rates of the composite endpoint of all-cause
mortality or symptomatic arrhythmia as well as higher rates of
cardiac death (35). Likewise, in a larger cohort of 155 patients
with systemic sarcoidosis undergoing CMR for suspected cardiac
involvement, LGE was associated with an increased risk of death,
aborted sudden cardiac death, or appropriate ICD firing (HR
31.6, P = 0.0014) on multivariate analysis (48). The presence of
LGE was found to be a better independent predictor of cardiac
death than LVEF which has previously been identified as a
predictor of mortality among patients with CS (48, 51, 52).
A recent meta-analysis including these and similar studies,
including 694 subjects in total, found an increased risk of
cardiovascular death (relative risk 10.7, 95% confidence interval
[CI] 1.34-86.3, P = 0.03) and ventricular arrhythmia (relative
risk 19.5, 95% CI 2.68-143, P = 0.003) in LGE-positive patients
compared to LGE-negative patients (49). Notably, LGE-negative
patients (495/694) had low rates of cardiovascular mortality and
ventricular arrhythmias, suggesting that LGE-CMR also confers
a high negative predictive value and that LGE-negative patients
have a favorable prognosis (49). Similarly, it has been noted that
inflammation on FDG-PET in the absence of LGE on CMR
identifies lower risk group for ventricular arrhythmias compared
to FDG positive patients with LGE (53).

LGE-CMR has a particularly nuanced role in the decision
for ICD placement among patients with CS. Persistent LVEF <
35% despite optimal medical therapy and immunosuppression
(if indicated), sustained ventricular tachycardia, and aborted
sudden cardiac arrest remain class I indications for an ICD
by the most recent HRS guidelines (9, 54), while class Ila
indications include patients with LVEF > 35% and syncope,
evidence of myocardial scar by CMR or FDG-PET, an indication
for permanent pacing, or inducible sustained ventricular
arrhythmia on electrophysiological study (54). LGE-CMR may
identify additional patients at increased risk of sudden cardiac
death in the absence of significantly reduced LV function
(9). Interestingly, several studies have identified LGE regional
variations in risk of ventricular arrhythmias and sudden cardiac
death (46, 55). One study of 290 patients with biopsy-proven
sarcoidosis undergoing CMR for suspected cardiac involvement
found that LGE in the right ventricle was independently
associated with the combined endpoint of sudden cardiac
death or significant ventricular arrhythmia (HR 5.43, 95%
CI 1.25-23.47, P = 0.024) (55). Thus, CMR may prompt
referral for ICD for patients with higher risk LGE features.
Conversely, the 2014 HRS consensus statement indicates that
absence of LGE in patients without other class I indications
identifies patients who should not receive ICD therapy (class
I11) (9).
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inflammation.

FIGURE 3 | Long axis (a) and short axis (b) CMR images demonstrating late gadolinium enhancement (LGE) having a patchy non-vascular midmyocardial and
sub-epicardial pattern mainly involving the basal and apical septal wall, basal-mid lateral and anterior wall, and right ventricular wall; (c) Black blood T-2 weighted CMR
images demonstrate patchy areas of predominantly midmyocardial increased signal intensity in the left and right ventricular myocardium denoting myocardial

LGE-CMR is not without limitations. While sensitive to
even small regions of fibrosis (34, 35), midwall enhancement
is not specific to CS and can be seen in other nonischemic
cardiomyopathies, including arrhythmogenic right ventricular
cardiomyopathy (56). Though less common, transmural
distribution or subepicardial and subendocardial distribution
of LGE (with midwall sparing), as well as multifocal LGE
may also indicate CS (5, 36). Additionally, LGE-CMR may
be less sensitive in patients in earlier stages of CS, who have
acute inflammation but have not yet developed myocardial
fibrosis (33, 43). T2-weighted imaging may increase detection
of acute inflammation, though more data are needed to
understand the role of T2 mapping in CS (44, 57). CMR
may be technically challenging in patients with permanent
pacemakers or cardiac defibrillators (43, 58). Importantly,
recent studies have demonstrated the safety of MRI in patients
with non-MRI-conditional devices using safety protocols,
which may mitigate this concern (59, 60). Finally, gadolinium
is relatively contraindicated in patients with severe renal
disease due to the risk of nephrogenic systemic fibrosis
(43, 58).

18F_.FLUORODEOXYGLUCOSE POSITION
EMISSION TOMOGRAPHY

A 49-year-old male with a history of biopsy-proven pulmonary
sarcoidosis and recent complete heart block status post permanent
pacemaker presents in clinic for further evaluation of possible
cardiac involvement of sarcoidosis. ECG demonstrates sinus
rhythm with right ventricular pacing. TTE shows normal
biventricular size and function. CMR reveals LGE localized
to the basal septum. He is referred for cardiac FDG-PET,
which demonstrates patchy FDG uptake involving the basal
septal and inferolateral LV wall with co-localized perfusion
defects, concerning for active CS. A course of prednisone
and methotrexate are initiated and 4 months later FDG-
PET scan is repeated showing near resolution of cardiac

FDG uptake. Pacemaker interrogation reveals recovery of AV
node conduction.

FDG-PET with myocardial perfusion imaging has emerged
as an important imaging modality in CS, combining assessment
of active cardiac inflammation with evaluation of perfusion
(Figures 4, 5) (61, 62). 'F-FDG is a glucose analog that is readily
utilized by activated macrophages (61, 63). Accumulation of
FDG by these highly metabolic inflammatory cells within active
granulomas allows for visualization of active inflammation in
CS (22, 64, 65). Patterns of FDG uptake associated with CS
have been described as focal, focal on diffuse, or less commonly,
diffuse, though diffuse FDG uptake may be difficult to interpret
(9, 62). Hybrid PET/CT imaging facilitates identification of
alternate sources of abnormal FDG uptake, such as malignant
lesions or infections (62). Additionally, metrics to quantify FDG
uptake, such as standardized uptake values (SUVs), may aid in
interpretation and comparison of studies (62, 66, 67).

Importantly, whole-body PET can identify extracardiac
inflammation and accessible biopsy sites to confirm
histopathologic diagnosis of sarcoidosis (22, 67, 68). FDG-
PET guidance can improve the diagnostic yield of noncardiac
biopsy targets such as thoracic lymph nodes, which typically
have higher yield than endomyocardial biopsy, especially when
significantly FDG avid (67). Furthermore, assessment of the
extent and activity of extracardiac involvement may have
implications for treatment decisions (68).

It is recommended to combine '®F-FDG metabolic imaging
with myocardial perfusion imaging (MPI) using rubidium-82 or
N-13-ammonia (62, 67). Perfusion defects, related to changes in
coronary microcirculation caused by CS, typically occur in non-
coronary distributions and may represent areas of inflammation
or fibrosis (62, 69). Pairing FDG and MPI patterns can provide
information regarding the activity and chronicity of cardiac
involvement (62, 67, 70). Active inflammation may result in FDG
uptake in an area of abnormal perfusion (mismatched segment),
whereas fibrosis may cause a perfusion defect in the absence of
FDG uptake (11, 67, 68).

The sensitivity of FDG-PET for the diagnosis of CS has
been reported as 85-100% in various studies, with a specificity
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a ? b v c

FIGURE 4 | Whole-body FDG PET (a) and axial PET and PET/CT images (c,e) following appropriate pre-test preparation demonstrating abnormal patchy increase in
FDG avidity within the right and left ventricular myocardium with subtle increase in right atrial FDG uptake. (b,d,f) Show post-treatment FDG PET/CT images in the
same patient demonstrating interval resolution of the previously seen abnormal myocardial FDG uptake. Note interval ICD placement.

ability Pe

RIGHT

ability Perfusion (%)

FIGURE 5 | Splash images demonstrating moderate to severe transmural perfusion abnormality mainly involving the mid-base septal and inferoseptal wall (upper
row), corresponding to areas of increased FDG uptake (middle row), denoting significant inflammation causing decreased perfusion (“mismatch” pattern). Note
additional sites of increased FDG uptake without corresponding decreased perfusion such as in the mid-apical anterolateral wall.
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ranging from 39 to 100% (62, 67). One meta-analysis of
7 studies yielded a pooled sensitivity of 89% (95% CI 79-
96%) and specificity of 78% (95% CI 68-86%) (61). However,
multiple authors note that estimations of specificity may be
limited by the use of JMHW criteria as the standard in
multiple studies, which have lower sensitivity for CS than
FDG-PET (62, 67). Other diagnoses to consider in the
setting of positive FDG uptake include myocardial ischemia
with hibernating myocardium, other forms of myocarditis or
systemic rheumatologic diseases associated with myocardial
inflammation, or some arrhythmogenic cardiomyopathies (67,
71, 72).

Important for ensuring high diagnostic accuracy of FDG-PET
is effective suppression of physiologic myocardial glucose uptake
by shifting cardiomyocytes preferentially to fatty acid metabolism
(67). Suboptimal patient preparation may lead to diffuse FDG
uptake, limiting visualization of active sarcoid lesions or leading
to false positive results (61, 62, 73). The most recent joint
SNMMI/ASNC expert consensus statement recommendations
include two high-fat (>35g), low carbohydrate (<3 g) meals the
day prior to the study followed by a 4-12 period of fasting;
an 18 hour fast is an alternative option (67). The adjunctive
use of unfractionated heparin immediately prior to the scan has
been described (74) but was not specifically recommended in the
SNMMI/ASNC document (67). A recent study investigating the
use of a structured preparation protocol adhering to the new
SNMMI/ASNC guidelines compared to a former less-rigorous
protocol showed that a strict high-fat, low-carbohydrate diet
with prolonged fasting, compliance reinforcement, and detailed
instructions was highly successful in suppressing physiologic 3F-
FDG uptake (91% among the structured protocol group vs. 78%
in the standard protocol group, P < 0.001) (73).

Given the limitations posed by the use of '®F-FDG in the
setting of physiologic uptake by cardiac myocytes, alternative
radiotracers have been explored to improve the specificity of
PET imaging in CS (75-81). One novel radiotracer of particular
interest is a radiolabeled somatostatin analog (°® Ga-somatostatin
analog), which targets the somatostatin receptor (SSTR) 2
subtype that is highly expressed in sarcoid granulomas but not
in normal cardiac myocytes (75). Early feasibility studies suggest
somatostatin analogs may increase diagnostic accuracy compared
to FDG-PET (77, 78); however, more data are needed to guide the
use of this modality.

When high quality imaging can be obtained, serial FDG-
PET imaging may be used to assess response to treatment and
to guide management of CS. One single-center study of 32
patients with CS who underwent FDG-PET imaging before and
after corticosteroid therapy demonstrated that 81% of patients
had a decrease in the extent and 88% experienced a decrease
in the intensity of FDG uptake on follow-up imaging (82). A
separate study of 34 patients with CS who collectively underwent
128 FDG-PET scans per an institutional management protocol
found that 94 (73%) of scans led to a change in therapy
and 42 (33%) resulted in a decrease in prednisone dose (83).
Several retrospective studies have now demonstrated the role of
serial FDG-PET in guiding immunosuppression management,
specifically the ability to taper corticosteroids while maintaining

good cardiac disease control (83-85). While SNMMI/ASNC
guidance recommends assessing change in intensity and extent
of FDG uptake on follow-up studies (67), it is also worth noting
that perfusion defects, which may be related to microvascular
compression and local ischemia, may also resolve with treatment
(62, 67). The ongoing CHASM-CS randomized clinical trial of
combination prednisone/methotrexate compared to prednisone
alone for initial treatment of active CS includes perfusion defects
on 6-month PET scan as the primary endpoint (86). Experts
recommend repeat FDG-PET imaging in a 3-6 month interval
after initiation of immunosuppressive therapy to assess for
improvement (which may guide tapering of corticosteroids and
minimize drug related side effects) vs. stability to worsening of
inflammation (possibly prompting escalation of therapy) (6, 11,
62, 68).

For patients with CS, FDG-PET imaging also conveys
important prognostic information. Blankstein et al. found that
among 118 patients referred for FDG-PET for evaluation of
possible CS, the presence of both perfusion defects and FDG
uptake was associated with increased incidence of death or
sustained ventricular tachycardia (HR 3.94, 95% CI 1.50-10.31, P
< 0.01) compared to patients with normal imaging (87). Notably,
right ventricular FDG uptake was also associated with adverse
events (HR 4.22, 95% CI 1.87-9.50, P < 0.001). Similarly, among
67 patients with CS who were referred for FDG-PET, intensity of
FDG uptake (as quantified by standardized uptake values, SUV)
was associated with increased incidence of cardiac events (88).
Other studies have noted that decrease in inflammation on serial
FDG-PET scans is associated with improvement in LVEF (89, 90).
The longer-term implications however of mildly persistent FDG
uptake or perfusion defects remain unknown in patients with
otherwise clinically controlled CS.

IMAGING IN CS: A MULTIMODALITY
APPROACH

The pathophysiology of CS lends itself to the complementary
imaging modalities of echocardiography, CMR and FDG-PET
for purposes of diagnosis, management, and prognostication. A
proposed algorithm for imaging in CS is provided in Figure 1.
Echocardiography is highly accessible and allows an initial,
urgent assessment of ventricular function, valvular disease or
pericardial effusion that may point toward specific immediate
management approaches. Advanced cardiac imaging allows for
more nuanced CS assessment. Focal inflammation identified and
quantified by FDG uptake may be prominent in early stages
of the disease, whereas fibrosis occurring later in the disease
course may be better assessed by superior spatial resolution of
CMR. Several studies have evaluated the utility of sequential
(38, 91, 92) or hybrid (93-95) CMR/PET imaging for diagnosis
of CS. In the largest of these studies, 107 patients underwent
both CMR and FDG-PET for evaluation of known or suspected
CS and imaging findings were integrated to determine the
combined likelihood of CS (no CS, possible CS, probable CS, or
highly probable CS) (38). When FDG-PET results were added
to findings from CMR, 48 patients (45%) were reclassified as
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TABLE 1 | Imaging modalities for the diagnosis and management of cardiac sarcoidosis.

Imaging Techniques Findings Clinical role Limitations
modality
TTE 2D TTE STE e | eft or right ventricular systolic/diastolic ¢ |nitial screening of patients with ECS e Limited sensitivity/specificity
dysfunction e Serial monitoring of LV function (for purpose
e Ventricular dilatation of GDMT, ICD, AHF therapy)
* Abnormal septal wall thickness e Reduced GLS associated with adverse
* |VH cardiac events
e Wall motion abnormalities
e \entricular aneurysm
e Pericardial effusion
e Valvular dysfunction
* Reduced GLS
CMR LGE e Midwall/ subepicardial LGE e CS diagnosis (subacute/chronic) e May be less specific for CS
T1/T2-mapping  ® Patchy, non-coronary distribution e Evaluation of LV morphology/function o Limited sensitivity in early disease
e Basal septum most commonly involved e Risk stratification (LGE associated e Challenging in patients with devices
with VA/SCD) e Gadolinium contraindicated in
advanced CKD
FDG-PET 8F-FDG MPI e Focal or focal-on-diffuse FDG uptake * CS diagnosis (acute/chronic) e Patient preparation required for adequate

Hybrid PET/CT e FDG-avid extracardiac lesions Serial imaging to assess response to/titrate
Whole body PET e Perfusion defects of IS

FDG/perfusion mismatch Assess ECS activity

Identify non-cardiac biopsy sites

Risk stratification (FDG uptake associated
with death/VA)

glucose suppression
May be less specific for CS

AHF, advanced heart failure; CKD, chronic kidney disease; CMR, cardiac magnetic resonance imaging; ECS, extracardiac sarcoidosis; GDMT, guideline-directed medical therapy; GLS,
global longitudinal strain,; ICD, implantable cardioverter-defibrillator; IS, immunosuppression; LGE, late gadolinium enhancement; LVH, left ventricular hypertrophy; MPI, myocardial
perfusion imaging; FDG-PET, '8F-fluorodeoxyglucose position emission tomography; SCD, sudden cardiac death; STE, speckle-tracking echocardiography; TTE, transthoracic

echocardiogram; VA, ventricular arrhythmia.

having a higher or lower probability of CS compared to results
from a single imaging study (38). Similarly, a small study of
patients undergoing hybrid CMR/PET imaging resulted in high
quality '8F-FDG and CMR images, demonstrating the value
of this modality for diagnosis, prognosis, and potentially cost-
saving (95). Notably, both FDG-PET and CMR are included
among HRS criteria for diagnosis of CS and carry a class Ila
recommendation for performing in patients with at least one
abnormality detected on initial cardiac screening (history, ECG,
and TTE) (9). However, given the high negative predictive value,
CMR might serve as the best initial testing option—in many
patients, a normal CMR might be sufficient to obviate the need
for further testing (62, 68). By JMHW criteria, a clinical diagnosis
of CS might be made with abnormalities on TTE and CMR in
the presence of one major clinical criterion (advanced AV block,
thinning of the basal interventricular septum, positive cardiac
Gallium-67 uptake, or LVEF < 50%) (8). Interstitial fibrosis
or monocyte infiltration on endomyocardial biopsy may also
comprise a minor criterion, with identification of noncaseating
granulomas confirming a histological diagnosis; however, the
yield of endomyocardial biopsy is often limited (9). FDG-PET
is excluded from these guidelines, with potential implications
for the sensitivity of JMHW criteria for diagnosing CS (62,
67). Importantly, advanced imaging modalities of CMR and
FDG-PET are both incorporated into the more recent Japanese
Circulation Society guidelines as major criteria for a diagnosis of
CS (12), reflecting the value of these tests in evaluating patients
with suspected CS.

Beyond confirming a diagnosis, the management of CS
also relies heavily on multimodality imaging. As previously
detailed, FDG-PET has shown to be an effective tool for
monitoring response to and tailoring immunosuppression. Serial
echocardiographic evaluation is invaluable for longitudinal
assessment of LV function to guide GDMT and, if needed,
identify candidates for advanced therapies including left
ventricular assist devices and orthotopic heart transplant (4,
5, 11). Another important decision point pertains to ICD
therapy and is again highly reliant on imaging findings to guide
management. Echocardiography and CMR are essential for risk
stratification of patients with CS to classify those at highest risk
of sudden cardiac death (4, 9, 54).

CONCLUSIONS

CS is a disease of complex pathophysiology that is well-suited
to a multimodality imaging approach for purposes of diagnosis,
treatment, and prognostication. Together, TTE, CMR and FDG-
PET provide complementary clinical information that allows
for a comprehensive understanding of the extent of cardiac
involvement for each individual patient (Table1). Ongoing
studies involving more advanced imaging techniques—including
speckle-tracking echocardiography and hybrid CMR/PET
imaging—may provide additional insights. Further studies are
needed to best employ these more advanced modalities for
optimal management of CS.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 785279


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Wand et al.

Multimodality Imaging in Cardiac Sarcoidosis

AUTHOR CONTRIBUTIONS

NG and AW conceived the design of the paper. AW completed
the initial manuscript draft for review. ES assisted with design

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Aggarwal

. Gilotra

. Kim JS,

. Tannuzzi MC, Rybicki BA, Teirstein AS. Sarcoidosis. N Engl ] Med. (2007)

357:2153-65. doi: 10.1056/NEJMra071714

NR, Snipelisky D, Young PM, Gersh BJ, Cooper LT,
Chareonthaitawee P. Advances in imaging for diagnosis and management
of cardiac sarcoidosis. Eur Heart ] Cardiovasc Imaging. (2015)
16:949-58. doi: 10.1093/ehjci/jev142

. Drent M, Crouser ED, Grunewald ]. Challenges of Sarcoidosis and

Its Management. Longo DL, ed N Engl ] Med. (2021) 385:1018-
32. doi: 10.1056/NEJMra2101555

. Birnie DH, Nery PB, Ha AC, Beanlands RSB. Cardiac Sarcoidosis. ] Am Coll

Cardiol. (2016) 68:411-21. doi: 10.1016/j.jacc.2016.03.605
N, Okada D, Sharma A, Chrispin J.
Cardiac  Sarcoidosis in 2020. Arrhythm Electrophysiol ~Rev.
9:182-8. doi: 10.15420/aer.2020.09

Management of
(2020)

. Trivieri MG, Spagnolo P, Birnie D, Liu P, Drake W, Kovacic
JC, et al. Challenges in Cardiac and Pulmonary Sarcoidosis:
JACC  State-of-the-Art Review. J Am  Coll Cardiol. (2020)

76:1878-901. doi: 10.1016/j.jacc.2020.08.042
Judson MA, Donnino R,
Prystowsky EN, et al. Cardiac sarcoidosis.
157:9-21. doi: 10.1016/j.ah;j.2008.09.009

Gold M, Cooper LT,
Am  Heart ]. (2009)

. Hiraga H, Yuwai K, Hiroe M. Diagnostic standard and guidelines for

sarcoidosis. Jpn ] Sarcoidosis Granulomatous Disord. (2007) 27:102.

. Birnie DH, Sauer WH, Bogun E Cooper JM, Culver DA, Duvernoy CS,

et al. HRS expert consensus statement on the diagnosis and management
of arrhythmias associated with cardiac sarcoidosis. Hear Rhythm. (2014)
11:1304-23. doi: 10.1016/j.hrthm.2014.03.043

Birnie DH, Kandolin R, Nery PB, Kupari M. Cardiac manifestations of
sarcoidosis: Diagnosis and management. Eur Heart ]. (2017) 38:2663-
70. doi: 10.1093/eurheartj/ehw328

Gilotra NA, Griffin JM, Pavlovic N, Houston BA, Chasler ], Goetz C, et
al. Sarcoidosis-Related Cardiomyopathy: Current Knowledge, Challenges,
and Future Perspectives State-of-the-Art Review. J Card Fail. (2021) 00:1-
19. doi: 10.1016/j.cardfail. 2021.06.016

Terasaki E, Yoshinaga K. New Guidelines for Diagnosis of Cardiac Sarcoidosis
in Japan. Ann Nucl Cardiol. (2017) 3:42-5. doi: 10.17996/anc.17-00042
Burstow DJ, Tajik AJ, Bailey KR, DeRemee RA, Taliercio CP. Two-dimensional
echocardiographic findings in systemic sarcoidosis. Am J Cardiol. (1989)
63:478-82. doi: 10.1016/0002-9149(89)90323-8

Skold CM, Larsen FF, Rasmussen E, Pehrsson SK, Eklund AG.
Determination of cardiac sarcoidosis by magnetic
resonance imaging and Doppler echocardiography. J Intern Med. (2002)
252:465-71. doi: 10.1046/j.1365-2796.2002.01058.x

Houston BA, Mukherjee M. Cardiac sarcoidosis: clinical manifestations,
imaging characteristics, and therapeutic approach. Clin Med Insights Cardiol.
(2014) 8s1:CMC.S15713. doi: 10.4137/CMC.S15713

Nagueh SE Smiseth OA, Appleton CP, Byrd BE, Dokainish H, Edvardsen
T, et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the american society of
echocardiography and the european association of cardiovascular imaging. J
Am Soc Echocardiogr. (2016) 29:277-314. doi: 10.1016/j.echo.2016.01.011
Lewin RE Mor R, Spitzer S, Arditti A, Hellman C, Agmon J.
Echocardiographic evaluation of patients with systemic sarcoidosis. Am
Heart J. (1985) 110:116-22. doi: 10.1016/0002-8703(85)90524-1

Yazaki Y, Isobe M, Hiramitsu S, Morimoto S, Hiroe M, Omichi C, et
al. Comparison of clinical features and prognosis of cardiac sarcoidosis
and idiopathic dilated cardiomyopathy. Am ] Cardiol. (1998) 82:537-
40. doi: 10.1016/S0002-9149(98)00377-4

involvement in

of figures and made critical revisions to the paper. NG,
JC, MM, and AH made critical revisions to the intellectual
content of the paper. All authors approved the final manuscript
for publication.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Mehta D, Lubitz SA, Frankel Z, Wisnivesky JP, Einstein AJ, Goldman

M, et al. Cardiac involvement in patients with sarcoidosis: Diagnostic
and prognostic value of outpatient testing. Chest. (2008) 133:1426-
35. doi: 10.1378/chest.07-2784

Collier P, Phelan D, Klein A, A. Test in Context: Myocardial Strain Measured
by Speckle-Tracking Echocardiography. ] Am Coll Cardiol. (2017) 69:1043—-
56. doi: 10.1016/j.jacc.2016.12.012

Moharram MA, Lamberts RR, Whalley G, Williams MJA, Coffey
S. Myocardial using  echocardiographic
deformation  imaging.  Cardiovasc ~ Ultrasound. ~ (2019)  17:1-
11. doi: 10.1186/s12947-019-0176-9

Orii M, Imanishi T, Akasaka T. Assessment of cardiac sarcoidosis
with advanced imaging modalities. ~Biomed Res Int. (2014)
2014:897956. doi: 10.1155/2014/897956

Di Stefano C, Bruno G, Arciniegas Calle MC, Acharya GA, Fussner LM,
Ungprasert P, et al. Diagnostic and predictive value of speckle tracking
echocardiography in cardiac sarcoidosis. BMC Cardiovasc Disord. (2020)
20:1-10. doi: 10.1186/s12872-019-01323-0

Joyce E, Ninaber MK, Katsanos S, Debonnaire P, Kamperidis V, Bax JJ, et al.
Subclinical left ventricular dysfunction by echocardiographic speckle-tracking
strain analysis relates to outcome in sarcoidosis. Eur J Heart Fail. (2015)
17:51-62. doi: 10.1002/ejhf.205

Bayat E, Fahimi A, Tavana S, Tabary M, Khaheshi I. Subclinical involvement
of the heart and its associated factors in patients with sarcoidosis with
normal systolic function using 2D speckle tracking. Echocardiography. (2020)
37:41-6. doi: 10.1111/echo.14572

Kusunose K, Fujiwara M, Yamada H, Nishio S, Saijo Y, Yamada N, et al.
Deterioration of biventricular strain is an early marker of cardiac involvement
in confirmed sarcoidosis. Eur Heart ] Cardiovasc Imaging. (2020) 21:796-
804. doi: 10.1093/ehjci/jez235

Schouver ED, Moceri P, Doyen D, Tieulie N, Queyrel V, Baudouy
D, et al. Early detection of cardiac involvement in sarcoidosis with
2-dimensional speckle-tracking echocardiography. Int ] Cardiol. (2017)
227:711-6. doi: 10.1016/j.ijcard.2016.10.073

Barssoum K, Altibi AM, Rai D, Kumar A, Kharsa A, Chowdhury M, et
al. Speckle tracking echocardiography can predict subclinical myocardial
involvement in patients with sarcoidosis: A meta-analysis. Echocardiography.
(2020) 37:2061-70. doi: 10.1111/echo.14886

Yancy CW, Jessup M, Bozkurt B, Butler ], Casey DE, Colvin MM, et
al. 2017 ACC/AHA/HFSA Focused Update of the 2013 ACCF/AHA
Guideline for the Management of Heart Failure: A Report of the
American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines and the Heart Failure Society of
Amer. Circulation. (2017) 136:e137-61. doi: 10.1161/CIR.000000000000
0509

Liu JE, Barac A, Thavendiranathan P, Scherrer-Crosbie =M.
Strain  Imaging in Cardio-Oncology. JACC CardioOncol. (2020)
2:677-89. doi: 10.1016/j.jaccao.2020.10.011

Kalam K, Marwick TH. Role of cardioprotective therapy for prevention of
cardiotoxicity with chemotherapy: A systematic review and meta-analysis. Eur
J Cancer. (2013) 49:2900-9. doi: 10.1016/j.¢jca.2013.04.030

Negishi K, Negishi T, Haluska BA, Hare JL, Plana JC, Marwick TH.
Use of speckle strain to assess left ventricular responses to cardiotoxic
chemotherapy and cardioprotection. Eur Hear ] Cardiovasc Imaging. (2014)
15:324-31. doi: 10.1093/ehjci/jet159

Patel AR, Kramer CM. Role of Cardiac Magnetic Resonance in the Diagnosis
and Prognosis of Nonischemic Cardiomyopathy. JACC Cardiovasc Imaging.
(2017) 10:1180-93. doi: 10.1016/.jcmg.2017.08.005

Smedema JP, Snoep G, Van Kroonenburgh MP, Van Geuns R], Dassen
WR, Gorgels AP, et al. Evaluation of the accuracy of gadolinium-enhanced

tissue  characterisation

Frontiers in Cardiovascular Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 785279


https://doi.org/10.1056/NEJMra071714
https://doi.org/10.1093/ehjci/jev142
https://doi.org/10.1056/NEJMra2101555
https://doi.org/10.1016/j.jacc.2016.03.605
https://doi.org/10.15420/aer.2020.09
https://doi.org/10.1016/j.jacc.2020.08.042
https://doi.org/10.1016/j.ahj.2008.09.009
https://doi.org/10.1016/j.hrthm.2014.03.043
https://doi.org/10.1093/eurheartj/ehw328
https://doi.org/10.1016/j.cardfail.2021.06.016
https://doi.org/10.17996/anc.17-00042
https://doi.org/10.1016/0002-9149(89)90323-8
https://doi.org/10.1046/j.1365-2796.2002.01058.x
https://doi.org/10.4137/CMC.S15713
https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1016/0002-8703(85)90524-1
https://doi.org/10.1016/S0002-9149(98)00377-4
https://doi.org/10.1378/chest.07-2784
https://doi.org/10.1016/j.jacc.2016.12.012
https://doi.org/10.1186/s12947-019-0176-9
https://doi.org/10.1155/2014/897956
https://doi.org/10.1186/s12872-019-01323-0
https://doi.org/10.1002/ejhf.205
https://doi.org/10.1111/echo.14572
https://doi.org/10.1093/ehjci/jez235
https://doi.org/10.1016/j.ijcard.2016.10.073
https://doi.org/10.1111/echo.14886
https://doi.org/10.1161/CIR.0000000000000509
https://doi.org/10.1016/j.jaccao.2020.10.011
https://doi.org/10.1016/j.ejca.2013.04.030
https://doi.org/10.1093/ehjci/jet159
https://doi.org/10.1016/j.jcmg.2017.08.005
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Wand et al.

Multimodality Imaging in Cardiac Sarcoidosis

cardiovascular magnetic resonance in the diagnosis of cardiac sarcoidosis. J 51. Chiu CZ, Nakatani S, Zhang G, Tachibana T, Ohmori F, Yamagishi M, et
Am Coll Cardiol. (2005) 45:1683-90. doi: 10.1016/j.jacc.2005.01.047 al. Prevention of left ventricular remodeling by long-term corticosteroid
35. Patel MR, Cawley PJ, Heitner JE Klem I, Parker MA, Jaroudi WA, et al. therapy in patients with cardiac sarcoidosis. Am ] Cardiol. (2005) 95:143-
Detection of Myocardial Damage in Patients With Sarcoidosis. Circulation. 6. doi: 10.1016/j.amjcard.2004.08.083
(2009) 120:1969-77. doi: 10.1161/CIRCULATIONAHA.109.851352 52. Kandolin R, Lehtonen J, Airaksinen J, Vihinen T, Miettinen
36. Sano M, Satoh H, Suwa K, Saotome M, Urushida T, Katoh H, et al. H, Ylitalo K, et al. Cardiac Sarcoidosis. Circulation. (2015)
Intra-cardiac distribution of late gadolinium enhancement in cardiac 131:624-32. doi: 10.1161/CIRCULATIONAHA.114.011522
sarcoidosis and dilated cardiomyopathy. World ] Cardiol. (2016) 53. Gowani Z, Habibi M, Okada DR, Smith J, Derakhshan A, Zimmerman SL,
8:496. doi: 10.4330/wjc.v8.i9.496 et al. Utility of cardiac magnetic resonance imaging versus cardiac positron
37. Tezuka D, Terashima M, Kato Y, Toriihara A, Hirasawa K, Sasaoka T, et al. emission tomography for risk stratification for ventricular arrhythmias
Clinical characteristics of definite or suspected isolated cardiac sarcoidosis: in patients with cardiac sarcoidosis. Am ] Cardiol. (2020) 134:123-
Application of cardiac magnetic resonance imaging and 18F-fluoro-2- 9. doi: 10.1016/j.amjcard.2020.08.007
deoxyglucose positron-emission tomography/computerized tomography. J 54. Al-Khatib SM, Stevenson WG, Ackerman M]J, Bryant WJ, Callans D], Curtis
Card Fail. (2015) 21:313-22. doi: 10.1016/j.cardfail. 2014.12.004 AB, et al. 2017 AHA/ACC/HRS Guideline for management of patients with
38. Vita T, Okada DR, Veillet-Chowdhury M, Bravo PE, Mullins E, Hulten ventricular arrhythmias and the prevention of sudden cardiac death: a Report
E, et al. Complementary value of cardiac magnetic resonance imaging of the American College of Cardiology/American Heart Association Task
and positron emission tomography/computed tomography in the Force on Clinical Practice Guidelines and the Heart Rhythm Society. Heart
assessment of cardiac sarcoidosis. Circ Cardiovasc Imaging. (2018) Rhythm. (2018) 15:€73-189. doi: 10.1016/j.hrthm.2017.10.036
11:¢007030. doi: 10.1161/CIRCIMAGING.117.007030 55. Velangi PS, Chen KHA, Kazmirczak F Okasha O, Von Wald L, Roukoz H,
39. Nagao S, Watanabe H, Sobue Y, Kodama M, Tanaka ], Tanabe N, et al. Right ventricular abnormalities on cardiovascular magnetic resonance
et al. Electrocardiographic abnormalities and risk of developing imaging in patients with sarcoidosis. JACC Cardiovasc Imaging. (2020)
cardiac events in extracardiac sarcoidosis. Int ] Cardiol. (2015) 13:1395-405. doi: 10.1016/j.jcmg.2019.12.011
189:1-5. doi: 10.1016/j.ijcard.2015.03.175 56. Cipriani A, Bauce B, De Lazzari M, Rigato I, Bariani R, Meneghin S, et al.
40. Kouranos V, Tzelepis GE, Rapti A, Mavrogeni S, Aggeli K, Douskou M, et al. Arrhythmogenic right ventricular cardiomyopathy: Characterization of left
Complementary role of CMR to conventional screening in the diagnosis and ventricular phenotype and differential diagnosis with dilated cardiomyopathy.
prognosis of cardiac sarcoidosis. JACC Cardiovasc Imaging. (2017) 10:1437- J Am Heart Assoc. (2020) 9:1-16. doi: 10.1161/JAHA.119.014628
47. doi: 10.1016/j.jcmg.2016.11.019 57. Crouser ED, Ono C, Tran T, He X, Raman S V. Improved detection of cardiac
41. Hundley WG, Bluemke DA, Finn JP, Flamm SD, Fogel MA, Friedrich MG, sarcoidosis using magnetic resonance with myocardial T2 mapping. Am |
et al. ACCF/ACR/AHA/NASCI/SCMR 2010 expert consensus document on Respir Crit Care Med. (2014) 189:109-12. doi: 10.1164/rccm.201309-1668LE
cardiovascular magnetic resonance. A Report of the American College of ~ 58. Zhang J, Li Y, Xu Q, Xu B, Wang H. Cardiac magnetic resonance imaging
Cardiology Foundation Task Force on Expert Consensus Documents. ] Am for diagnosis of cardiac sarcoidosis: a meta-analysis. Can Respir J. (2018)
Coll Cardiol. (2010) 55:2614-62. doi: 10.1016/j.jacc.2009.11.011 2018:7457369. doi: 10.1155/2018/7457369
42. Hulten E, Aslam S, Osborne M, Abbasi S, Bittencourt MS, Blankstein 59. Nazarian S, Hansford R, Rahsepar AA, Weltin V, McVeigh D, Gucuk Ipek E,
R. Cardiac sarcoidosis-state of the art review. Cardiovasc Diagn Ther. et al. Safety of magnetic resonance imaging in patients with cardiac devices. N
(2016) 6:50-63. doi: 10.3978/j.issn.2223-3652.2015.12.13 Engl ] Med. (2017) 377:2555-64. doi: 10.1056/NEJMoal1604267
43. Tadic M, Cuspidi C, Saeed S, Milojevic B, Milojevic IG. The role of cardiac 60. Russo RJ, Costa HS, Silva PD, Anderson JL, Arshad A, Biederman RW, et
magnetic resonance in diagnosis of cardiac sarcoidosis. Heart Fail Rev. (2021) al. Assessing the risks associated with mri in patients with a pacemaker or
26:653-60. doi: 10.1007/s10741-020-10035-2 defibrillator. N Engl ] Med. (2017) 376:755-64. doi: 10.1056/NEJMoal1603265
44. Puntmann VO, Isted A, Hinojar R, Foote L, Carr-White G, Nagel E. T1 and T2 61. Youssef G, Leung E, Mylonas I, Nery P, Williams K, Wisenberg G, et al. The
Mapping in recognition of early cardiac involvement in systemic sarcoidosis. use of 18F-FDG PET in the diagnosis of cardiac sarcoidosis: a systematic
Radiology. (2017) 285:63-72. doi: 10.1148/radiol.2017162732 review and metaanalysis including the Ontario experience. ] Nucl Med. (2012)
45. Dabir D, Meyer D, Kuetting D, Luetkens J, Homsi R, Pizarro C, et al. 53:241-8. doi: 10.2967/jnumed.111.090662
Diagnostic value of cardiac magnetic resonance strain analysis for detection 62. Slart RHJA, Glaudemans AWJM, Lancellotti P, Hyafil F, Blankstein R,
of cardiac sarcoidosis. RoFo Fortschritte auf dem Gebiet der Rontgenstrahlen Schwartz RG, et al. A joint procedural position statement on imaging in
und der Bildgeb Verfahren. (2018) 190:712-21. doi: 10.1055/a-0598-5099 cardiac sarcoidosis: from the Cardiovascular and Inflammation & Infection
46. Okada DR, Xie E, Assis F, Smith J, Derakhshan A, Gowani Z, et al. Regional Committees of the European Association of Nuclear Medicine, the European
abnormalities on cardiac magnetic resonance imaging and arrhythmic events Association of Cardiovascular Imaging, and the American. ] Nucl Cardiol.
in patients with cardiac sarcoidosis. J Cardiovasc Electrophysiol. (2019) (2018) 25:298-319. doi: 10.1007/s12350-017-1043-4
30:1967-76. doi: 10.1111/jce.14082 63. Koiwa H, Tsujino I, Ohira H, Yoshinaga K, Otsuka N, Nishimura
47. Nadel ], Lancefield T, Voskoboinik A, Taylor AJ. Late gadolinium M. Imaging of cardiac sarcoid lesions using fasting cardiac 18F-
enhancement identified with cardiacmagnetic resonance imaging in fluorodeoxyglucose positron emission tomography: An autopsy case.
sarcoidosis patients is associated with long-term ventricular arrhythmia Circulation. (2010) 122:535-6. doi: 10.1161/CIRCULATIONAHA.110.95
and sudden cardiac death. Eur Heart ] Cardiovasc Imaging. (2015) 2184
16:634-41. doi: 10.1093/ehjci/jeu294 64. Brudin LH, Valind S-O, Rhodes CG, Pantin CE Sweatman M, Jones
48. Greulich S, Deluigi CC, Gloekler S, Wahl A, Ziirn C, Kramer U, T, et al. Fluorine-18 deoxyglucose uptake in sarcoidosis measured
et al. CMR imaging predicts death and other adverse events in with  positron emission tomography. Eur ] Nucl Med. (1994)
suspected cardiac sarcoidosis. JACC Cardiovasc Imaging. (2013) 21:297-305. doi: 10.1007/BF00947964
6:501-11. doi: 10.1016/j.jcmg.2012.10.021 65. Lewis PJ, Salama A. Uptake of fluorine-18-fluorodeoxyglucose in sarcoidosis. /
49. Hulten E, Agarwal V, Cahill M, Cole G, Vita T, Parrish S, et al Nucl Med. (1994) 35:1647-9. http://www.ncbi.nlm.nih.gov/pubmed/7931664
Presence of late gadolinium enhancement by cardiac magnetic resonance 66. Ahmadian A, Brogan A, Berman J, Sverdlov AL, Mercier G, Mazzini M, et
among patients with suspected cardiac sarcoidosis is associated with al. Quantitative interpretation of FDG PET/CT with myocardial perfusion
adverse cardiovascular prognosis. Circ Cardiovasc Imaging. (2016) imaging increases diagnostic information in the evaluation of cardiac
9:¢005001. doi: 10.1161/CIRCIMAGING.116.005001 sarcoidosis. ] Nucl Cardiol. (2014) 21:925-39. doi: 10.1007/s12350-014-9901-9
50. Coleman GC, Shaw PW, Balfour PC, Gonzalez JA, Kramer CM, 67. Chareonthaitawee P, Beanlands RS, Chen W, Dorbala S, Miller EJ, Murthy VL,
Patel AR, et al. Prognostic value of myocardial scarring on CMR in etal. Joint SNMMI-ASNC expert consensus document on the role of 18F-FDG
patients with cardiac sarcoidosis. JACC Cardiovasc Imaging. (2017) PET/CT in carDiac sarcoid detection and therapy monitoring writing group.
10:411-20. doi: 10.1016/j.jcmg.2016.05.009 J Nucl Med. (2017) 58:1341-53. doi: 10.2967/jnumed.117.196287
Frontiers in Cardiovascular Medicine | www.frontiersin.org 48 January 2022 | Volume 8 | Article 785279


https://doi.org/10.1016/j.jacc.2005.01.047
https://doi.org/10.1161/CIRCULATIONAHA.109.851352
https://doi.org/10.4330/wjc.v8.i9.496
https://doi.org/10.1016/j.cardfail.2014.12.004
https://doi.org/10.1161/CIRCIMAGING.117.007030
https://doi.org/10.1016/j.ijcard.2015.03.175
https://doi.org/10.1016/j.jcmg.2016.11.019
https://doi.org/10.1016/j.jacc.2009.11.011
https://doi.org/10.3978/j.issn.2223-3652.2015.12.13
https://doi.org/10.1007/s10741-020-10035-z
https://doi.org/10.1148/radiol.2017162732
https://doi.org/10.1055/a-0598-5099
https://doi.org/10.1111/jce.14082
https://doi.org/10.1093/ehjci/jeu294
https://doi.org/10.1016/j.jcmg.2012.10.021
https://doi.org/10.1161/CIRCIMAGING.116.005001
https://doi.org/10.1016/j.jcmg.2016.05.009
https://doi.org/10.1016/j.amjcard.2004.08.083
https://doi.org/10.1161/CIRCULATIONAHA.114.011522
https://doi.org/10.1016/j.amjcard.2020.08.007
https://doi.org/10.1016/j.hrthm.2017.10.036
https://doi.org/10.1016/j.jcmg.2019.12.011
https://doi.org/10.1161/JAHA.119.014628
https://doi.org/10.1164/rccm.201309-1668LE
https://doi.org/10.1155/2018/7457369
https://doi.org/10.1056/NEJMoa1604267
https://doi.org/10.1056/NEJMoa1603265
https://doi.org/10.2967/jnumed.111.090662
https://doi.org/10.1007/s12350-017-1043-4
https://doi.org/10.1161/CIRCULATIONAHA.110.952184
https://doi.org/10.1007/BF00947964
http://www.ncbi.nlm.nih.gov/pubmed/7931664
https://doi.org/10.1007/s12350-014-9901-9
https://doi.org/10.2967/jnumed.117.196287
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Wand et al.

Multimodality Imaging in Cardiac Sarcoidosis

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

of known
Imaging.

Blankstein R, Waller AH. Evaluation
cardiac sarcoidosis. Circ Cardiovasc
9:e000867. doi: 10.1161/CIRCIMAGING.113.000867
Keijsers RGM, Grutters JC. In which patients with sarcoidosis is FDG
PET/CT Indicated? ] Clin Med. (2020) 9:890. doi: 10.3390/jcm90
30890

Okumura W, Iwasaki T, Toyama T, Iso T, Arai M, Oriuchi N, et al. Usefulness
of fasting 18F-FDG PET in identification of cardiac sarcoidosis. ] Nucl Med.
(2004) 45:1989-98. Available online at: http://jnm.snmjournals.org/cgi/
reprint/45/12/1989%0Ahttp://ovidsp.ovid.com/ovidweb.cgi? T=]S&PAGE=
reference&D=emed8&NEWS=N&AN=47611626

Protonotarios A, Wicks E, Ashworth M, Stephenson E, Guttmann
o, K, et al. Prevalence of 18F-fluorodeoxyglucose
positron  emission tomography abnormalities in patients with
arrhythmogenic right ventricular cardiomyopathy. Int ] Cardiol. (2019)
284:99-104. doi: 10.1016/j.ijcard.2018.10.083

Tung R, Bauer B, Schelbert H, Lynch JP, Auerbach M, Gupta P, et
al. Incidence of abnormal positron emission tomography in patients

or suspected

(2016)

Savvatis

with  unexplained cardiomyopathy and ventricular  arrhythmias:
the potential role of occult inflammation in arrhythmogenesis.
Hear  Rhythm.  (2015)  12:2488-98.  doi:  10.1016/j.hrthm.2015.
08.014

Christopoulos G, Jouni H, Acharya GA, Blauwet LA, Kapa S, Bois J,
et al. Suppressing physiologic 18-fluorodeoxyglucose uptake in patients
undergoing positron emission tomography for cardiac sarcoidosis: the effect
of a structured patient preparation protocol. ] Nucl Cardiol. (2021) 28:661-
71. doi: 10.1007/s12350-019-01746-4

Masuda A, Naya M, Manabe O, Magota K, Yoshinaga K, Tsutsui H, et
al. Administration of unfractionated heparin with prolonged fasting could
reduce physiological 18F-fluorodeoxyglucose uptake in the heart. Acta radiol.
(2016) 57:661-8. doi: 10.1177/0284185115600916

Saric P, Young K, Rodriguez-Porcel M, Chareonthaitawee P, PET. Imaging
in cardiac sarcoidosis: a narrative review with focus on novel PET tracers.
Pharmaceuticals. (2021) 14:1286. doi: 10.3390/ph14121286

Kircher M, Lapa C. Novel noninvasive nuclear medicine imaging
techniques for cardiac inflammation. Curr Cardiovasc Imaging Rep. (2017)
10:6. doi: 10.1007/512410-017-9400-x

Lapa C, Reiter T, Kircher M, Schirbel A, Werner RA, Pelzer T, et al.
Somatostatin receptor based PET/CT in patients with the suspicion of cardiac
sarcoidosis: an initial comparison to cardiac MRI. Oncotarget. 7:77807-
14. doi: 10.18632/oncotarget.12799

Gormsen LC, Haraldsen A, Kramer S, Dias AH, Kim WY, Borghammer
P. A dual tracer 68Ga-DOTANOC PET/CT and 18F-FDG PET/CT
pilot study for detection of cardiac sarcoidosis. EJNMMI Res. (2016)
6:52. doi: 10.1186/513550-016-0207-6

Reiter T, Werner RA, Bauer WR, Lapa C. Detection of cardiac
by macrophage-directed receptor 2-based
positron emission tomography/computed tomography. Eur Heart ]. (2015)
36:2404. doi: 10.1093/eurheartj/ehv278

Manabe O, Hirata K, Shozo O, Shiga T, Uchiyama Y, Kobayashi K, et al. 18F-
fluoromisonidazole (FMISO) PET may have the potential to detect cardiac
sarcoidosis. ] Nucl Cardiol. (2017) 24:329-31. doi: 10.1007/s12350-016-0495-2
Norikane T, Yamamoto Y, Maeda Y, Noma T, Nishiyama Y. 18F-FLT PET
imaging in a patient with sarcoidosis with cardiac involvement. Clin Nucl Med.
(2015) 40:433-4. doi: 10.1097/RLU.0000000000000653

Okada DR, Saad E, Wand AL, Griffin JM, Kasper EK, Chen EH, et al. Effect
of Corticosteroid Dose and Duration on 18-Fluorodeoxyglucose Positron
Emission Tomography in Cardiac Sarcoidosis. JACC Cardiovasc Imaging.
(2020) 13:1280-2. doi: 10.1016/j.jcmg.2019.12.013

Ning N, Guo HH, Iagaru A, Mittra E, Fowler M, Witteles R. Serial cardiac
FDG-PET for the diagnosis and therapeutic guidance of patients with cardiac
sarcoidosis. ] Card Fail. (2019) 25:307-11. doi: 10.1016/j.cardfail.2019.02.018
Grifin JM, Chasler J, Wand AL, Okada DR, Smith JN, Saad E,
et al. Management of cardiac sarcoidosis using mycophenolate
mofetil as a steroid-sparing agent. | Card Fail. (2021) 27:1348-58.
doi: 10.1016/j.cardfail.2021.06.010

sarcoidosis somatostatin

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Gilotra NA, Wand AL, Pillarisetty A, Devraj M, Pavlovic N, Ahmed S, et al.
Clinical and imaging response to tumor necrosis factor alpha inhibitors in
treatment of cardiac sarcoidosis: a multicenter experience. ] Card Fail. (2021)
27:83-91. doi: 10.1016/j.cardfail.2020.08.013

Birnie D, Beanlands RSB, Nery P, Aaron SD, Culver DA, DeKemp
RA, et al. Cardiac Sarcoidosis multi-center randomized controlled trial
(CHASM CS- RCT). Am Heart J. (2020) 220:246-52. doi: 10.1016/j.ahj.2019.
10.003

Blankstein R, Osborne M, Naya M, Waller A, Kim CK, Murthy VL, et
al. Cardiac positron emission tomography enhances prognostic assessments
of patients with suspected cardiac sarcoidosis. ] Am Coll Cardiol. (2014)
63:329-36. doi: 10.1016/j.jacc.2013.09.022

Flores RJ, Flaherty KR, Jin Z, Bokhari S. The prognostic value of
quantitating and localizing F-18 FDG uptake in cardiac sarcoidosis.
] Nucl Cardiol.  (2020) 27:2003-10. doi:  10.1007/s12350-018-
01504-y

Osborne MT, Hulten EA, Singh A, Waller AH, Bittencourt MS, Stewart
GC, et al. Reduction in 18F-fluorodeoxyglucose uptake on serial cardiac
positron emission tomography is associated with improved left ventricular
ejection fraction in patients with cardiac sarcoidosis. ] Nucl Cardiol. (2014)
21:166-74. doi: 10.1007/s12350-013-9828-6

Muser D, Santangeli P, Castro SA, Liang JJ, Enriquez A, Werner TJ, et al.
Prognostic role of serial quantitative evaluation of 18F-fluorodeoxyglucose
uptake by PET/CT in patients with cardiac sarcoidosis presenting with
ventricular tachycardia. Eur ] Nucl Med Mol Imaging. (2018) 45:1394-
404. doi: 10.1007/s00259-018-4001-8

Bravo PE, Raghu G, Rosenthal DG, Elman S, Petek BJ, Soine LA, et al. Risk
assessment of patients with clinical manifestations of cardiac sarcoidosis with
positron emission tomography and magnetic resonance imaging. Int ] Cardiol.
(2017) 241:457-62. doi: 10.1016/j.ijcard.2017.03.033

Kebed KY, Carter S V, Flatley E, Ward RP, Moss JD, Appelbaum DE, et
al. Prevalence of newly diagnosed sarcoidosis in patients with ventricular
arrhythmias: a cardiac magnetic resonance and 18F-FDG cardiac PET study.
Int ] Cardiovasc Imaging. (2021) 37:1361-9. doi: 10.1007/510554-020-02090-2
Wicks EC, Menezes L], Barnes A, Mohiddin SA, Sekhri N, Porter JC,
et al. Diagnostic accuracy and prognostic value of simultaneous hybrid
18 F-fluorodeoxyglucose positron emission tomography/magnetic resonance
imaging in cardiac sarcoidosis. Eur Heart ] Cardiovasc Imaging. (2018)
19:757-67. doi: 10.1093/ehjci/jex340

Dweck MR, Abgral R, Trivieri MG, Robson PM, Karakatsanis N, Mani V, et al.
Hybrid magnetic resonance imaging and positron emission tomography with
fluorodeoxyglucose to diagnose active cardiac sarcoidosis. JACC Cardiovasc
Imaging. (2018) 11:94-107. doi: 10.1016/j.jcmg.2017.02.021

Wisenberg G, Thiessen JD, Pavlovsky W, Butler J, Wilk B, Prato FS. Same day
comparison of PET/CT and PET/MR in patients with cardiac sarcoidosis. |
Nucl Cardiol. (2020) 27:2118-29. doi: 10.1007/s12350-018-01578-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Wand, Chrispin, Saad, Mukherjee, Hays and Gilotra.
This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

49

January 2022 | Volume 8 | Article 785279


https://doi.org/10.1161/CIRCIMAGING.113.000867
https://doi.org/10.3390/jcm9030890
http://jnm.snmjournals.org/cgi/reprint/45/12/1989%0Ahttp://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=emed8&NEWS=N&AN=47611626
http://jnm.snmjournals.org/cgi/reprint/45/12/1989%0Ahttp://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=emed8&NEWS=N&AN=47611626
http://jnm.snmjournals.org/cgi/reprint/45/12/1989%0Ahttp://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=emed8&NEWS=N&AN=47611626
https://doi.org/10.1016/j.ijcard.2018.10.083
https://doi.org/10.1016/j.hrthm.2015.08.014
https://doi.org/10.1007/s12350-019-01746-4
https://doi.org/10.1177/0284185115600916
https://doi.org/10.3390/ph14121286
https://doi.org/10.1007/s12410-017-9400-x
https://doi.org/10.18632/oncotarget.12799
https://doi.org/10.1186/s13550-016-0207-6
https://doi.org/10.1093/eurheartj/ehv278
https://doi.org/10.1007/s12350-016-0495-2
https://doi.org/10.1097/RLU.0000000000000653
https://doi.org/10.1016/j.jcmg.2019.12.013
https://doi.org/10.1016/j.cardfail.2019.02.018
https://doi.org/10.1016/j.cardfail.2021.06.010
https://doi.org/10.1016/j.cardfail.2020.08.013
https://doi.org/10.1016/j.ahj.2019.10.003
https://doi.org/10.1016/j.jacc.2013.09.022
https://doi.org/10.1007/s12350-018-01504-y
https://doi.org/10.1007/s12350-013-9828-6
https://doi.org/10.1007/s00259-018-4001-8
https://doi.org/10.1016/j.ijcard.2017.03.033
https://doi.org/10.1007/s10554-020-02090-2
https://doi.org/10.1093/ehjci/jex340
https://doi.org/10.1016/j.jcmg.2017.02.021
https://doi.org/10.1007/s12350-018-01578-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

'," frontiers

in Cardiovascular Medicine

REVIEW
published: 28 January 2022
doi: 10.3389/fcvm.2021.799031

OPEN ACCESS

Edited by:

Fabrizio Ricci,

University of Studies G. d’Annunzio
Chieti and Pescara, ltaly

Reviewed by:

Luca Arcari,

M.G. Ospedale Vannini, Italy
Anwar A. Chahal,

University of Pennsylvania,

United States

Sylvia J. Buchmann,

Vivantes Klinikum Spandau, Germany

*Correspondence:
Allison G. Hays
allison.hays@gmail.com

Specialty section:

This article was submitted to
Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 21 October 2021
Accepted: 15 December 2021
Published: 28 January 2022

Citation:

Zghyer F, Botheju WSR, Kiss JE,
Michos ED, Corretti MC, Mukherjee M
and Hays AG (2022) Cardiovascular
Imaging in Stress Cardiomyopathy
(Takotsubo Syndrome).

Front. Cardiovasc. Med. 8:799031.
doi: 10.3389/fcvm.2021.799031

Check for
updates

Cardiovascular Imaging in Stress
Cardiomyopathy (Takotsubo
Syndrome)

Fawzi Zghyer', W. Savindu Pasan Botheju?, Joshua E. Kiss', Erin D. Michos’,
Mary C. Corretti’, Monica Mukherjee’ and Allison G. Hays ™

' Division of Cardiology, School of Medicine, Johns Hopkins University, Baltimore, MD, United States, ? Virginia
Commonwealth University Medical Center, Richmond, VA, United States

Stress cardiomyopathy (Takotsubo syndrome) is a reversible syndrome stemming from
myocardial injury leading to systolic dysfunction and is usually noted in the setting of a
stressful event, be it an emotional or physical trigger. While the exact pathophysiology
behind stress cardiomyopathy is yet unknown, there is ample evidence suggesting
that neurocardiogenic mechanisms may play an important role. Although historically
stress cardiomyopathy was generally thought to be a relatively benign condition, there
is growing recognition of the cardiovascular complications associated with it despite its
reversibility. Our review aims to shed light onto key cardiovascular imaging modalities
used to diagnose stress cardiomyopathy while highlighting the role that imaging plays
in assessing disease severity, identifying complications, dictating treatment approaches,
and in short-term and long-term prognosis.

Keywords: cardiomyopathy, CMR stress

cardiomyopathy, imaging

(cardiovascular magnetic resonance), echocardiography,

BACKGROUND

Takotsubo syndrome, also known as stress cardiomyopathy (stress CM), apical ballooning
syndrome, or broken heart syndrome, is increasingly recognized as an important cause
of acute reversible myocardial injury and acute systolic dysfunction (1). The origin
of the name “takotsubo” refers to octopus traps used in Japan, which resemble the
apical ballooning pattern often observed on fluoroscopic left ventriculogram in the classic
presentation of stress CM (2). Previously thought to be a rare diagnosis, stress CM
currently comprises around 2% of all the patients presenting with concern for acute coronary
syndrome (ACS) (3).

Stress CM was initially thought to be a relatively benign, reversible condition, but as prevalence
has increased it has become apparent that it is often associated with significant morbidity and
mortality (1). There is increasing recognition of associated cardiovascular complications such as
left ventricular (LV) outflow tract obstruction, mitral regurgitation, and heart failure which may all
lead to cardiogenic shock (4).

In an era where the application of multimodality cardiovascular imaging has been increasing,
our review will aim to highlight the diagnosis of stress CM with a particular focus
on imaging.
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DEFINITION AND DIAGNOSIS

Stress CM is defined as a syndrome of transient and acute LV
systolic and diastolic dysfunction usually related to a profound
emotional or physical stress within the prior 5 days (1, 5).
The syndrome is suspected when observed regional wall motion
abnormalities (RWMA) cannot be explained by corresponding
coronary artery occlusions. The typical pattern of LV RWMA
that is described includes apical hypokinesia, akinesia, or
dyskinesia which gives the apical ballooning shape with relative
basal hyperkinesis. Other forms of stress CM include “reverse
Takotsubo” or “atypical Takotsubo” which are characterized by
mid-ventricular or basal hypokinesis (6). Focal stress CM is
another rare form described by its focal LV RWMA which
makes it very hard to distinguish from myocarditis or myocardial
infarction (7). Clinically, stress CM often presents with ST-
segment changes on electrocardiography (ECG), elevation
in troponins, a significant increase in serum natriuretic
peptides, and characteristic imaging findings. However, coronary
angiography remains an essential diagnostic modality to
definitively exclude ischemic etiologies for RWMA (1).

Multiple diagnostic criteria have been proposed: the most
commonly used are the Heart Failure Association of the
European Society of Cardiology diagnostic criteria for Takotsubo
Syndrome (8), the International Takotsubo Diagnostic Criteria
(InterTAK) (9), and the Revised Mayo Clinic Criteria (10).
The criteria are summarized in Table 1. The Japanese Society
of Echocardiography (JSE) and the European Association of
Cardiovascular Imaging (EACVI) published a joint consensus
document in 2020 providing a comprehensive review of the
various cardiovascular imaging modalities that can be utilized
in diagnosing and prognosticating stress CM. They incorporated
the InterTAK criteria into a simplified diagnostic algorithm that
helps evaluate chest pain and/or dyspnea and rule out several
cardiac causes before getting to stress CM (11).

PATHOPHYSIOLOGY

The exact pathophysiology leading to stress CM still remains
unknown. There is a known neuro-cardiovascular link that
may contribute to stress CM, but recently neuroimaging studies
have given us more insight (12). The central autonomic nervous
system (CANS) is vital for cardiovascular regulation. Prior to
adopting the terms Takotsubo and stress CM, clinicians have
identified instances of transient systolic dysfunction as well as
dynamic EKG changes in relation to intracranial pathology such
as stroke or hemorrhages (12). This phenomenon has been later
described as “neurogenic stunning” and was also seen in patients
undergoing electroconvulsive therapy (ECT) (13). As described
by de Chazal et al. in a recent review, in the acute phase,
there is increased blood flow in the hippocampus, brainstem,
and basal ganglia with return to normal upon resolution of
the syndrome (1). However, it is still unknown why some
emotional stressors cause myocardial dysfunction while other
stressors do not. Stress induces activation of complex neocortical
limbic pathways which leads to the activation of brainstem
noradrenergic neurons and stress related neuropeptides

TABLE 1 | The table below summarizes the diagnostic criteria for stress
cardiomyopathy.

Heart Failure Association-European Society of Cardiology Criteria
Transient RWMA in LV or RV which are frequently but not always accompanied
by a stressor

The RWMA usually extends beyond a single coronary artery with circumferential
involvement of the segments involved

The absence of acute coronary syndrome

New and reversible electrocardiographic abnormalities

Significantly elevated serum natriuretic peptides

Mildly elevated cardiac enzymes

Recovery of LV systolic function on cardiac imaging at follow-up (3-6 months)

International Takotsubo Diagnostic Criteria (InterTAK Diagnostic Criteria)
Transient LV dysfunction presenting with apical ballooning or mid-ventricular,
basal, or focal wall motion abnormalities. RV involvement can be present too.
The regional wall motion abnormalities usually extend beyond a territory of a
single coronary artery

An emotional physical or combined trigger precedes the symptoms, however
not obligatory

Neurologic disorders as well as pheochromocytoma may serve as triggers for
stress cardiomyopathy

New ECG abnormalities are present

Cardiac biomarkers are moderately elevated, but natriuretic peptides are
significantly elevated

Significant coronary artery disease is not a contradiction in Takotsubo syndrome
Patients have no evidence of infectious myocarditis

Postmenopausal women are predominantly affected

Revised Mayo Clinic Criteria

Transient hypokinesis, akinesis, or dyskinesis of the LV with or without apical
involvement, the RWMA extends beyond a single coronary artery distribution; a
stressful trigger is often but not always present

Absence of obstructive coronary artery disease or angiographic evidence of a
plaque rupture

New ECG abnormalities or moderate elevation in cardiac biomarkers

Absence of pheochromocytoma or myocarditis

(NPY) produced by the arcuate nucleus of the hypothalamus.
Acute stressors induce brain activation, which increases the
bioavailability of norepinephrine, cortisol, and NPY. Both
circulating epinephrine and norepinephrine released from the
medulla of the adrenal glands or locally from sympathetic nerve
terminals are known to be significantly increased during the
acute phase of stress CM. The catecholamine and NPY surge
can lead to the apical ballooning physiology through multiple
mechanisms including direct catecholamine toxicity, epicardial,
and microvascular coronary spasm or vasoconstriction, and
increased cardiac afterload (14). Experimental data have shown
that p,-adrenoceptors are more frequently expressed in an apical
than the basal segment of the LV, while a reverse distribution is
present for norepinephrine p;-adrenoceptors and sympathetic
and sympathetic nerve terminals of the neuro-cardiac axis,
which are dense at the base but not the apex (15). Previously,
it was widely thought that the catecholamine surge is solely
responsible for the cardiomyopathy; however, it is increasingly
recognized that alternate mechanisms may play more of
a role. Catecholamine levels often increase in response to
cardiac dysfunction and hypotension. It is not yet clear how
norepinephrine and NPY contribute mechanistically to stress
CM. One hypothesis maintains that the cardio-depressant effects
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of catecholamines may lead to supply demand mismatch at the
level of the myocardium and eventually myocardial stunning
(1). Thus, it is plausible that in individuals with higher levels of
NPY/norepinephrine, an intense stressor may predispose them
to develop stress CM (1).

RISK FACTORS

Estrogen deficiency in post-menopausal women appears to be
one of the strongest risk factors associated with stress CM. This
is often superimposed on a background of anxiety or panic
disorder (16). Diabetes has also been described as a risk factor,
as 10-25% of all the patients presenting with stress CM have
concomitant diabetes (17). One of the non-cardiac risk factors
frequently associated with stress CM 1is asthma, particularly
after the use of medical interventions such as beta-2 agonists,
racemic epinephrine, and intubation. It is not fully understood
whether it is the asthma itself or the treatment that triggers the
syndrome (18). Marijuana use is also associated with stress CM
with a subsequent higher mortality (19). Prior studies suggest that
cannabinoids induce NPY expression from the arcuate nucleus
of the hypothalamus which can lead to neurogenic myocardial
stunning (20). Finally, as we continue to assimilate further data
on the COVID-19 pandemic, there is increasing evidence of
acute or chronic cardiac injury in the setting of a COVID-19
infection. Although stress CM has been reported in the setting
of COVID-19, other pathologies as a cause of cardiac injury
are more common including supply/demand mismatch ischemia,
microvascular thromboses, myocarditis, or cytokine storm from
a hyperinflammatory state (21-24).

ECHOCARDIOGRAPHIC FINDINGS

Left Ventricular Wall Motion and Systolic

Function
In the acute phase of stress CM, an echocardiographic assessment
is an essential first step toward the diagnosis. The typical
echocardiographic findings are characterized by the presence of
a large area of dysfunctional myocardium which extends beyond
one coronary artery territory. In classic stress CM, symmetrical
wall motion abnormalities are seen with akinesis or dyskinesis of
the apical and mid-ventricular segments of the anterior, lateral,
septal, and inferior walls with hyperdynamic function of the
basal segments (25) (Figure 1). Other variants such as “mid-
ventricular” or “inverted” stress cardiomyopathy can also be
seen. The mid-ventricular variant is characterized by akinesis
of the mid-ventricular segments with mild hypokinesis or
normal contraction of the apical segments and hypercontractility
of the base. The inverted variant has two different forms:
the first manifests as preserved apical function and severe
hypokinesis of the rest of the walls while the second form is
characterized by hypokinesis only in the basal segments (often
called “reverse Takotsubo”) (25).

Echocardiography also demonstrates reduced LV ejection
fraction (EF) with variable severity and in most cases recovers
as the myocardial stunning resolves (2). The degree of the

EF reduction varies depending on the level of myocardial
impairment which can often correspond with pre-existing
comorbidities, sex, and age. While the degree of myocardial
impairment can sometimes be severe, this is not typically
reflected by the degree of elevation of cardiac biomarkers,
which may be only modestly elevated. The discrepancy between
troponin levels and RWMAs can help clinicians to differentiate
between ACS and stress CM. More recently, the product of
Troponin I level and echocardiographic LVEF has been utilized as
an index to differentiate stress CM from ST elevation myocardial
infarction (STEMI). A value >250 is indicative of a STEMI, with
a sensitivity and specificity of 95 and 87%, respectively (26).

Left ventricular EF has been found to be an independent
predictor of major cardiovascular complications and can help
identify stress CM patients at higher risk particularly in those
aged >75 years (27). Elderly patients demonstrate significantly
lower LV systolic function compared to younger patients (defined
as <75 years) (25). If RWMAs persist, then it is reasonable
to evaluate with a cardiac MRI to rule out necrosis or
other pathologies.

Assessment of LV longitudinal strain may have an important
prognostic value in the acute phases of stress CM. Decreased
global longitudinal strain (GLS) in patients with stress CM was
found to correlate with higher in-hospital mortality (28).

LV Diastolic Function

LV diastolic dysfunction is common in stress CM (29). Global
diastolic dysfunction has been observed in some patients in the
early phases of stress CM which is evident by impaired left
ventricular relaxation and increased E/e’ ratio, a non-invasive
marker of LV filling pressures (30, 31). In the Takotsubo Italian
Network (TIN) registry, E/e€ ratios were higher in patients
who went on to develop acute decompensated heart failure
and was found to be an independent predictor of in-hospital
mortality (32). Of all the complications associated with stress
CM, acute decompensated heart failure is the most common
early complication; thus, an early assessment of the E/e’ ratio
may allow for early identification of patients at higher risk
of decompensation and could serve as a useful tool to guide
management. As E/¢ ratio elevations can be transient, the ratio
itself could be used as a marker for functional recovery when
followed serially across the course of the syndrome.

Mitral Regurgitation (MR)

The mechanism of MR in stress CM is not completely
understood. Systolic anterior motion of the anterior mitral leaflet
(SAM) has been reported in 40-50% of patients with stress CM
and may be associated with significant MR (33) (Figure 1). MR in
stress CM is typically described in cases where reduction in LVEF
is severe and LV volume is high and likely represents functional
MR due to papillary muscle displacement and tethering of the
mitral leaflets in the setting of a dilated and dysfunctional LV
(33). In the TIN registry, the presence of MR appeared to be a
powerful prognostic marker associated with cardiogenic shock
and in-hospital morbidity and mortality (32).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

52

January 2022 | Volume 8 | Article 799031


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zghyer et al.

Cardiovascular Imaging in Stress Cardiomyopathy

FIGURE 1 | Echocardiographic images of a person with stress cardiomyopathy with left ventricular outflow track obstruction (LVOT) and systolic anterior motion
(SAM) of the mitral valve. The apical-4-chamber view in diastole (A) and systole (B) and 2-chamber view in diastole (C) and systole (D) showing classic apical
ballooning with akinesis and hyperdynamic basal segments. (E,F) lllustrate SAM and turbulence across the LVOT indicative of LVOT obstruction.

LV Outflow Tract Obstruction (LVOTO)

LVOTO, diagnosed by echocardiogram, may result from
basal hypercontractility with or without systolic anterior
motion of the anterior mitral leaflet causing dynamic
obstruction of the LV outflow tract (LVOT), and is seen in
as many as 12.5-25% of cases (32, 34). Significant LVOTO
is described as a peak instantaneous LVOT gradient > 30
mmHg. The LVOT gradient has important clinical and
therapeutic implications in patients with stress CM; in this
cohort, inotropic agents and diuretics should be avoided
as the basal hypercontractility induced by catecholamines
and the reduction in preload can lead to an exacerbation
in gradient with subsequent hemodynamic collapse and
cardiogenic shock. LVOTO is associated with increased
LV afterload and systolic wall tension which may lead to
subendocardial ischemia. In this setting, beta blockade may
be beneficial in reducing inotropy and reduced myocardial
demand. Alpha-1 agonism with phenylephrine can increase
systemic vascular resistance and thus help reduce the effect
of dynamic LVOT obstruction, ultimately reducing LV
afterload and wall stress (25). Patients with severe LVOTO
and stress CM are at higher risk for free wall rupture and life-
threatening arrhythmias.

Right Ventricular (RV) Function

Electrocardiographic signs of RV strain warrant special attention
with regards to evaluation of RV function in stress CM.

The prevalence of RV involvement has been reported to
be around 14% in one study; however, this may be an
underestimation due to difficulty imaging the RV (25). In
patients with biventricular ballooning, RV contraction often
mirrors that of the LV (35). The pattern described is the
opposite of the well-described McConnell’s sign seen in
massive pulmonary emboli which manifests itself as RV apical
hyperkinesis and basal and mid hypokinesis to akinesis. The
pattern of RV involvement was eventually called “reverse
McConnell’s sign” (36). There is conflicting evidence on
whether RV involvement predicts worse outcomes. In the TIN
registry, RV involvement was more prevalent in patients with
major complications. No significant correlation has been found
between tricuspid annular systolic excursion (TAPSE) and major
adverse events (32).

Contrast Echocardiography

Per the updated American Society of Echocardiography
guidelines (2018) and European Association of Cardiovascular
Imaging (2017) guidelines, contrast echocardiography is
a recommended tool to evaluate for the presence of an
LV thrombus in situations where it is not detected on
non-contrast echocardiography (37). However, if contrast
echocardiography fails to detect a thrombus in cases with a
high clinical suspicion for a thrombus, cardiac MRI would
provide a higher sensitivity and specificity at detecting
LV thrombi.
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CARDIAC MAGNETIC RESONANCE
IMAGING (CMR)

Cine CMR Sequence

Cine CMR sequences allow for more detailed assessment of LV
and RV function, ventricular wall motion abnormalities, and
possible complications of stress CM (38, 39). While the “apical
ballooning” pattern of wall motion accounts for around 75-80%
of patients, stress CM can also present in the form of other
less common variants, namely the mid-ventricular variant or the
inverted variant which are discussed earlier (40, 41) (Figure 2).
The cine sequence can also be used to demonstrate LVOTO with
or without systolic anterior motion of the mitral valve leaflet as
well as functional mitral regurgitation (39). These complications
can be further assessed with phase contrast velocity imaging
in order to generate quantitative values such as LV outflow
tract gradient.

Additionally, CMR allows for more quantitative assessment
of RV function. RV involvement has been assessed by CMR
in multiple studies: patients with RV dysfunction were older,
had with longer hospital stays, had more frequent preceding
stressful events, had significantly more pleural effusions, and
had a lower LV EF compared to those that did not have RV
involvement (41, 42).

Recently, ~CMR  post-processing  techniques  called
feature/tissue tracking CMR (FT-CMR) have been developed
that enable strain analysis for the quantification of myocardial
deformation. A study by Stiermaier et al. evaluated 141 patients
with stress CM and found that reduced global circumferential
(GCS) and global longitudinal strain (GLS) were associated
with the apical ballooning variant while reduced global radial
strain (GRS) was associated with the basal ballooning variant
(43). Additionally, the study posited that GLS may be useful as a
prognostic indicator as LV strain measures worse than —14.75%
were associated with adverse outcomes (43).

Myocardial Edema

In the setting of myocardial injury, tissue inflammation may
increase resulting in localized myocardial edema (41). Changes in
the tissue water content can be evaluated via a CMR T2-weighted
imaging protocol (Figure3) which allows for assessment of
the distribution of myocardial edema and can be helpful in
differentiating between cardiac pathologies such as stress CM,
ACS, and myocarditis.

By employing the black blood T2-weighted (fast spin echo)
triple-inversion recovery (IR) sequence, fat, and flowing blood
can be suppressed allowing the contrast signal to differentiate
between normal myocardium and edematous tissue (44). This
process can be quantified by calculating the ratio of the signal
intensity (SI) between the myocardium and skeletal tissue, with a
cut-off value of over 1.9 considered significant for edema.

The pattern of edema in stress CM classically overlaps with
the dysfunctional ventricular regions noted on the cine CMR
sequence and does not correspond to territories served by
epicardial vessels that would generally be seen in ACS (41). The
signal distribution tends to be transmural and circumferential
over the affected area, unlike in myocarditis where it tends to be

more diffuse and heterogenous with a propensity to have higher
signal intensity in the sub-epicardial or mid-myocardial tissue.

It is important to note, however, that T2-weighted triple IR
can be prone to artifacts from various factors such as arrhythmias,
blood pooling, or breathing motion artifact. Therefore, studies
investigating techniques that use motion correction algorithms
such as extracellular volume (ECV) mapping and parametric T1
or T2 mapping have shown to improve diagnostic accuracy and
provide further quantitative evidence in evaluating myocardial
edema (15, 45-47). In patients with myocardial infarction, the
intensity of T2 signaling tends to take months or even years to
decline in the infarcted and surrounding tissue depending on
the severity of the injury. In stress cardiomyopathy, there has
been variable data with some studies showing a normalization
of signaling as the myocardial function returns to normal, while
other studies have shown a slower return to baseline, despite
recovery in LV myocardial function (15, 45-48). These novel
techniques could prove to be viable alternatives to evaluate
myocardial inflammation and characterize disease severity
without using gadolinium contrast and warrant further studies
with larger patient cohorts.

Although the pathophysiology of myocardial inflammation
in stress CM is not well-known, increased myocardial edema
on imaging may indicate a direct inflammatory process from
the syndrome, a secondary effect stemming from elevated
sympathetic drive, or microvascular ischemia associated with
stress CM (41, 48, 49).

Late Gadolinium Enhancement (LGE)

The use of gadolinium-mediated myocardial enhancement
has been used to delineate areas of myocardial scarring or
replacement fibrosis stemming from myocardial injury and
inflammation. Conventionally, when using LGE to delineate
areas of fibrosis in patients with a history of myocardial infarction
or myocarditis, a threshold of 5 standard deviations (SDs) above
the signal intensity seen in remote, unaffected tissue is used to
define significant enhancement. In areas affected by myocardial
infarction, the LGE pattern is generally predominant in the
subendocardial tissue and can spread transmurally depending
on the extent of injury, while in myocarditis the distribution
tends to dominate in the sub-epicardial region (updated Lake
Louise consensus criteria) (50). Previously, it was thought that
the absence of LGE was a pathognomonic feature of stress CM
that differentiated it from other pathologies such as myocardial
infarctions or myocarditis; however, several studies have now
shown that stress CM does present with a certain degree of
LGE that is usually of reduced intensity compared to other
conditions that cause fibrosis (41, 51, 52). Eitel et al. showed no
evidence of LGE in any of the 239 patients assessed in one study,
while lowering the threshold to 3 SD showed positive findings
in 22 patients (9%) (41). These patients had higher troponin
levels at presentation compared to those that had negative LGE
but there were no differences in the LV ejection fraction, end-
diastolic volume, or end-systolic volume. Another study similarly
revealed that changing the SD threshold for LGE may yield
different results (53).
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ical ballooni
AR sl Follow-up, 3 mo
End diastole End systole End systole

[£] Midventricular ballooning with sparing of apical and basal region Follow-up, 3 mo
End diastole End systole End systole

Basal “inverted” ballooning Follow-up, 3 mo

End diastole End systole End systole

[®] Biventricular ballooning with combined LV and RV dysfunction Follow-up, 3 mo
End diastole End systole End systole

FIGURE 2 | A comparison of vertical long axis CMR cine sequence images on diagnosis and at 3-month follow-up showing a recovery of wall motion abnormalities.
The four sets of images display four different variants associated with stress CM. The pink asterisk denotes a pericardial effusion. Yellow arrows indicate apical
akinesis while the black arrows indicate RV apical akinesis in the biventricular ballooning variant. Figure adapted from Figure 2 on Clinical Characteristics and
cardiovascular magnetic resonance findings in stress (Takotsubo) cardiomyopathy by Eitel et al. (41).

There are various theories as to what causes the delayed  of contrast due to the presence of myocardial inflammation and
enhancement, with some studies suggesting a delayed washout interstitial edema. Other studies have used immune-histological
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Basal myocardium

Middie myocardium

FIGURE 3 | T2-weighted sequences demonstrating variability in signal intensity based on the affected myocardial regions. The color coding resembles varying signal
intensity ratios between myocardium and skeletal tissue with blue indicating a ratio > 1.9 (indicating edema) while yellow/green indicates a ratio <1.9, indicative of
normal myocardium. These images illustrate predominant myocardial edema in the mid-ventricular and apical segments. Adapted from Clinical Characteristics and
cardiovascular magnetic resonance findings in stress (Takotsubo) cardiomyopathy by Eitel et al. (41).

Apical myocardium

evidence to show that affected areas in stress CM have increased
collagen-1 which could be indicative of a fibrotic process (52, 53).
Perhaps the low level of LGE reflects the reversibility of stress CM
and near or complete resolution, which is an essential diagnostic
component of this condition. In ischemic cardiomyopathies
or non-ischemic cardiomyopathies such as sarcoidosis, higher
degrees of LGE are often associated with poorer prognoses due
to irreversible myocardial injury (54). In one study, stress CM
patients with LGE had a higher frequency of cardiogenic shock
and had a slower recovery of wall motion compared to those that
did not display LGE (53). Therefore, extent of LGE on CMR may
represent a useful prognostic marker in stress CM.

Early Gadolinium Enhancement (EGE)

Within 1-3min of gadolinium administration, EGE can be
accessed via a high T1 inversion time. This technique is essential
for the identification of LV thrombus. Thrombi are characterized
by having no gadolinium uptake and are seen as a hypodense
mass (almost black) in contrast to the gray myocardium.
Important CMR parameters are summarized in Table 2.

NUCLEAR IMAGING

Recent studies have reported a role for nuclear imaging findings
in the diagnosis of stress CM. Single photon emission computed
tomography can assess cardiac stunning using 201 Thallium
or 99m Technetium-labeled radiopharmaceuticals and 123I-
metalodobenzyl-guanidine (I-123 MIBG) (55). In addition, 18F-
fluorodeoxyglucose (FDG) positron emission tomography can be

TABLE 2 | Important CMR parameters for the evaluation of stress CM.

Imaging sequence Clinical significance

Cine CMR (balanced Steady State
Free Precession/SSFP)

Feature/Tissue tracking CMR
(FT-CMR)
T2-weighted triple inversion recovery

Assessing wall motion abnormalities

Quantifying regional and global strain
patterns

Identifying areas with myocardial
edema and distribution pattern

T1 or T2 mapping Quantitative assessment of myocardial

edema
First pass perfusion Assessing perfusion defects
Early gadolinium enhancement Ruling out LV thrombus
Late gadolinium enhancement Assessing extent of regional

inflammation and fibrosis

used to detect myocardial glucose metabolism (56). In the acute
and sub-acute phases of stress CM, the affected segments of the
myocardium show defects in FDG and MIBG despite normal to
slightly reduced perfusion (57). MIBG is a norepinephrine analog
and uses the same mechanism of norepinephrine in the uptake
and storage in presynaptic vesicles. After adrenergic stimulation,
MIBG is released in the synaptic cleft but is not metabolized by
monoamine oxidase (MOA) and catechol-O-methyltransferase
(COMT) enzymes (58). MIBG is also labeled with iodine-123
(1231) as a radiotracer due to its suitability for imaging. With
such properties, it is possible to evaluate the cardiac uptake of
the MIBG and its distribution (59). Visually and quantitively, two
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parameters are analyzed: heart to mediastinal ratio (H/MR) and
myocardial washout rate (WR) (59).

The evaluation of stress CM by I-123 MIBG scintigraphy
demonstrates a defect in MIBG uptake at the level of the apex.
Semi-quantitative measures also demonstrate a reduction in
H/MR and an increase in washout (59). The use of nuclear
imaging for the diagnosis of stress CM is promising but given the
presence of alternative more accessible modalities, it is not the
first line imaging modality for diagnosis.

CARDIAC MULTI-DETECTOR COMPUTED
TOMOGRAPHY

Cardiac multi-detector computed tomography (MDCT) is a
comprehensive imaging modality that is used to assess cardiac
function as well as coronary artery lesions (55). MDCT
can provide valuable information regarding RWMA and can
immediately rule out a coronary artery lesion with a high
negative predictive value (60). In clinical practice, excluding the
possibility of coronary obstruction or acute plaque rupture with
MDCT still remains a challenge (55). Cardiac MDCT may be a
promising imaging modality in the evaluation of suspected stress-
induced cardiomyopathy. Cardiac MDCT may in particular be
an appealing imaging modality when there is a clinical need to
evaluate the coronary arteries at the same time or when there is a
contraindication to MRI.

COMPLICATIONS

Although the hallmark of stress CM is that myocardial
function returns to normal within weeks, many patients endure
complications related directly to stress CM or comorbid medical
conditions and can have significant morbidity and mortality in
the inpatient setting (Figure 4).

Acute Heart Failure
Systolic heart failure is the most common complication
encountered by these patients in the acute setting, with an

o Acute heart failure (3-46%)
© LVOT obstruction (12-25%)
o Cardiogenic shock (6-20%)
¢ Mitral regurgitation (14-25%)

o Atrial fibrillation (4.5-25%)
o LV thrombus (2-9.2%)
e Cardiac arrest (4-6%)

® Tachyarrhythmias (2-5%)
® Bradyarrhythmias (2-5%)
¢ Death (1-5%)

FIGURE 4 | Summary of common in-hospital complications associated with
stress CM.

incidence ranging between 3 and 46% (3, 32, 61, 62). This
can occur as a result of depressed LV systolic function or
secondary to other associated complications such as LVOTO or
functional mitral regurgitation. Some patients have progression
of heart failure to cardiogenic shock requiring inotropic or
vasopressor support or even mechanical support via intra-aortic
balloon pumps (IABP) or extracorporeal membrane oxygenation
(ECMO), with a very small proportion of cases resulting in death.
Biventricular involvement has a tendency to occur in the elderly
population, is associated with lower LV ejection fraction, and
is an independent predictor of adverse cardiovascular outcomes
(41, 63). These patients tend to have longer and complicated
hospital stays and have shown to have higher rates of in-hospital
and long-term morbidity and mortality (64).

LV Thrombus and Systemic Emboli

Formation of an LV thrombus is a relatively rare but significant
complication associated with stress CM, particularly with the
apical ballooning variant. Studies have shown an incidence
between 2 and 9.2% of patients (65-68). In these cases,
likelihood of clot formation is increased due to blood stasis
from apical hypokinesis/akinesis increased stasis; furthermore,
the adrenergic surge that is often thought to be a contributing
mechanism behind stress CM could potentially cause endocardial
damage that may initiate a thrombotic process. Stress CM
patients with LV thrombus are at increased risk for systemic
emboli including cerebrovascular embolic events, which can
occur in around 17-25% of cases (66, 68).

Arrhythmias

As cardiac arrhythmias are important potential complications
of stress CM that could arise in the acute setting, patients
need to be monitored closely via telemetry and serial ECGs in
order to evaluate for abnormal rhythms and a prolonged QT
interval. Atrial fibrillation can occur in ~4.5-25% of patients
and is the most common arrhythmia seen in stress CM patients
(69-71). Rarely, patients may develop more dangerous cardiac
arrhythmias such as ventricular tachycardia or torsades de
pointes, especially if a prolonged QT interval >500 ms is present
(72, 73). In one study, men were more likely to have cardiac
arrhythmias and a higher incidence of cardiac arrest compared
to women (69).

TREATMENT

Acute Heart Failure and Cardiogenic Shock
To date, there have been no large randomized controlled
trials investigating various therapies that are commonly used
for the treatment of acute heart failure in stress CM. The
primary goal of therapy is to address any acute complications
that arise, prophylactically treat to minimize risks of certain
complications such as thromboembolism, and closely follow the
patient throughout the course of the disease until full recovery
and/or normalization of cardiac function. In determining the
course of therapy, it is important to delineate the pattern
of cardiomyopathy and identify certain features such as the
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presence of LVOTO that may require adjustment in medication
regimen (Figure 5).

In a patient with normal cardiac output, the standard of
treatment involves use of diuretics in order to achieve euvolemia
and afterload reduction with arterial vasodilators (e.g., ACE-
inhibiters, angiotensin-receptor blockers, angiotensin receptor-
neprilysin inhibitor, hydralazine) (1, 74). In patients who are
hemodynamically stable with LVOTO, the use of beta-blockers
has a negative inotropic effect on basal hypercontractility and
reduces the obstruction. In the case of LVOTO, the use of nitrates
in order to lower filling pressures may have negative effects by
worsening the LVOT gradient and should be avoided (74).

When treating a patient with cardiogenic shock, the approach
to therapy is heavily predicated on the presence or absence
of LVOT obstruction. In the absence of LVOT obstruction,
inotropic agents such as dobutamine or milrinone can be used
to augment cardiac output. Vasopressors such as norepinephrine
or vasopressin can be utilized as a second-line agent. There have
been retrospective studies and case series suggesting the safety
and feasibility of using levosimendan (a Ca2" sensitizer) as a
potential alternative inotropic agent (75, 76); however, clinical
trials are needed to further study this agent before adoption in
clinical practice. Several case reports have detailed complex stress
CM cases requiring mechanical circulatory support via IABP or
percutaneous left ventricular assist devices (such as Impella) until
recovery (77, 78).

If LVOTO is present independent of concurrent mitral
regurgitation, the use of inotropic support can increase basal
hypercontractility and worsen the LVOTO, potentially worsening
cardiogenic shock. These patients benefit from measures such
as administration of IV fluids and/or the use of low-dose

FIGURE 5 | Cine CMR horizontal long-axis view illustrating the systolic “jet”
seen in LVOT (white arrow) with concurrent systolic anterior motion of the
mitral leaflets (green arrow) and functional mitral regurgitation (red arrow).
Adapted from Figure 6 in Placido et al. (39).

beta-adrenergic antagonists such as metoprolol or esmolol for
the purpose of negative inotropy on the hyperdynamic basal
myocardium which can reduce the LVOT obstruction. Extreme
caution must be practiced with use of beta blockers, however, as
despite their benefit in reducing LVOTO they can be potentially
detrimental by reducing cardiac output further due to negative
inotropy. Other therapeutic agents include vasopressors such
as phenylephrine or vasopressin which can be administered
to increase systemic vascular resistance and thereby reduce
obstruction at the LVOT (1). In refractory cases, ECMO may be
used to provide support (79).

Much like with acute management of stress CM, chronic
management of stress CM has limited evidence with no official
guidelines in place to date. There have been several studies
ranging from case series to retrospective studies to meta-analyses
investigating various heart failure drugs. Some studies favor
ACE-inhibitors and angiotensin receptor blockers over beta
blockers in terms of potential long-term mortality benefit while
others have shown no significant findings (40, 80, 81). The
general approach to chronic care of stress CM patients has been
to initiate guideline-directed medical therapy as indicated in the
care of the general cardiomyopathy patient. In patients with
concurrent coronary artery disease, guideline-directed use of
aspirin and statin therapies is likely beneficial as well (74).

Thromboembolism

In the 2013 ACCF/AHA guidelines for the management of
STEMI, there is a Class IIb recommendation to consider
prophylactic anticoagulation in patients with anterior wall
myocardial infarctions resulting in hypokinetic or akinetic wall
motion abnormalities that could pose a potential high risk of
LV thrombus formation (82). In a review article by Heckle et
al. (66), data compiled from four studies showed a prevalence of
9.2% for thromboembolic events in patients with stress CM. The
study posited that an event rate of 9.2% would roughly equate to
a score of at least 5 on the CHA2DS2-Vasc scoring system used
to determine the need for anticoagulation in patients with atrial
fibrillation; therefore, this could theoretically be extrapolated
to initiate prophylactic anticoagulation in patients with stress
CM (66). To date, there have not been any randomized clinical
trials investigating the efficacy of anticoagulation and duration
of therapy as a therapeutic or even prophylactic approach to
patients with a LV thrombus in the setting of stress CM.
Prior retrospective studies have suggested the use of systemic
anticoagulation for at least 3 months in patients with a confirmed
LV thrombus.

PROGNOSIS

A retrospective, international, multi-center study by Templin
et al, utilized a database called the International Takotsubo
Registry to identify risk factors for stress CM as well as and
predictors of clinical outcomes in these patients (40). In the study,
21.8% of patients had in-hospital complications including death,
which was similar when compared to those with ACS. A multi-
variate analysis in this study revealed that physical triggers, acute
psychiatric disorders (including anxiety, adjustment disorder,
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and severe stress), or neurologic disorders (including stroke/TIA,
seizures, and headache disorders); a first troponin level >10 times
the upper limit of normal; and an LVEF of <45% were all noted
to be predictors of higher incidence of in-hospital complications
and death. Conversely, older age (>70 years) and the presence
of an emotional trigger were associated with a lower incidence of
in-hospital complications and death; however, other studies have
revealed higher rates of complications in older patients (27, 83).

In-hospital mortality rates for stress CM have ranged between
2 and 5% (32, 83-85). A study in Japan by Isogai et al. (86)
compared patients with stress CM due to an out-of-hospital
causative factor with those who developed stress CM during
hospital admission and found that in-hospital stress CM patients
had higher a proportions of co-morbidities along with higher
in-hospital mortality (17.9 vs. 54%, p < 0.001). Presenting
in an unstable condition (i.e., post-cardiac arrest or shock
requiring pressor support) or having other non-cardiac acute co-
morbidities were also associated with a higher risk of in-hospital
mortality. In analyzing long-term outcomes, some studies have
shown a higher mortality in patients with stress CM compared to
a general age and gender-matched population while others have
shown no differences in the long term (87, 88).

Data on recurrence have been limited but current evidence
reports a recurrence rate of around 2-4% per year and up to
as high as 20% in 10 years (40, 88, 89). There are reports
of recurrence presenting with a different anatomical variant of
stress CM. Some patients may continue to experience symptoms
such as fatigue, shortness of breath, chest pain, and exercise
intolerance even with recovery of LVEF (1). There is also evidence
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Diagnostic Value of 1'C-PIB PET/MR
in Cardiac Amyloidosis

Xiao Bi'*, Baixuan Xu™*, Jiajin Liu', Guanyun Wang !, Jing An2, Xiaojun Zhang',
Ruimin Wang', Wei Dong®* and Zhiwei Guan #

" Department of Nuclear Medicine, The First Medical Centre, Chinese PLA General Hospital, Beijjing, China, 2 Siemens
Healthcare Ltd., Guangdong, China, ° Department of Cardiology, The Sixth Medical Centre, Chinese PLA General Hospital,
Beijing, China, * National Clinical Research Center for Geriatric Diseases, Chinese PLA General Hospital, Beijjing, China

Background: The thioflavin T derivative, ' C-Pittsburgh-B (PIB), is used for Alzheimer’s
disease imaging because it specifically binds to g-amyloid protein deposits in the brain.
The aim of this study was to estimate the diagnostic value of combined ' C-PIB positron
emission tomography/magnetic resonance (PET/MR) in cardiac amyloidosis (CA).

Methods: We enrolled 23 heart failure patients with suspected CA based on
echocardiographic and electrocardiograph findings. All patients underwent cardiac
"C-PIB PET/MR and non-cardiac biopsy within one week. We also enrolled eight
healthy volunteers that underwent cardiac ''C-PIB PET/MR as a control group. The
cardiac magnetic resonance (CMR) protocol included cine imaging, late gadolinium
enhancement (LGE), and native and post-contrast T1 mapping. Extracellular volume
(ECV) was measured using pre- and post-contrast T1 mapping images. LVEF, IVSD,
LVPW, LVmass, LVESV, LVEDV, native T1 value, ECV, and maximum uptake of myocardial
tissue-to-blood background ratio (TBR) values were obtained from PET/MR images in all
patients and healthy subjects.

Results: Thirteen out of twenty-three heart failure patients were clinically diagnosed
with CA. The remaining 10 patients were CA-negative (non-CA patient group). Twelve
of the thirteen CA patients showed diffuse transmural LGE patterns, whereas LGE was
either absent or patchy in the non-CA patients. The diagnostic sensitivity and specificity
of TBRmax were 92.3 and 100%, respectively, at a cut-off value of 1.09. Several CMR
imaging parameters (LVEF, IVSD, LVmass, LVEDV, LVESV, LVPW, native T1 value and
ECV) and TBR showed significant differences between CA patients, non-CA patients,
and healthy controls (P < 0.05). Native T1 mapping values positively correlated with
TBRmax values in CA and non-CA patients (r = 0.38, P = 0.0004).

Conclusions: ''"C-PIB PET/MRI is a valuable tool for the accurate and non-invasive
diagnosis of CA because it distinguishes CA patients from non-CA patients and healthy
subjects with high specificity and sensitivity. Moreover, native T1 mapping values
positively correlated with TBRmax values in CA and non-CA patients. In the future, larger
cohort studies are necessary to confirm our findings.

Keywords: ' C-PIB, PET/MR, cardiac amyloidosis, non-invasive diagnosis, LGE, ECV, TBR

Frontiers in Cardiovascular Medicine | www.frontiersin.org 63

March 2022 | Volume 9 | Article 830572


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.830572
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.830572&domain=pdf&date_stamp=2022-03-16
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nmguan@139.com
mailto:xbx301@163.com
mailto:dongwei@301hospital.com.cn
https://doi.org/10.3389/fcvm.2022.830572
https://www.frontiersin.org/articles/10.3389/fcvm.2022.830572/full

Bietal.

PIB PET/MR for CA

INTRODUCTION

Amyloidosis refers to a group of systemic diseases caused
by extracellular and/or intracellular accumulation of insoluble
misfolded amyloid protein fibrils, which progressively damage
the structure and function of related organs (1). Cardiac
amyloidosis (CA) is a type of restrictive cardiomyopathy caused
by the accumulation of misfolded amyloid protein deposits
in the myocardium (2). Heart failure is the main cause of
death and morbidity in CA patients, which manifests either
as a primary disease or as part of systemic amyloidosis (3).
Endocardial biopsy (EB) is the current gold standard for the
clinical diagnosis of myocardial amyloidosis (4). However, EB is
an invasive procedure that cannot be performed routinely. EB
is also associated with high false-negative biopsy interpretation
rates. Moreover, it does not provide sufficient clinical information
regarding the status of the disease and is not effective for
determining prognosis or response to treatment.

Cardiovascular magnetic resonance (CMR) imaging with
late gadolinium enhancement (LGE) is the most commonly
performed non-invasive technique for characterizing myocardial
tissue abnormalities in a wide spectrum of cardiomyopathies
(5). Although multiple LGE distributions have been described
for cardiac amyloidosis, sub-endocardial and transmural LGE
patterns are most commonly observed in cardiac amyloidosis
and serve as diagnostic markers (6). However, LGE-CMR is
not amenable for the early recognition of mild myocardial
amyloidosis during differential diagnosis (7, 8). LGE-CMR is
also not suitable for suspected CA patients with severe renal
impairment (9, 10). Non-contrast T1 mapping is performed
before administering contrast agents to quantify the direct
signal from the myocardium (11). Several studies have shown
that native T1 values are slightly elevated in focal and diffuse
fibrosis (12, 13), edema, and inflammation (14). Boomen et al.
reported that myocardial T1 values were significantly higher
for patients with amyloidosis, including those without any
confirmed cardiac involvement through biopsy or decreased
cardiac function (15). However, a major disadvantage of native
T1 mapping is that the results can vary significantly based on
the type of scanners and magnetic field intensities (1.5T vs. 3T)
used for the analysis. ECV (extracellular volume) is another
early marker of cardiac involvement in patients with amyloidosis
(confirmed by biopsy) and is more reproducible than absolute
T1 values (16). However, in the absence of biopsy confirmation,
ECV values may overlap with other cardiomyopathy pathologies
and limit the specificity of ECV in the early detection of
amyloidosis (8).

The thioflavin-T derivate, 11C—Pi‘[‘[sburgh B (PIB), is used
for the diagnostic imaging of patients with Alzheimer’s disease
because it binds with high-affinity to fibrillar B-amyloid
protein deposits in the brain (17). Amyloid positron emission
tomography (PET) imaging can be used for quantitative analysis
of cardiac amyloidosis because it shows high sensitivity and
specificity for amyloid protein deposits (18). This feature can be
useful for the early diagnosis of CA.

The aim of this study was to assess the diagnostic accuracy
of combined 'C-PIB positron emission tomography/magnetic

resonance (PET/MR) in a cohort of patients with heart failure
and suspected cardiac amyloidosis.

MATERIALS AND METHODS

Patients

Twenty-three patients with heart failure and suspected CA
diagnosed with echocardiography and electrocardiograph were
enrolled in this retrospective study at the First Medical Center
of PLA General Hospital between May 1, 2017 and December
31, 2019. Diagnostic criteria included the thickening of the
wall of the ventricular septum plus any two of the following
criteria: (a) Ultrasound showed characteristic enhanced echo,
such as Granular echo, Speckled echo or Ground glass echo;
(b) Unexplained low voltage <0.5mV in the limb leads of
the 12-lead electrocardiogram; (c) Left ventricular diastolic
function decreased; (d) or Left atrium enlarged. A series
of 'C-PIB PET/MR, echocardiography, extra-cardiac biopsy,
and laboratory tests were performed. Eight healthy volunteers
without any signs or symptoms of cardiac disease were also
enrolled (5 males and 3 females; age range: 41-65 y). The non-
CA patients and healthy subjects were considered as the control
group. We compared !!C-PIB uptake in the myocardium and
the values of several CMR imaging parameters between the
patients with CA and control subjects to establish cutoft values.
Written informed consent was obtained from all patients prior
to recruitment. This study was approved by the Human Ethics
Committee of the Chinese PLA General Hospital.

11C-PIB PET/MR Scanning Parameters
Simultaneous ''C-PIB PET and CMR of the heart were
performed using a 3T hybrid PET/MR system (Biograph
mMR, Siemens Healthineers, Erlangen, Germany). All study
subjects were injected with 555 MBq of 11C-PIB through the
antecubital vein, and PET data was acquired in list mode
using a 20min table time. The acquisition was started 30
mins after the administration of 'C-PIB. PET images were
reconstructed with a 256 x 256 matrix with the ordered-subset
expectation maximization method (4 iterations, 8 subsets), and
post-smoothing was performed using a 4 mm Gaussian filter.
PET images of 5mm slice thicknesses were then displayed
along the transversal, coronal, and sagittal planes. Attenuation
correction was performed using the respiratory-gated 2-point
Dixon sequence, which was acquired before injection of the
gadolinium contrast medium. The Dixon imaging parameters
were as follows: repetition time (TR) = 3.6 ms; echo time (TE)1
= 1.23 ms; TE2 = 2.46 ms; field-of-view = 500 x 500 mm; and
flip angle (FA) = 10°.

Each CMR series was acquired during the expiratory phase
with breath holding. The heart was localized by first acquiring
two-dimensional (2D) scout images in the transversal, coronal,
and sagittal planes. CMR cine images were acquired using
ECG-gated 2D-segmented balanced steady-state free precession
(bSSFP) sequence. Two-, three-, and four-chamber long-axis
and 10-12 short-axis slices covering the LV were acquired to
evaluate cardiac motion and function. The key parameters were
as follows: TR/TE = 3.3/1.43; FA = 55°-70°; voxel size = 1.6 x
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1.6 x 6.0 mm?; temporal resolution = 45.6 ms; bandwidth = 962
Hz/pixel. The 5(3)3 and 4(1)3(1)2 MOLLI sequence acquisition
schemes were used for native T1 and post-contrast T1 mapping,
respectively. Identical images were obtained from the basal, mid,
and apical short axis slices of the ventricle and the 4-chamber
long-axis slices (19, 20). The parameters were as follows: TR/TE
= 2.7/1.12ms; FA = 35° voxel size = 1.4 x 1.4 x 8.0 mm>.
LGE images were generated using a 2D phase-sensitive inversion-
recovery (PSIR) gradient-echo pulse sequence with the following
parameters: TR/TE = 5.2/1.96 ms FA = 20°; voxel size = 1.4 x
1.4 x 8.03 mm.

PET/MRI Analysis

PET activity was measured within the LV myocardium by
analyzing fused and co-registered PET and LGE-MR images.
Myocardial PET uptake was quantified using standard uptake
values (SUV) and target-to-background ratio (TBR) after
correcting for the blood-pool activity in the descending thoracic
aorta. The standard uptake value (SUV) of the myocardium
was measured by drawing the contour of the whole LV at an
approximate thickness of 10 mm from base to apex. Maximal
SUV (SUVmax) was defined as the voxel with the highest uptake
among all the volumes of interest (VOIs) analyzed. Mean SUV
(SUVmean) was defined as the average SUV of the total voxels
in the VOI. The maximal myocardium to blood cavity ratio
(TBRmax) was defined as the maximal SUV of the myocardial
VOI divided by the mean SUV of the descending thoracic
aorta VOL

CMR functional parameters, native T1, and ECV were
measured semi-automatically using a dedicated CMR software,
cvi42 version 5.3 (Circle Cardiovascular Imaging, Calgary,
Canada) (5). LV ejection fraction (LVEF) and standard
parameters of the cardiac structure such as LV mass, ventricle
volume, inter-ventricular septum thickness (IVSD), and left
ventricular posterior wall thickness (LVPW) were measured by
tracing the endocardial and epicardial borders in the long-
axis and short axis cine images at the end-systolic and end-
diastolic timepoints. T1 values of global LV were obtained by
drawing contours around the endocardium and epicardium
as well as indicating the inter-ventricular septum on pre-
contrast T1 mapping images with indexing for the hematocrit.
Native T1 and ECV of global LV were measured by drawing
contours around the endocardium and epicardium as well
as indicating the inter-ventricular septum on pre-contrast
and post-contrast T1 mapping images with indexing for the
hematocrit. Global LV native T1 and ECV values were used for
further analyses. All !C-PIB PET/MR images were analyzed
independently by two experienced investigators in nuclear
medicine independently. All disagreements were resolved in
consultation with a third investigator.

Statistical Analysis

The continuous variables are presented as means = SD and
compared between control and CA patient groups using the
Mann-Whitney U test. Receiver operating characteristic (ROC)
curves were used to determine the diagnostic TBRmax and
native T1 values for CA. Spearman’s correlation analysis was

performed to determine the degree of association (Spearman’s
r value) between native T1 value and TBRmax. P < 0.05 was
considered statistically significant. All statistical analyses were
performed using the R 4.0.1 Statistical Package (the R foundation
for Statistical Computing, Vienna, Austria) and SPSS software
v.24.0 (Statistical Package for Social Science; IBM, Chicago,
IL, USA).

RESULTS
Baseline Characteristics

Among the 23 enrolled patients with heart-failure suspected
of having CA, thirteen patients were diagnosed with CA.
Ten patients with CA were diagnosed by typical non-
invasive detection of cardiac involvement by CMR LGEs and
positive Congo-red staining of abdominal fat pad biopsies
and bone marrow; 2 patients with CA were diagnosed by
diffuse sub-endocardial or transmural LGEs and at least
one of the monoclonal protein tests being reported as
abnormal (21); 1 patient with CA was diagnosed by a positive
abdominal fat pad biopsy, positive genetic test for amyloid, and
typical echocardiography patterns, including >12 mm thick left
ventricular wall and the appearance of grain scintillation in
the myocardial wall. The remaining 10 cases were diagnosed
as different types of cardiomyopathy: dilated cardiomyopathy
(DCM, n = 2), rheumatic heart disease (RHD, n = 1), valvular
heart disease (VHD, n = 1), hypertensive heart disease (HHD,
n = 3), and hypertrophic cardiomyopathy (HCM, n = 3). The
baseline characteristics of the enrolled patients are summarized
in Table 1.

Comparison of Clinical and Biochemical
Biomarkers Between CA and Non-CA

Patients

We did not observe any significant differences in age between
CA patients, non-CA patients, and healthy subjects (P > 0.05).
The BMI values of non-CA patients were significantly higher
compared with the CA patients and healthy subjects (P =
0.033). We also did not observe any significant differences in
the serum cardiac troponin-I (cTnl), calcium, and creatinine
values between CA patients and non-CA patients (P > 0.05).
CA patients showed significantly higher levels of NT-proBNP
(13011.46 4 11726.99 pg/mL vs. 4709.30 £ 5428.82 pg/mL, P
= 0.036) and blood-free light chain kappa/lambda (1.88 + 5.77
vs. 0.85 £ 0.31 mg/dL, P = 0.021) compared with the non-
CA patients. The 13 CA patients were classified under NYHA
classification I (n = 0), Il (n = 2), IIl (n = 5), and IV (n = 6),
respectively (Table 2).

The Echocardiography Diagnositic
Parameters and PET/MR Structural and
Functional Parameters

The echocardiography data for CA patients and non-CA patients
are summarized in Table 3. There were no differences in the
echocardiographic parameters between the CA patients and the
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TABLE 1 | Comparison of the baseline clinical data and ''C-PIB PET/MR parameters between patients with and without cardiac amyloidosis (CA).

Patient no. Age Sex Diagnosis ECG low NYHA functional Urine Blood Biopsy Biopsy 11C-PIB PET/MR
voltage class IFE IFE (bone marrow) (abdominal wall)
Visually PET positive TBR T1 native ECV

1 68 M CA + I - NA NA + Yes 3.69 1,525 47
2 67 M CA + [\ + - NA + Yes 8.08 1,487 52
3 64 M CA - Il + + NA + Yes 1.77 1,496 50
4 64 F CA + \% + + + + Yes 1.30 1,503 51
5 61 F CA + Il + + NA + Yes 1.82 1,506 61
6 76 F CA + vV NA + NA - Yes 5.1 1,432 45
7 51 M CA - Il - + + - Yes 2.02 1,506 52
8 71 M CA + Il - - + + Yes 1.21 1,507 65
9 63 M CA + Il NA - + + Yes 2.44 1,456 51
10 61 M CA + I\ - - + + Yes 2.24 1,601 54
11 67 F CA + [\ + - + + Yes 2.75 1,537 56
12 44 F CA - Il - - NA - No 1.29 1,433 52
13 60 M CA - % - - NA + No 0.92 1,432 38
14 33 M HHD - Il - - NA + No 0.91 1,419 NA
15 68 M HHD - \% - - NA + No 0.94 1,378 32
16 55 M DCM - Il - - NA - No 0.89 1,315 37
17 70 F RHD + Il - - NA + No 0.87 1,420 29
18 58 M VHD - % NA - NA + No 0.79 1,349 27
19 73 F HCM - I - - NA + No 0.89 1,402 34
20 28 M HCM - Il - NA NA + No 0.78 1,427 33
21 32 F HCM - I - - + - No 0.82 1,363 31
22 67 F DCM - Il - - NA - No 0.91 1,363 40
23 56 F HHD + Il - - + - No 0.94 1,467 NA

ECG, electrocardiograph; NYHA, new york heart association; IFE, immunofixation electrophoresis;

hypertensive heart disease; DCM, dilated cardiomyopathy; RHD, rheumatic heart disease; VHD, valvular heart disease; HCM, hypertrophic cardiomyopathy.

66

PET, positron emission tomography; TBR, tissue-to-blood background ratio; ECV, extracellular volume; M, male; F, female; HHD,

‘Teielg

VO 10} HN/13d glid


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Bietal.

PIB PET/MR for CA

TABLE 2 | Baseline clinical characteristics of patients with cardiac amyloidosis (CA), those without CA (non-CA), and healthy control subjects.

Characteristics CA (n:13) Non-CA (n:10) Controls (n:8) P
General parameters

Age (years) 62.9 + 8.2 54.0 +17.0 47.9+13.8 0.105
Female/Male 5/8 5/5 3/5

BMI (kg/m?) 22.30 + 3.04 26.52 + 4.28 23.84 + 2.62 0.033
HTN/CHD/DM/Arrhythmia/AF 11/3/1/5/6 7/2/4/4/1 - -
Biomarkers

cTnl (ng/ml) 0.13+0.14 0.07 £ 0.07 - 0.166*
NT-proBNP (pg/ml) 13011.46 + 11726.99 4709.30 + 5428.82 - 0.036*
Calcium (mg/ml) 217 +£0.11 216+ 0.15 - 0.879*
Creatinine (mg/ml) 117.16 £ 78.90 129.79 £ 70.43 - 0.605*
Blood free light chain Kap/Lam (mg/dl) 1.88 £5.77 0.85 + 0.31 - 0.021*
CMR parameters

LVEF (%) 48.1 +9.4 422 +1561 66.2+1.8 <0.001
LV mass (9) 164.3 £ 42.0 181.9+70.1 94.2+228 0.002
LVEDV (ml) 101.6 £28.2 180.8 £ 67.7 94.0 £ 16.7 0.001
LVESV (ml) 53.9 +22.9 108.8 £ 67.4 32.8+8.7 <0.001
IVSD (cm) 150+ 1.6 120+2.9 9.0+1.8 <0.001
LVPW (cm) 10.3+2.2 9.8+ 3.0 79+09 0.030
Native T1 value (ms) 1493.9 + 481 1390.3 + 44.8 1264.6 + 25.6 <0.001
ECV 51.9+6.7 325+ 3.8 - <0.001
TBR 2.66 &+ 1.99 0.85 + 0.06 0.88 + 0.07 <0.001

BMI, body mass index; HTN, hypertension; CHD, coronary heart disease; DM, diabetic mellitus, AF, atrial fibrillation; cTnl, cardiac troponin; NT-proBNF, N-terminal pro-B-type
natriuretic peptide; CMR, cardiac magnetic resonance; LVEF, left ventricular ejection fraction; LVEDV, left ventricle end-diastolic volume; LVESV, left ventricle end-systolic volume;
IVSD, interventricular septal thickness at diastole; LVPW, left ventricular posterior wall thickness; ECV, extracellular volume; TBR, maximum target-to-background ratio. The symbol *

represents the comparison between the two groups.

TABLE 3 | Echocardiography data from CA patients and non-CA patients.

Clinical diagnositic of cardiac amyloidosis

Yes (n = 13) No (n = 10) P
Ventricular septum wall thickness, mm 15.0+ 2.4 13.4+2.0 0.103
LV ejection fraction, % 47.0+11.8 47.8 +14.9 0.887
LV end-diastolic volume, ml 83.2 +£28.4 134.4 + 44.0 0.003
Decrease of LV 9 7 -
Diastolic function
Enlargement of LA 12 7 -
Granular echo 11 6 R
Speckled echo 1 - R
Ground glass echo 1 - -

LVEF, left ventricular ejection fraction.

non-CA patients, except for a significant difference in the LV end-
diastolic volume (83.2 &+ 28.4 vs. 134.4 4+ 44.0 ml, P < 0.05). We
observed significant differences among several CMR parameters
(LVEE IVSD, LVmass, LVEDV, LVESV, LVPW, native T1 value,
and ECV) and TBR between CA patients, non-CA patients, and
healthy subjects (P < 0.05; Table 2). PET data showed that the
maximal myocardial !'C-PiB uptake was significantly higher in
the CA patients compared with the non-CA patients and healthy
subjects (0.88 £ 0.07) (2.66 £ 1.99 vs. 0.85 % 0.06 vs. 0.88 &= 0.07;
P < 0.05; Figure 1A). The native T1 values were significantly

higher in the CA patients compared with the non-CA and healthy
subjects (1493.9 £ 48.1 vs. 1390.3 £ 44.8 vs. 1264.6 & 25.6; P <
0.05; Figure 1B). The ECV values were significantly higher for
the CA patients compared with the non-CA patients (51.9 & 6.7
vs. 32.9 & 4.2; P < 0.05; Figure 1C).

Twelve of the thirteen CA patients showed characteristic LGE
patterns including diffuse transmural myocardial enhancement,
typical subendocardial ring enhancement, and heterogeneous
transmural LGE pattern. Only one patient did not show any
characteristic LGE pattern. Gadolinium-enhanced CMR was not
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FIGURE 1 | Comparison of (A) TBR, (B) T1 mapping, and (C) ECV values between CA patients, non-CA patients, and healthy control subjects. CA, cardiac
amyloidosis; TBR, maximum target-to-background ratio; ECV, extracellular volume. (A) PET data showed that the TBR was significantly higher in the CA patients
compared with the non-CA patients and healthy subjects (2.66 + 1.99 vs. 0.85 & 0.06 vs. 0.88 + 0.07; P < 0.05). (B) The native T1 values were significantly higher in
the CA patients compared with the non-CA and healthy subjects (1493.9 + 48.1 vs. 1390.3 + 44.8 vs. 1264.6 + 25.6; P < 0.05). (C) The ECV values were
significantly higher for the CA patients compared with the non-CA patients (51.9 & 6.7 vs. 32.9 + 4.2; P < 0.05).

performed in 2 non-CA patients because of significant azotemia
(creatinine clearance < 30 ml/kg/min). In the remaining 8
non-CA patients, we observed patchy LGE enhancement patterns
including discrete areas of LGE or diffuse areas of LGE in
less than half of the short axis images (Table 4). LGE patterns,
T1 mapping, and PET images of a representative CA patient
are shown in Figure2. Visual inspection of PET images
demonstrated positive ' C-PIB uptake in 12 out of 13 CA
patients. However, none of the non-CA patients and healthy
subjects showed any visible ! C-PIB uptake.

ROC curve analysis using a TBR cutoff value of 1.09 showed
that the area under the curve (AUC) value for discriminating CA
patients from the controls (10 non-CA patients and 8 healthy
subjects) was 0.99 (95% CI: 0.96-1.00) with a sensitivity of 92%
(95% CI: 62-100%) and specificity of 100% (95% CI: 78-100%)
(Table 4). The positive predictive value (PPV) using a TBR cutoff
value of 1.09 was 100% (95% CI: 70-100%) and the negative

predictive value (NPV) was 95% (95% CI: 72-100%). The PPV,
AUCG, sensitivity, and specificity values for both ECV and TBR
were similar at the ECV cutoff value of 42.5, but NPV [89%
(95% CI: 51%-99%)] was lower than TBR. The AUC value for
discriminating CA patients from controls using a T1 mapping
cutoff value of 1,429.5 was 0.98 (95% CI: 0.96-1.00) with a
sensitivity of 100% (95% CI: 72-100%) and specificity of 94%
(95% CI: 71-100%). The positive predictive value with this cutoff
was 93% (95% CI: 64-100%) and the negative predictive value
was 100% (95% CI: 77-98%). The other CMR parameters are
shown in Table 5.

False-positive !'C-PIB PET/MR scan results were not
observed in any of the non-CA patients and healthy subjects
using a TBR cut-off value of 1.09. In contrast, one CA
patient (Patient #13) showed a false-negative 11C_PIB PET/MR
result (maximal LV myocardium to blood cavity ratio of 0.92)
(Figure 3). We observed positive ECV and native T1 mapping
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TABLE 4 | Baseline late gadolinium enhancement (LGE) patterns for all cardiac amyloidosis (CA) and non-CA patients based on ''C-PIB PET/MR data.

Patients Diagnosis 11C-PIB PET/MR
Uptake LGE pattern
1 CA Yes Diffuse transmural myocardial enhancement
2 CA Yes Diffuse transmural myocardial enhancement
3 CA Yes Diffuse transmural myocardial enhancement
4 CA Yes Subendocardial ring enhancement
5 CA Yes Diffuse transmural myocardial enhancement
6 CA Yes Diffuse transmural myocardial enhancement
7 CA Yes Diffuse transmural myocardial enhancement
8 CA Yes Subendocardial ring enhancement
9 CA Yes Heterogeneous transmural enhancement
10 CA Yes Subendocardial ring enhancement
11 CA Yes Subendocardial ring enhancement
12 CA No Diffuse transmural myocardial enhancement
13 CA No Negative
14 HHD No Not done because of azotemia
15 HHD No Left ventricular apex subendocardium enhancement
16 DCM No Enhancement of the left ventricular septal middle layer
17 RHD No Negative
18 VHD No Enhancement of the left ventricular septal middle layer
19 HCM No Enhancement of the junction between interventricular septum and inferior wall
20 HCM No Negative
21 HCM No Enhancement of the medial anterior wall and inferior wall papillary muscle
22 DCM No Enhancement of apex, anterior wall papillary muscle, interwall and inferior wall subendocardium
23 HHD No Not done because of azotemia

LGE, late gadolinium enhanced.

values in a PET-negative CA patient who did not show a typical
CMR LGE pattern for cardiac amyloidosis, thereby prompting
false-positive diagnosis of CA. We did not observe any false
positive cases in the non-CA and healthy control groups with a
ECV cut-oft value of 42.5, but the CA patient with false-negative
U'C-PIB (Patient #13) also showed false-negative ECV result.
None of the CA patients were false-negative and none of the
healthy subjects were false-positive when the cut-off value for
native T1 mapping was 1,429.5 ms However, one non-CA patient
showed false-positive result because the native T1 mapping value
was 1467 ms. The ! C-PIB PET result of this patient was negative,
and MR LGE was not performed on this patient because of renal
insufficiency. A positive correlation between native T1 mapping
value and TBR in CA and non-CA patients was also observed (r
= 0.38, P = 0.0004, Figure 4).

DISCUSSION

Our study demonstrated that '!C-PIB PET/MR was a highly
sensitive and accurate method to confirm cardiac amyloidosis.
Moreover, we demonstrated that a combination of TBRmax
values derived from !'C-PIB PET scans, T1 mapping values, and
ECV values derived from CMR can be used for accurate diagnosis
of CA.

CA is caused by extracellular and intracellular accumulation
of insoluble and misfolded fibrillar amyloid protein and shows
clinical features resembling restrictive cardiomyopathy (2).
Endomyocardial biopsy, the gold standard for diagnosis of CA,
is invasive and cannot be performed routinely (22). Moreover,
focal myocardial biopsy does not provide information regarding
the overall myocardial amyloid load and active accumulation
of the amyloid protein. Therefore, there is an urgent need
for techniques that can accurately and non-invasively confirm
cardiac amyloidosis in clinical settings. Previous studies (23, 24)
have demonstrated that !!C-PIB PET/CT is a valuable tool
for the non-invasive diagnosis of CA with > 95% sensitivity
and specificity (18). Our study showed that 'C-PIB PET
distinguishes CA patients from both non-CA patients and
healthy controls with 94% sensitivity and 100% specificity.
Moreover, 11C-PIB-PET was 99% accurate in the positive
diagnosis of CA. Rosengren et al. demonstrated that 11C-PIB-
PET detected CA in different amyloid subtypes with 89 to 100%
accuracy in a dual-center setting (25). Therefore, our results are
consistent with these previous findings and suggest that 11C-PIB
PET is an independent diagnostic indicator of CA.

LGE-CMR has shown great promise in clinical diagnosis
and prognosis because it offers high spatial resolution and the
ability to identify pathology in the extracellular space (26). CA
patients show diverse patterns of late gadolinium enhancement,
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FIGURE 2 | Representative ''C-PiB PET/MR, electrocardiogram, and histologic photomicrograph of one CA patient. (A) Late-gadolinium enhancement (LGE)-CMR
image demonstrates a diffuse transmural enhancement pattern. (B) Native T1 mapping shows that the myocardial T1 value was 1,569 ms. (C) The PET/MR image of
the myocardium shows strong uptake of ''C-PIB in the left ventricle (LV) and right ventricle (RV). (D) The electrocardiogram (12-lead) shows low voltage in the limb
leads. (E) Histopathologic examination shows positive Congo red staining and amyloid deposits in the adipose tissue.

TABLE 5 | Differential diagnostic efficiency of TBR and CMR parameters between cardiac amyloidosis (CA) patients and control subjects (non-CA patients* and healthy
subjects).

Cutoff Sensitivity (%) 95% Cl (%) Specificity (%) 95% CI (%) AUC 95% CI (%)
TBR 1.09 92 62-100 100 78-100 0.99 0.96-1.00
T1 mapping value 1,429.5 100 72-100 94 71-100 0.98 0.95-1.00
ECV 425 92 62-100 100 78-100 0.99 0.96-1.00
IVSD (cm) 13.4 100 71-100 83 57-96 0.91 0.79-1.00
LVPW (cm) 8.9 85 54-97 67 41-86 0.71 0.52-0.90
LVEF () 51.4 77 46-94 72 46-89 0.66 0.46-0.86
LVESV (ml) 64.2 85 54-97 39 18-64 0.53 0.32-0.74
LVEDV (mi) 104.1 77 46-94 72 46-89 0.70 0.51-0.89
LV mass (g) 128.4 85 54-97 67 41-86 0.67 0.47-0.87

AUC, area under the curve; Cl, confidence interval; TBR, maximum target-to-background ratio; ECV, extracellular volume; IVSD, interventricular septal thickness at diastole; LVPW, left
ventricular posterior wall thickness; LVEF, left ventricular ejection fraction; LVESV, left ventricle end-systolic volume; LVEDV, Left ventricle end-diastolic volume.

such as global subendocardial enhancement, transmural LGE,  native T1 mapping eliminates the need for gadolinium and can be
and patchy focal LGE. In some CA cases, it is very difficult  used as an alternative method for assessing CA patients with renal
to quantify the degree of abnormality based on LGE-CMR. A insufficiency (27). ECV is more reproducible than absolute T1
recent meta-analysis of seven published studies showed that the = mapping values. Moreover, ECV is more advantageous than LGE
accuracy of CMR-based LGE in the positive diagnosis of CA was  because it can quantify expansion of the extracellular space based
high with 85% sensitivity and 92% specificity. In our study, 12 on the region of interest drawn on the ECV maps. Our study
out of 13 CA patients showed global left ventricular LGE, a typical =~ showed that the diagnostic accuracy of native T1 values and ECV
enhancement pattern of cardiac amyloidosis. In non-CA patients, ~ were significantly higher than the other CMR parameters, with
we did not observe any typical CA enhancement. However, some  the AUC value of ECV being the highest. However, at a molecular
patients showed patchy enhancement characteristics, which were  level, both native T1 mapping and ECV are not specific to
indistinguishable from non-CA patients. amyloidosis (6, 28). In contrast, 1! C-PIB PET is a useful method

The native T1 value has been proposed as a quantitative  for direct evaluation of overall myocardial amyloid load in
parameter for evaluating CA with diffuse disease. Furthermore,  cardiac amyloidosis. In our study, the diagnostic accuracy of both
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FIGURE 3 | Myocardial LGE, T1 mapping, and PET images from the false-negative CA patient. (A) A late gadolinium enhancement image shows a diffuse transmural
delayed enhancement pattern in the myocardium. (B) The native T1 value was 1,401 ms. (C) 11C-PiB PET staining of the myocardium was negative.
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FIGURE 4 | Correlation between T1 mapping and maximum target-to-background ratio (TBR) in patients with (CA) and without cardiac amyloidosis (non-CA).There is
a positive correlation between native T1 mapping value and TBR in CA and non-CA patients (- = 0.38, P = 0.0004).

TBR and ECV was 99%. Native T1 showed higher sensitivity (100 We also analyzed the correlations between TBR values derived
vs. 94%) and lower specificity (94 vs. 100%) than TBR and ECV.  from 11C-PIB PET and native T1. Our analysis showed that TBR
In our study, one CA patient (Patient #13) was false-negative  and native T1 in PET/MR can be used to diagnose CA patients
for both ''C-PIB PET and ECV. The CMR result of this patient  that cannot undergo delayed enhancement because of renal
did not show any LV LGE, but the nativeT1 mapping results  insufficiency. Hence, the combination of the 2 diagnostic indices
were positive. Therefore, patient #13 was positively diagnosed  played a complementary role and improved the diagnostic
as CA based on the native T1 mapping data. The cases of  accuracy of CA. We did not obtain ECV values for some patients
patients #14 and #23 demonstrated unique superiority of '!C-  who did not undergo delayed enhancement. Both ECV and
PIB PET for differential diagnosis of cardiac amyloidosis from  TBR showed the same AUC (0.99), sensitivity (92%), specificity
other cardiomyopathies in the setting of significant azotemia, a ~ (100%) and PPV (100%). However, ECV showed lower NPR
clinical condition that prevents contrast-enhanced CMR from  compared with TBR (89 vs. 95%). This suggested that ECV can
being performed. Although the native T1 mapping results  be used as an independent diagnostic index for CA.

were positive for patient #23, the PET results were negative. There are several limitations to this study. Firstly, the sample
Therefore, patient #23 was classified as non-CA based on the  size of study subjects was small. Therefore, our results need
PET results. to be confirmed in large cohort studies. Secondly, we could
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not complete typing of myocardial amyloidosis in this study
because (1) endomyocardial biopsies were not performed for
some patients; (2) bone marrow biopsies were performed for
only a few patients; and (3) laboratory tests for urine and blood
IFE were not performed for all patients. Fontana et al. (29)
showed that native T1 values were relatively higher, and ECV
values were lower patients with immunoglobulin light chain
amyloidosis compared with those with transthyretin amyloidosis
(ATTR). Ezawa and Katoh (24) showed that 'C-PIB uptake
was lower in patients with ATTR compared with the patients
with AL. Therefore, the diagnostic value of 'C-PIB PET/MR
imaging for CA requires further evaluation according to the
cardiac amyloidosis type because the underlying mechanisms are
not completely known. Finally, normal ranges vary for different
CMR systems and T1 mapping sequences (30). Normal T1 values
are higher when measured at 3T with different sequences and
typically with newer versions of mapping compared with older
ones. This is a significant obstacle to using native T1 mapping
in clinical practice. Therefore, uniform guidelines and normal
ranges need to be established for different CMR techniques
and sequences so that data can be compared between different
patients that have undergone MRI scans at different facilities.

Although endomyocardial biopsy is the golden standard for
diagnosis of CA, extrapolating the amyloid content in line
with the biopsy sample to the entire heart may be inaccurate,
especially in the early CA when the amyloid deposits may not
be extensive or diffuse (31). Quantification of amyloid burden is
currently based on assessment of wall thickness, LV mass, ECV,
or semi-quantitative index on amyloid PET imaging (32). !!C-
PIB PET/MR offers substantial advantages. It is non-invasive,
quantitative, fuses quantitative parameters of PET and MR to
estimate whole-heart cardiac amyloid burden, and can be easily
repeated to monitor response to therapy. For patients clinically
suspected of CA with heart failure ! C-PIB PET/MR is valuable
in CA patients with contraindications to gadolinium (due to renal
dysfunction). Our study confirms that ''C-PIB PET/MR multi-
parameter imaging provides additional evidence for the diagnosis
of CA in the absence of LGE. Moreover, the high sensitivity
and specificity of '!C-PIB PET/MR make it possible to detect
CA early.

CONCLUSIONS

In conclusion, this study showed that !''C-PIB PET/MR
accurately diagnosed cardiac amyloidosis with high sensitivity
and specificity. ''C-PIB° PET/MR showed structural and
functional changes in CA patients and helped to accurately
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Coronary artery disease is a leading cause of death worldwide. There has been a myriad
of advancements in the field of cardiovascular imaging to aid in diagnosis, treatment,
and prevention of coronary artery disease. The application of artificial intelligence in
medicine, particularly in cardiovascular medicine has erupted in the past decade. This
article serves to highlight the highest yield articles within cardiovascular imaging with
an emphasis on coronary CT angiography methods for % stenosis evaluation and
atherosclerosis quantification for the general cardiologist. The paper finally discusses the
evolving paradigm of implementation of artificial intelligence in real world practice.
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INTRODUCTION

Artificial intelligence (AI) is a broad term that refers to computing that can perform complex
human-like tasks (1). Machine learning (ML) is a subset of AI which encompasses a growing
collection of algorithms that is divided into supervised learning, unsupervised learning, semi
supervised learning, and reinforcement learning (2, 3). Supervised learning refers to learning from
labeled examples, while unsupervised and reinforcement learning performs unlabeled learning and
learning from pattern recognition (4). Further subsets of ML include Deep Learning (DL), which
uses complex data sets which mirror human neural networks (5). Human cognition is finite, but
the use of Al may allow for improved discrimination and evaluation of these immense datasets (6).
At the same time, the “black-box” nature of AI can lead to uncertainty in clinical practice in part
due to the complexity of the algorithms, unrecognized bias and application to appropriate clinical
needs (7).

The application of AI in cardiology has increased exponentially annually, specifically
in the diagnosis of coronary artery disease (CAD). These novel approaches may enhance
future implementation of the new 2021 American College of Cardiology/American Heart
Association Chest Pain Guideline that elevate the role of imaging to Class I recommendation
in both acute and stable chest pain in intermediate risk patients (8). Current investigations
aim to augment and enhance current risk-based approaches through the analysis of
multiomic data sets, while also recently showing promise in the direct image interpretation
of cardiac and coronary structures through a myriad of approaches (9). Between 2001
and 2015 the proportion of AI/ML related articles in relevant journals per month was
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0.1% in relation to the total number published in the journals.
This increased to 16.2% per month by 2020 (1). Literature
search was completed on PubMed and EMBASE databases by
searching “artificial intelligence” or “machine learning” AND
various terminology related to cardiology such as “cardiac,
“cardio,” “cardiology,” “infarct,” “valve,” “cardiosurgical,” etc. (1).
Over the past 5 years there were over 3,000 papers published in
Pubmed related to AI/ML learning in cardiovascular medicine
(4). In cardiovascular imaging specifically, there’s been increases
in non-invasive coronary imaging including applications of
coronary artery plaque, automated calcium scoring, perivascular
fat attenuation and machine learning based image enhancement
as well in the application of nuclear imaging, and myocardial
perfusion to large data sets to improve risk enhancement. This
review article serves to summarize the recent advancements
(Table 1) of Artificial Intelligence in respect to coronary artery
disease (CAD) and imaging.

CORONARY ARTERY DISEASE RISK
PREDICTION

Current prevention guidelines incorporate the use of the pooled
cohort equation for adults aged 40-75 with non-traditional
cardiovascular risk factors to determine a 10 year risk of cardiac
events (19). The pooled cohort equation creates a simplified
risk score with a finite number of variables; however the
simplification of the approach may overestimate cardiovascular
risk in certain populations (20, 21). Multiple studies have
sought to enhance the risk prediction model. AI has been
particularly impactful in the area of improved cardiovascular risk
prediction (16). Nakanishi et al. demonstrated that ML using
logistic regression modeling that incorporate multiple clinical
and cardiac computed tomography (CT) variables was superior
in predicting 10 year coronary artery disease death [area under
the curve (AUC) = 0.86] than clinical data alone (AUC = 0.835),
coronary artery calcium (CAC) alone (AUC = 0.816), or ML CT
(AUC = 0.827) (12). This model used a total of 77 variables [46
clinical such as atherosclerotic cardiovascular disease (ASCVD)
risk score, sex, age] and 31 CT variables from CAC scan
to train the machine learning algorithm. Similarly, Motwani
et al. (22) demonstrated that ML incorporating 25 clinical
and 44 coronary computed tomography angiography (CCTA)
parameters better predicted 5 year mortality than current clinical
or imaging metrics. This study involved 10,030 patients, and
ML exhibited a higher AUC compared with Framingham Risk
Score (FRS) (ML 0.79 vs. FRS 0.61) or CCTA severity scores
such as segment stenosis score (SSS) (ML 0.79 vs. SSS 0.64) (22).
AT’ Aref studied 13,054 patients in The Coronary CT Angiography
Evaluation For Clinical Outcomes (CONFIRM) registry. ML
with CAC performed the best in predicting obstructive CAD
on CCTA (AUC 0.881) compared to ML alone (AUC =
0.682) and CAD consortium clinic score +CACS (0.866) (3).
These models demonstrate the potential to improve predictive
models. By incorporating numerous variables, both clinical and
imaging, these machine learning algorithms can better predict
cardiovascular mortality. Therefore, in addition to current tools

such as the 10-year ASCVD risk, CAC score, and CCTA, these
models can prove to add invaluable information in assessing a
patient’s cardiovascular risk.

CORONARY STENOSIS

The recent 2021 American Heart Association/American College
of Cardiology/Multisociety Guideline for the Evaluation and
Diagnosis of Chest Pain redefines the presence of coronary artery
disease as obstructive (>50% stenosis) and non-obstructive
(<50%) stenosis (23). In the realm of invasive and non-invasive
coronary angiography (via CCTA), the evaluation of coronary
artery stenosis requires visual analysis by a trained provider
(18, 24). However, there can be inter-provider variability in
interpretation of these studies in real world practice. Lu et
al. (25) showed in the analysis of the Prospective Multicenter
Imaging Study for Evaluation of Chest Pain (PROMISE) trial,
coronary CTA scans read by both core laboratory and local
site readers, 41% of the scans were in discordance regarding
the presence of significant stenosis (defined as stenosis >50%).
There remains great interest in identifying solutions that
allow for improved reproducibility. AI has shown promising
advancements in the detection of obstructive CAD. In 2015,
Kang et al. (26) demonstrated that machine learning algorithms
allowed for the detection of both obstructive (>50% stenosis)
and non-obstructive (<50% stenosis) lesions with an AUC
of 0.94. In addition, Freiman et al. (27) used a deep sparse
autoencoder—mixed structure regularization approach in 90
subjects and observed an AUC that ranged from 0.78 to
0.94 for discrimination of mild stenosis <30% to severe
stenosis >70%.

More recently, the CT Evaluation by Artificial Intelligence for
Atherosclerosis, Stenosis and Vascular Morphology (CLARIFY)
multi-center study compared AI to level 3 (L3) readers in
detecting coronary artery stenosis on CCTA (11). Al analysis
(Figure 1) showed 99.7% accuracy in detecting >70% stenosis
and 94.8% accuracy in detecting >50% stenosis. Among the
vessels analyzed, the mean difference in maximal diameter
stenosis between Al and L3 readers was minimal at —0.8 %. Al
analysis to determine the Coronary Artery Disease Reporting
and Data System (CAD-RADS) categorization compared to L3
readers was also examined. Al generated a CAD-RADS score
that was in agreement with the readers in 78% of scans, and
generated a score that was in agreement within 1 category
in 98% of the scans. A subsequent analysis by Griffin et al.
evaluated a multi-center cohort of patients undergoing core-
lab quantitative invasive angiography (QCA) and found that AI
CCTA had high diagnostic accuracy when compared to QCA in
detecting >50% stenosis (AUC 0.88) and >70% stenosis (AUC
0.92) (10). The analysis time was approximately 10 mins, which
represents an improvement over the several hours that previous
methods have required. The deep convolutional neural network
based approach utilized in these studies has been cleared by the
Food and Drug Administration (FDA), and is clinically available
and are expected to enable widespread generalizability of the
studied approaches.
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TABLE 1 | Summary of high-yield artificial intelligence/machine learning studies in coronary artery disease imaging.

Study Population Method Application Al method Performance*

Griffin et al. (10) Diverse stable chest pain Direct image analysis using Ground truth: Core-Lab Validated convolutional Accuracy, sensitivity,
patients from 23 global sites a series of validated quantitative coronary neural network models; specificity of 86%, 94%,
undergoing CCTA plus convolutional neural angiography and invasive Image analysis 10 mins 82% for >70% stenosis.
quantitative coronary networks for Al-guided fractional flow reserve for Intra-class correlation of
angiography, stress testing evaluation of coronary identification of % coronary 0.73; For false positive
and fractional flow reserve segmentation, lumen wall stenosis and adverse Al-CCTA (=70% by
(CREDENCE study) evaluation and plaque plague characteristics in Al-CCTA, QCA < 70%),

characterization of CCTA comparison to in 66% of vessels had FFR <
images 0.8
Choi et al. (11) Acute and stable chest pain Direct image analysis using Ground truth: Level 3 Expert Validated convolutional Accuracy, sensitivity,

Nakanishi et al. (12)

AlAref et al. (3)

Hu et al. (13)

Oikonomou et al. (14)

patients from 3 international
centers undergoing CCTA
(CLARIFY study)

Asymptomatic adults
without known CHD, part of
CAC Consortium, n =
66,636

Stable patients with
suspected CAD, from
CONFIRM registry, n =
13,054

Stable patients with
suspected CAD from the
REFINE SPECT registry, n =
1980

Patients with stable chest
pain referred for CCTA, n =
1575

a series of validated
convolutional neural
networks for Al-guided
evaluation of coronary
segmentation, lumen wall
evaluation and plaque
characterization of CCTA
images.

Coronary artery calcium and
clinical variables. 77
variables incorporated,
including ASCVD risk score,
age, sex, race, CACS, and
the number, volume and
density of CAC plaques

Coronary artery calcium and
clinical variables. 25 clinical
variables used, including
age, gender, diabetes
mellitus, hypertension,
cholesterol levels

Stress/rest ®MTc-sestamibi/
tetrofosmin MPI with
SPECT, followed by invasive
coronary angiography within
6 months. 18 clinical, 9
stress test, and 28 imaging
variables utilized

CCTA, including

perivascular adipose tissue
data, and clinical variables.

consensus for identification
of % coronary stenosis and
adverse plaque
characteristics

Risk prediction for ASCVD
related death and CHD
related death

Prediction of obstructive
CAD on CCTA

Early coronary
revascularization (ECR)
prediction for stable patients
after stress testing

5-year MACE risk prediction
(cardiac death, non-fatal MI,
late revascularization,
non-cardiac death)

neural network models;
Image analysis 10 mins

ML using a 10-fold cross
validation framework to train
and evaluate the model, as
well as information gain ratio
and model building using an
ensemble algorithm

ML using a gradient
boosting algorithm. A
ten-fold cross validation
framework was used to train
and evaluate the model

ML using a ten-fold cross
validation framework to train
and evaluate the model, as
well as information gain ratio
and model building using an
ensemble LogitBoost
algorithm

ML using random forest
algorithm and repeated
five-fold cross-validation

specificity for >70%
stenosis was 99.7, 90.9,
99.8%. Mean difference for
maximal diameters stenosis
—0.8% (95% Cl 13.8% to
—15.3%)

AUC 0.845 and 0.860 for
ML predicting CVD death
and CHD death respectively,
compared to 0.821 and
0.835 for clinical data alone,
and 0.781 and 0.816 for
CAC score alone

AUC 0.881 for ML + CACS,
compared to ML alone
(0.773), CAD consortium
clinical score (0.734), and
with CACS (0.866)

AUC of ECR prediction by
ML (0.812)

MAGCE prediction with and
without addition of
perivascular adipose tissue
data (AUC 0.880 vs. 0.754)

(Continued)
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TABLE 1 | Continued

Study

Population

Method

Application

Al method

Performance*

Betancur et al. (15)

Motwani et al. (16)

Arsanjani et al. (17)

Kang et al. (18)

Patients who underwent
clinically indicated exercise
or pharmacologic stress
myocardial perfusion
SPECT imaging, n = 2,619

Stable patients with
suspected CAD, from
CONFIRM registry, n =
10,030

Stable patients with
suspected CAD, n =713

Patients who underwent
clinically indicated CCTA,
n=42

Rest/stress 1-day
99mTc-sestamibi imaging. 28
clinical variables, 17 stress
test variables, and 25
imaging variables used.

Clinical and CCTA data. 25
clinical and 44 CCTA
parameters evaluated,
including segment stenosis
score, segment involvement
score, number of segments
with non-calcified, mixed or
calcified plaques, age, sex,
gender, and FRS

Rest?® Thallium/stress
99MTechnetium with SPECT,
followed by invasive
coronary angiography within
3 months. 33 total clinical,
stress test, and imaging
variables utilized.

CCTA patient datasets, with
visual identification of
lesions with stenosis >25%
by three expert readers,
using consensus reading

3-year MACE risk
prediction, including
all-cause mortality, non-fatal
myocardial infarction,
unstable angina, or late
coronary revascularization

Risk prediction of 5-year
all-cause mortality of CAD

Early coronary
revascularization prediction
for stable patients after
stress testing

Automated CCTA reading to
detect both obstructive
(stenosis >50%) and
non-obstructive (stenosis
25-50%) CAD.

ML using a ten-fold cross
validation framework to train
and evaluate the model, as
well as information gain ratio
and model building using an
ensemble LogitBoost
algorithm

ML using a 10-fold cross
validation framework to train
and evaluate the model, as
well as information gain ratio
and model building using an
ensemble algorithm

ML with model building
using an ensemble
LogitBoost algorithm and a
ten-fold cross validation
framework to train and
evaluate the model

ML incorporating a
learning-based method and
an analytic method. A
ten-fold cross validation
framework was used to train
and evaluate the model

MACE prediction by ML
(AUC 0.81), vs. automated
stress TPD (0.73) and
physician interpretation
(0.64)

AUC 0.79 for ML predicting
5-year all cause mortality vs.
FRS (0.61) and CCTA
severity score (0.64 for SSS)

Receiver operator
characteristic AUC of 0.81
for ML, vs. 0.81 for reader
1, 0.72 for reader 2, and
0.77 for standalone
measure of perfusion

Receiver operator
characteristic AUC of 0.94
for detecting obstructive
and non-obstructive lesions

*All values statistically significant, p < 0.05.
ML, machine learning; AUC, area under curve; CACS, coronary artery calcium score, ASCVD, atherosclerotic cardiovascular disease; CHD, coronary heart disease; CCTA, coronary computed tomography angiography; CAD, coronary
artery disease; FRS, Framingham risk score; SSS, segment stenosis score; FRF, fat radiomic profile; MPI, myocardial perfusion imaging; ECR, early coronary revascularization; TPD, total perfusion defect.
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2. Identify & Label
Coronaries

1. Select Two 3. Determine Centerlines 4. Perform 5. Apply Color 6. Calculate Stenosis
Best Series Wall + Lumen Overlay Plaque Volume, High-Risk Plaque

Segmentation  of Plaque Remodeling Index

7. QA Review, Curate and
Export Data

FIGURE 1 | Case example of Al-guided coronary computed tomography angiography. Using a series of validated convolutional neural network models (including
VGG19 network, 3D U-Net, and VGG Network variant) for image quality assessment, the machine learning algorithm (Cleerly, New York, NY) selects the best series,
identifies and labels all of the major epicardial coronaries and their side branches, determines centerlines, performs coronary segmentation and labeling and then
performs a rapid assessment of % stenosis, plaque volume and of adverse plaque characteristics. The data is then displayed in a graphical output to allow for clinical
review.

CORONARY ATHEROSCLEROSIS
QUANTIFICATION

Rapid Disease
Progression Beyond coronary stenosis or coronary artery calcium
contemporary evidence has shown that the quantification
of adverse atherosclerotic plaque characteristics enhances
Medication prognostication of patients at elevated risk for acute coronary
Non-response syndrome (ACS) (28). Rosendael et al. (29) showed that calcium
density (calculated from semi-automated software) can be
associated with ACS risk. In this study, patients with and without
ACS had similar calcified plaque volume. However, those who
experienced ACS had less highly dense plaque, termed by the
Benefit from Cath Ischemia authors as “1K plaque” (HU > 1,000) than ACS-free subjects,
suggesting that 1K plaque has lower risk for acute plaque rupture.
The SCOT-HEART trial showed that low-attenuation plaque
(HU < 30) was associated with three times the risk of coronary
heart disease death or nonfatal MI (30). Other features of plaques
which contribute to the prognosis of CAD were studied by Yang

Major Adverse
Cardiac Events

FIGURE 2 | New paradigm of Al guided coronary artery disease imaging. An
artificial intelligence (Al) guided approach to coronary artery disease in CAD

imaging opens several new frontiers in the evaluation and treatment of et al. (31). The investigators used machine learning to analyze
atherosclerosis. These include the evaluation of rapid disease progressors, vessels in CCTA that had low fractional flow reserve (FFR)
accessing response or non-response to statin and other lipid lowering (<0.80). In these vessels, adverse plaque features beyond lumen

therapies, improved prediction of ischemia, enhanced selection for guideline
based invasive angiography and prognostication of major adverse
cardiovascular events.

area which were found to be associated with low FFR vessels
that included: percent atheroma volume, fibrofatty/necrotic
core volume, plaque volume, proximal left anterior descending
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coronary artery involvement, and remodeling index. AI’ Aref et
al. (32) trained a machine learning model to detect culprit lesions
(which had been confirmed on invasive coronary angiography)
by combining quantitative and qualitative plaque features on
CCTA. The machine learning model yielded an area under the
curve of 0.77 for identifying the culprit lesion, significantly
outperforming other models that were based solely on diameter
stenosis or high-risk plaque features.

Quantification of plaque and identifying high risk plaque
features is time consuming, often taking several hours for a
single study, and requires a high level of expertise in a dedicated
research core lab limiting such application to real world practice
(33). Machine learning offers tremendous potential to allow for
interpretation of imaging matrices that encompass the millions
of pixels required to fully quantify atherosclerotic plaque from
CCTA data in the clinical world. The aforementioned CLARIFY
study by Choi et al. and the subsequent evaluation by Griffin
et al. has evaluated a broad range of atherosclerosis plaque
features using AI analysis (11, 34). Subsequent initial analysis
has further shown that AI detected high risk features, such as
lumen volume and low-attenuation, more often than experienced
level 3 readers as well as accuracy when compared to fractional
flow reserve. Furthermore, the analysis was performed as little as
under 10 mins.

There are a number of important ongoing applications of
plaque quantification. Budoff et al. (35) demonstrated that in
CAD patients with elevated triglyceride levels and already taking
a statin, icosapent ethyl significantly decreased the volume of
low-attenuation plaque compared to placebo over an 18 month
period. The application of well-validated AI guided approach to
atherosclerosis quantification may enable important advances in
assessing the response to preventive therapies.

NUCLEAR MYOCARDIAL PERFUSION
IMAGING

Al has also been applied to the field of nuclear medicine
(36). Its utility has been demonstrated in the evaluation of
coronary artery disease via single photon emission computed
tomography (SPECT). Hu et al. studied 1980 patients with
suspected CAD (37). Those patients underwent SPECT imaging
and later invasive coronary angiography. ML utilized multiple
clinical, imaging, and stress test variables to predict the need for
early coronary revascularization (ECR). On a per vessel basis, ML
better predicted the need for ECR (AUC = 0.79) vs. Regional
Stress Tissue perfusion deficit (TPD) (AUC = 0.71), combined
view TPD (AUC = 0.71), or ischemic TPD (AUC = 0.72). This
was also true on a per patient basis (AUC = 0.81). Interestingly,
ML also outperformed expert nuclear readers on the need for
ECR in a per patient basis. Arsanjani et al. showed that machine
learning can improve the accuracy of SPECT in identifying
significant CAD (>70% stenosis). Al performed with similar, if
not better, accuracy (87%) in detecting these lesions compared to
two expert readers (86 and 82%) (38). A similar study found that
support vector machines algorithm was superior to two expert
readers in detecting obstructive CAD (AUC 0.92 vs. 0.87 and

0.88) (39). Betancur et al. also showed that compared to current
clinical method (total perfusion deficit), deep learning was able
to predict obstructive CAD with more accuracy per patient (AUC
0.80 vs. 0.78) and also per vessel (AUC 0.76 vs. 0.73) (14). While
identifying obstructive CAD is certainly important, what is of
greater clinical value is predicting those patients who will go
on to have adverse outcomes. In one study, machine learning
demonstrated superiority to visual analysis by physicians in
predicting 3-year major adverse cardiovascular events (MACE)
(AUC 0.78 vs. 0.65). When incorporating clinical information
(age, gender, risk factors, family history) into the algorithm,
machine learning performed with even greater accuracy in
predicting MACE (AUC 0.81) (40).

Furthermore, Alonso et al. showed that by analyzing SPECT
data, a machine learning model outperformed logistic regression
in predicting cardiac death (AUC 0.83 vs. 0.76) (13). In analyzing
patients with obstructive CAD, AI has also proven its ability
to predict those that may require intervention in the future.
Arsanjani et al. (41) explored the utility of Al in predicting the
need for revascularization. The researchers discovered that by
incorporating clinical parameters such as age, smoking history,
hypertension, diabetes, and family history, machine learning
algorithm could predict the need for revascularization with
similar or better accuracy compared to two expert readers
(AUC 0.81 vs. 0.81 and 0.72). As Al interpretion of nuclear
imaging continues to improve, its clinical value may increase the
automated identification of ischemia beyond currently available
perfusion mapping.

CORONARY FLOW

In 2011, the non-invasive evaluation of fractional flow reserve by
computed tomography (FFRCT) was introduced into the field of
cardiac imaging by the DISCOVER-FLOW trial (42). Machine
learning has been subsequently applied to the analysis of non-
invasive coronary flow (43). The MACHINE registry was the first
study comparing CT FFR from machine learning algorithm vs.
CT FFR from computational fluid dynamics (CFD) algorithm
(15). The study demonstrated that machine learning CT FFR
algorithm distinguished functionally significant obstructive CAD
equally well as FFR derived from a hybrid CFD approach. Tesche
et al. (44) found that machine learning CT FFR had a per-
lesion sensitivity of 79% and specificity of 94% in detecting
lesion-specific ischemia. The area under the curve for detecting
lesion-specific ischemia was 0.89 for machine learning CT FFR,
equal to CFD CT FFR (AUC 0.89) and significantly higher than
CCTA (AUC 0.61) and quantitative coronary angiography (AUC
0.69). The diagnostic value of machine learning CT FFR was also
studied by Dugua et al. (17), who retrospectively investigated
patients with symptoms of ACS who were worked up with CCTA
followed by invasive coronary angiography. The investigators
identified non-culprit lesions (> 25% stenosis, not intervened
on during invasive coronary angiography). In an average of 19.5
month follow-up period, 14 patients (29%) suffered a MACE
due to these non-culprit lesions. The mean FFR CT for these
non-culprit lesions was 0.78, therefore showing that FFR CT <
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80% in patients with symptoms consistent with ACS can be a
predictor of future MACE. These studies show the clinical utility
of machine learning FFR CT, which also has the potential to be
more efficient. Calculating FFR CT using computational flow
dynamics is technologically demanding and can take up to 10
mins (15). On the other hand Itu et al. (45) demonstrated how
machine learning models could generate FFR CT in as little
as 2.4s. Mannil et al. (46) conducted a proof-of-concept study
showing that machine learning and texture analysis of low-dose
cardiac CT was able to detect myocardial infarction that was not
visible to radiologists.

PERIVASCULAR ADIPOSE INFLAMMATION
BY CT

Vascular inflammation is a significant contributor to
atherosclerosis and plaque destabilization (47). Perivascular
Adipose Tissue (PVAT) can be monitored by CT fat attenuation
to predict coronary artery disease due to the inflammatory effects
from the vessels to the PVAT (48, 49). Higher fat attenuation
index (FAI) is associated with increased cardiovascular mortality
(50). One study found that there is higher FAI in culprit lesions
compared to non-culprit lesions in ACS (51, 52). Oikonomou
et al. (53) studied the use of ML in PVAT in three different
studies/methodologies for enhanced cardiac risk prediction
beyond looking at the coronary vessel anatomy and risk factors.
The first study analyzed 167 patients undergoing cardiac surgery.
PVAT was biopsied for transcriptional factors and CT scan to
image the PVAT was performed. This demonstrated a non-
invasive method of detecting and adipose tissue microvacuolar
remodeling by correlation with increased levels of Collagen
Type 1 Alpha 1 Chain (53). Study 2 analyzed the Fat Radiomic
Profile (FRP) of 1,575 patients from the SCOT-HART trial and
concluded that high FRP (designated as > 0.63) was associated
with a 10.8 fold increase of MACE after adjustment for risk
factors (53). Lastly in study 3, 44 patients with acute myocardial
infarctions (AMI) underwent CT scans on admission and 6
months later. The authors found that there were higher FRP
values consistent with adverse PVAT remodeling with persistence
at 6 months compared to perivascular Fat attenuation index
(FAI) which was present at only with initial presentation of
AMI (53).

EPICARDIAL FAT QUANTIFICATION

In multiple studies, the location of the epicardial fat, particularly
in the left atrioventricular groove has been a modest predictor of
obstructive CAD (54, 55). In a study by Commanduer et al. (56),
deep learning to quantify epicardial adipose tissue (EAT) was
compared to quantification from two expert readers. 70 patients
underwent non-contrast calcium scans and correlation of EAT
volumes with deep learning quantification highly correlated with
expert readers R =0.973 and R = 0.979; p < 0.001. Deep learning
quantification was also associated with increased non-calcified
plaque on subsequent CCTA (5.7 vs. 1.8%, p = 0.026). Deep
learning quantification was performed with a mean of 1.57s +
0.49 s compared to 15 mins for expert readers.

CORONARY ARTERY CALCIUM

Increased coronary artery calcium has demonstrated to have
important prognostic significance across age and diverse ethnic
groups (57-59). In addition, CAC now has an important
guideline-level role in risk-stratification and treatment decisions
of CAD for patients at intermediate risk. For example, in non-
diabetic adults aged 40-75 with LDL-C between 70 and 189
mg/dl and a 10-year ASCVD risk between 7.5 and 19.9%, current
guidelines encourage the use of CAC score to guide clinicians on
de-risking patients or initiating intensive lipid lowering therapy
(60). Typically, calcium scores are obtained from regular dose,
ECG-gated chest CT’s and require some degree of manual input
(the provider selecting/confirming areas of calcification and the
software subsequently generating a calcium score).

There has been recent interest in using artificial
intelligence/machine learning to allow for the automated
quantification of coronary artery calcium as well as incorporating
a calculated coronary artery calcium score to improve current
risk prediction models. Isgum et al. (61) demonstrated that
coronary artery calcium score can also be obtained from
low-dose chest CT performed for lung cancer screening in
the smoking population. Investigators identified CAC with a
statistical pattern recognition system, and then utilized support
vector machines to correctly classify cardiovascular risk category
in 82% of the subjects based on Agatston score. The accuracy
of fully automated calcium scores from low-dose CT has also
been evaluated in other studies. Takx et al. (62), examined
automatic calcium scores derived from low-dose CT. There was
good reliability between fully automated calcium scores and
reference scores set by human readers (kappa 0.85). Most of the
discordance was due to the automated method failing to detect
calcifications in the right coronary artery. Isgum et al. (63), also
yielded similar results. The study showed agreement of CVD
risk category (based on Agatston score) not only between fully
automatic and manual calcium scores derived from low dose
CT (kappa 0.89), but also between fully automatic calcium score
from low dose CT and calcium score from dedicated calcium
scoring CT (kappa 0.74). Winkel et al. (64) used deep-learning
software to calculate vessel-specific CAC sub-scores (right
coronary artery, left main, left main, left anterior descending,
and circumflex). The risk class assignment determined by Al
showed agreement with that of human readers (kappa = 0.91).
Given the association of smoking history with cardiovascular
disease, and the abundance of lung cancer screening CT scans,
the ability to automatically estimate calcium scores from such
scans could provide the added benefit of identifying patients at
increased cardiovascular risk.

ETHICS, LIMITATIONS AND STANDARDS
OF ARTIFICIAL INTELLIGENCE IN CAD
IMAGING

The ease in which ML can acquire data can present ethical
dilemmas. Big data can be analyzed in minutes (11) raising
issues such as proper consent and safe storage of protected
health information (PHI). The “black box” nature of AI may
lead to uncertainty for physicians seeking to apply these
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approaches to practice. Clinicians must be aware of the specific
validation of AI (65) and the limitations to avoid unintended
extrapolation and biased results. As automated analysis improves
to better address gaps in expert level care, the field of
cardiovascular imaging training may be inadvertently depleted
of the “Human Neural Network” when there is overreliance
on Al to create the foundations of analyzing images (66). The
use of Al in cardiovascular medicine needs to be tailored to
specific patient-centered goals to avoid unintended or false
discoveries (9).

In the imaging of coronary artery disease, it is important to
establish appropriate ground truth standards such as quantitative
coronary angiography, fractional flow reserve and invasive
ultrasound. In addition, new artificial intelligence and machine
learning based approaches should be validated in randomized
controlled trials (RCT). An RCT in which one arm receives usual
care and the other arm receives Al assisted care can be extremely
influential and may be a novel trial approach to further create an
evidence base for the use Al in clinical practice. It is important
that these tools are vetted by the Food and Drug Administration
and similar regulatory bodies, through peer-reviewed studies as
well as through the professional societies. The field will also need
to further develop models for integration into clinical practice,
its use as a clinical decision support tool as well as addressing
scenarios in which the AI/ML tool disagrees with clinical readers.
It is also expected there may be clinical scenarios in which the
AI/ML has not been fully trained. For example, in an acute
coronary syndrome, the AI/ML may be able to identify severity
of stenosis and adverse plaque characteristics, but not recognize
a coronary artery dissection. With its various application to
cardiovascular medicine, there will be a continued and ongoing
need to apply ethnical and scientific standards in AI/ML in
coronary imaging.
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Objective: The combination of hypertension and obesity is a major cause of
cardiovascular risk, and microvascular changes and subclinical dysfunction should be
considered to illustrate the underlying mechanisms and early identification, thereby
developing targeted therapies. This study aims to explore the effect of obesity on
myocardial microcirculation and left ventricular (LV) deformation in hypertensive patients
by cardiac magnetic resonance (CMR).

Methods: This study comprised 101 hypertensive patients, including 54 subjects
with a body mass index (BMI) of 18.5-24.9 kg/m? and 47 subjects with a BMI
>25 kg/m?, as well as 55 age- and sex-matched controls with a BMI of 18.5-
24.9 kg/m?. Myocardial perfusion indicators [upslope, time to maximum signal intensity
(TTM), maximum signal intensity (Max Sl)] and LV strains [radial, circumferential, and
longitudinal global peak strain (PS), peak systolic strain rate (PSSR), and peak diastolic
strain rate (PDSR)] were measured.

Results: Upslope was numerically increased in obese patients but statistically
decreased in non-obese patients compared with controls. Longitudinal PS deteriorated
significantly and gradually from controls to non-obese and obese hypertensive patients.
Longitudinal PSSR and PDSR were significantly decreased in obese hypertensive
patients compared with the other two groups. BMI was associated with upslope
(B =-0.136, P < 0.001), Max SI (8 = —0.922, P < 0.001), longitudinal PSSR (8 = 0.018,
P < 0.001), and PDSR (B = —0.024, P = 0.001). Myocardial perfusion was independently
associated with longitudinal PSSR (TTM: g = 0.003, P = 0.017) and longitudinal PDSR
(upslope: B = 0.067, P = 0.020) in hypertension.
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Conclusion: Obesity had adverse effects on microvascular changes and subclinical

LV dysfunction

in hypertension,

and BMI was independently associated with

both myocardial perfusion and LV deformation. Impaired myocardial perfusion was
independently associated with subclinical LV dysfunction in hypertension.

Keywords: hypertension, obesity, left ventricular deformation, myocardial perfusion, magnetic resonance

imaging

INTRODUCTION

Hypertension and obesity are well-recognized global health
concerns, and the two conditions often coexist (1-3). Both
hypertension and obesity are associated with an increased
risk of cardiovascular morbidity and mortality in isolation,
and when combined the cardiovascular risk increases (4).
Myocardial microcirculatory damage is an important mechanism
of myocardial impairment (5) that is associated with cardiac
dysfunction (6), poor prognosis (7), and adverse outcomes
(8). Although abnormalities of myocardial perfusion and left
ventricular (LV) function have been demonstrated separately
in hypertension (9, 10) and obesity (11, 12) separately, their
combined effects are still poorly investigated. Elucidation
of the interaction between obesity and hypertension may
provide insights into mechanisms underlying the impairment of
myocardial microcirculation and cardiac function, and may help
in identifying patient subgroups that could benefit from early
prevention and treatment.

Cardiac magnetic resonance (CMR) imaging has been
increasingly used to evaluate myocardial microcirculation and
cardiac function with high reproducibility. First-pass CMR
imaging allows non-invasive assessment of myocardial perfusion
during the transit of contrast agent and has been increasingly
used in recent years to detect microvascular dysfunction (13,
14). In addition, conventional functional parameters are not
sensitive enough to detect minor abnormalities of LV function,
such as left ventricular ejection fraction (LVEF), which may
mask the impairment in the preclinical stage (15). CMR feature
tracking (CMR-FT) can drive LV deformation indicators using
only clinical routine cine images, and has been well established
as a sensitive technique for evaluating subclinical LV dysfunction
(16, 17).

Therefore, we aimed to evaluate myocardial microcirculation
and LV function by CMR first-pass perfusion and CMR-FT
imaging in hypertensive patients without or with obesity, as well
as to explore the relationship between myocardial perfusion, LV
strains and BMI.

MATERIALS AND METHODS

Ethical Considerations

This study was approved by the Biomedical Research Ethics
Committee of the West China hospital of Sichuan University
(Approval No. 2019-756) and was conducted in accordance
with institutional guidelines. All patients gave their informed

consent for contrast-enhanced CMR examination. All patient
information was used only for research purposes.

Study Population

We retrospectively identified patients with essential hypertension
from consecutive hospitalized subjects who underwent contrast-
enhanced CMR for suspected cardiomyopathy at our hospital
from January 2016 to May 2021. Hypertension was defined
as clinical systolic blood pressure (SBP) >140 mmHg and/or
diastolic blood pressure (DBP) >90 mmHg or a previous
diagnosis of essential hypertension or usage of antihypertensive
medication. The exclusion criteria included coronary artery
disease, myocardial infarction, severe arrhythmias, symptoms
of heart failure or LVEF <50%, cardiomyopathy, severe
valvular disease, congenital heart disease, diabetes diseases,
estimated glomerular filtration rate (e-GFR) <30 ml/min, severe
hepatopulmonary dysfunction, underweight (BMI <18.5 kg/m?),
and poor image quality. Ultimately, 101 hypertensive patients
(51 [50.49%] females; mean age, 54.56 =+ 15.33 years) were
included in the final analysis. Then, the hypertensive patients
were categorized into two groups (without and with obesity)
according to World Health Organization (WHO) BMI standards
(18) for Asian populations. The hypertensive patients without
obesity group comprised those with a BMI of 18.5 kg/m*-
249 kg/m? (n = 54), and the hypertensive patients with
obesity group comprised those with a BMI >25.0 kg/m?
(n = 47). For comparison, 55 age- and sex- matched
controls (33 [60.0%] females; mean age, 53.54 £ 10.08 years)
were identified though subjects who underwent contrast-
enhanced CMR during the study period. All these individuals
had BMIs of 18.5 kg/m?-24.9 kg/m? and no evidence of
hypertension. Moreover, the aforementioned exclusion criteria
for the hypertensive group also applied to the control
group. Demographic and clinical data within 1 month of
the CMR examination were collected through a review of
electronic medical charts.

Cardiac Magnetic Resonance Imaging
Acquisition
Cardiac magnetic resonance scans were performed on a 3.0 T
whole-body scanner MAGNETOM Trio Tim (Siemens Medical
Solutions, Erlangen, Germany). Patients were placed in the
supine position with a dedicated two-element cardiac-phased
array coil attached.

A standard ECG-triggering device was simultaneously used.
Localizers were used to determine the cardiac axes. To achieve
complete and high-quality LV coverage, CMR images were
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acquired from the base to the apex during multiple breath-
holding periods. To analyze cardiac function and myocardial
strain, a balanced steady-state free-precession (bSSFP) sequence
(repetition time [TR]/echo time [TE]: 2.81/1.22 ms, flip
angle: 40°, slice thickness: 8 mm, field of view [FOV]:
250 x 300 mm, matrix size: 208 x 139) was used to obtain
8-12 continuous cine images of the long-axis, short-axis, 2-
chamber, and 4-chamber views. For perfusion imaging, a
contrast dose of 0.2 ml/kg gadobenate dimeglumine (MultiHance
0.5 mmol/mL; Bracco, Milan, Italy) was injected into the
right antecubital vein using an automated injector (Stellant,
MEDRAD, Indianola, PA, United States) at a flow rate of
2.5-3.0 ml/s, followed by a 20 ml saline flush at a rate of
3.0 ml/s. Resting perfusion images were acquired concurrently
with intravenous contrast agents in three stand- and short-
axis slices (apical, middle, and basal) and in one 4-chamber
view slice by inversion-recovery echo-planar sequence (TR/TE:
163/1.12 ms, flip angle: 10°, slice thickness: 8 mm, FOV:
360 x 270 mm, matrix size: 256 x 192). Each set of first-
pass perfusion images was acquired in 80 cardiac cycles. To
exclude myocardial infarction, late gadolinium enhancement
(LGE) imaging was obtained at an average of 10-15 min after
contrast injection by segmented-turbo-FLASH-phase-sensitive
inversion recovery (PSIR) sequence (TR/TE: 750/1.18 ms, flip
angle: 40°, slice thickness: 8 mm, FOV: 400 x 270 mm, matrix
size: 256 x 148).

Cardiac Magnetic Resonance Imaging
Analysis

All CMR data were transferred to a dedicated software
program (CVI42 version 5.9.1, Circle Cardiovascular Imaging,
Inc., Calgary, Canada) and measured by two experienced (at
least 2 years of CMR experience) investigators blinded to
the clinical profiles of the subjects. For measurement of left
ventricular (LV) function parameters, we manually delineated
the endocardial and epicardial contours in serial short-axis
slices at the end-diastolic and end-systolic, and then left
ventricular end diastolic volume (LVEDV), left ventricular
end systolic volume (LVESV), left ventricular stroke volume
(LVSV), LVEF and left ventricular mass (LVM) were calculated
automatically. LVEDV, LVESV and LVM were indexed to
body surface area (LVEDVI, LVESVI and LVMI, respectively).
The LV remodeling index was calculated as LVM divided
by LVEDV.

For semiquantitative analysis of LV myocardial perfusion,
we manually delineated the endocardial contours, epicardial
contours, and a region of interest drawn in the LV blood
pool in all of the first-pass perfusion images of the basal, mid
and apical short-axis slices. A 16-segment mode (Bull’s eye
plot) was constructed based on AHA standard segmentation
recommendations, including six basal segments, six middle
segments, and four apical segments (19). Subsequently, a
myocardial signal intensity-time curve was generated, and the LV
segmental perfusion parameters [upslope, max signal intensity
(Max SI), and time to maximum signal intensity (TTM)] were
obtained automatically.

Cardiac magnetic resonance feature tracking (CMR-FT)
was used for the analysis of LV myocardial strain. We
manually delineated the endocardial and epicardial contours
in long-axis 2-chamber, 4-chamber, and serial short-axis slices
at the end-diastole phase, which was the reference phase, in
a 3-dimensional (3D) tissue tracking module. Then, the LV
global myocardial strain parameters (radial, circumferential,
and longitudinal global peak strain (PS), peak systolic strain
rate (PSSR), and peak diastolic strain rate (PDSR)) were
acquired automatically.

Reproducibility of Left Ventricular Strain
and First-Pass Myocardial Perfusion

Parameters
After 1 month, 30 patients (20 hypertensive subjects, 10
controls) were randomly selected and LV strain and first-

pass myocardial perfusion parameters were measured
again by the same radiologist to evaluate the intraobserver
variability. The parameters were measured again as

above by a second blinded investigator to determine the
interobserver variability.

Statistical Analysis

All statistical analyses were performed with R version 3.6.3
(The R Foundation, Vienna, Austria). Continuous variables are
presented as the mean + standard deviation and categorical
variables are presented as frequencies (%). The Kolmogorov-
Smirnov test was used to assess the normality of the distribution
of continuous variables. Normally distributed continuous
variables among groups were compared by one-way analysis of
variance (ANOVA) followed by the least-significant difference
(LSD) test. Comparisons of non-normally distributed continuous
variables among groups were performed by the Kruskal-Wallis
rank test. Categorical variables were compared by the Chi-
square test. Correlations between myocardial perfusion and
LV strain parameters were analyzed by Pearson correlation
analysis. Univariable linear regression analyses were performed
to demonstrate the relationship between candidate factors
and myocardial perfusion/LV strain parameters. Age, sex and
variables with a P-value <0.1 in the univariable analyses were
entered into a stepwise multivariable linear regression analysis.
The inter- and intraobserver variabilities for reproducibility
were evaluated using the intraclass correlation coefficient (ICC).
For all statistical analyses, a P-value <0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics

Table 1 presents the demographic and clinical characteristics
of the study population. BMI and BSA were significantly
higher in hypertensive patients with obesity than in the
other two groups (all P < 0.05). Office SBP and DBP
were significantly higher in hypertensive patients with or
without obesity than in controls (all P < 0.05); office
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TABLE 1 | Baseline characteristics.

Controls (n = 55) Hypertensive patients without obesity Hypertensive patients with obesity (n = 47) P
(n = 54)

Demographics
Age, years 53.54 + 10.08 54.15 4+ 16.18 55.02 + 14.46 0.862
Sex 0.288
Male, n (%) 22 (40.0%) 24 (44.4%) 26 (565.3%)
Female, n (%) 33 (60.0%) 30 (55.6%) 21 (44.7%)
BMI, kg/m? 22.49 4+ 1.75 22.70 + 1.46 27.57 +2.20*§ <0.001
BSA, m? 1.62 £0.13 1.59+0.14 1.79 £0.18*§ <0.001
Hemodynamic variables
Heart rate, bpm 71.08 £ 10.52 75.98 + 16.46 77.02 £15.14 0.161
Office SBP, mmHg 114.55 £ 10.33 138.98 4+ 23.57* 143183 £17.78* <0.001
Office DBP, mmHg 73.49 + 10.98 82.54 + 16.59* 91.34 + 15.68*§ <0.001
Laboratory data
TG, mmol/L 1.46 £ 0.81 1.61+£1.48 1.98 £1.77 0.156
TC, mmol/L 453 +1.08 4.36 +£0.82 4.66 +1.08 0.301
HDL, mmol/L 1.37 £0.38 1.61+1.42 1.25 +£ 0.45*§ 0.018
LDL, mmol/L 2.68 +£1.00 2.414+0.68 2.78 £0.86 0.082
eGFR, mL/min/1.73 m? 90.62 + 13.95 91.16 £ 24.70 91.98 + 20.14 0.965
Medication usage
ACEL n (%) - 4(7.4%) 4 (8.5%) 1.000
ARB, n (%) - 17 (31.5%) 14 (29.8%) 0.854
Beta-blockers, n (%) - 18 (33.3%) 15 (31.9%) 0.880
CCB, n (%) - 19 (35.2%) 28 (69.6%)§ 0.014
Diuretics, n (%) - 4(7.4%) 4 (8.5%) 1.000
Duration of hypertension, years - 5.88 + 7.93 6.23 £ 5.35 0.124

BMI, body mass index; BSA, body surface area; SBF, systolic blood pressure; DBR, diastolic blood pressure; TG, plasma triglycerides, TC, total cholesterol; HDL, high-
density lipoprotein; LDL, low-density lipoprotein;, eGFR, estimated glomerular filtration rate; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor

blocker; CCB, Calcium channel blocker
*P < 0.05 versus controls.
§P < 0.05 versus hypertensive patients without obesity.

DBP was significantly higher in hypertensive patients with
obesity than in those without obesity (P = 0.003). High-
density lipoprotein (HDL) was significantly increased in
hypertensive patients without obesity compared with the other
two groups. Calcium channel blocker use was more common
in obese patients than in non-obese patients (P = 0.014).
No significant differences were found in in sex, age, heart
rate or other laboratory data among the three groups. There
were no significant differences in other medication usage or
duration of hypertension between hypertensive patients with and
without obesity.

Comparison of Cardiac Magnetic

Resonance Findings Between Groups
As shown in Table 2, LVEDVI and LVESVI were significantly
higher in hypertensive patients without obesity than in the other
two groups (all P < 0.05). LVMI was significantly higher in
hypertensive patients than in controls (both P < 0.05). The
LV remodeling index was gradually increased in non-obese
and obese hypertensive patients compared with controls (all
P < 0.005).

Hypertensive patients without obesity had numerically higher
upslope and Max SI values than controls (upslope: 2.83 & 0.89

vs. 2.56 £ 0.86, P = 0.084; Max SI: 26.24 £ 7.96 vs. 23.26 £ 6.32,
P =0.073). Hypertensive patients with obesity had a significantly
reduced upslope compared with the other two groups, and a
significantly decreased Max SI compared with patients without
obesity (all P < 0.05) (Figures 1, 2).

Longitudinal PS significantly and gradually deteriorated
from controls to patients without obesity to patients with
obesity (all P < 0.05). Longitudinal PSSR and PDSR were
significantly decreased in hypertensive patients with obesity
compared with the other two groups (all P < 0.05). In addition,
circumferential PDSR was significantly decreased in hypertensive
patients with obesity compared with controls (P = 0.005). No
significant differences were seen in other parameters among
the three groups.

Associations Between Perfusion and
Deformation Parameters in Non-obese

and Obese Hypertensive Patients

Among hypertensive patients, TTM was correlated with all
strain parameters (all P < 0.05) (Supplementary Figure 1).
In addition, there were significant correlations between
upslope and longitudinal PS, PSSR and PDSR (all P < 0.05).
Univariable linear regression analyses between potential
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TABLE 2 | Comparisons of CMR findings between controls, non-obese and obese patients.

Controls (n = 55) Hypertensive patients without obesity (n = 54) Hypertensive patients with obesity (n = 47) P
Conventional LV function
LVEF, % 64.45 + 5.08 62.57 + 6.06 62.65 +7.10 0.239
LVEDVI, ml/m? 7451 +£13.58 84.24 + 19.66* 74.00 + 19.478 0.004
LVESVI, ml/m? 26.83 + 6.27 34.19 + 11.06* 28.32 + 10.03% < 0.001
LVSV, ml 77.53 + 15.96 81.56 + 21.85 82.88 + 24.26 0.757
LVMI, g/m? 47.02 + 14.26 61.00 + 19.35* 62.06 + 23.26* < 0.001
LVremodeling index, g/mL 0.64 £0.18 0.73 £ 0.19* 0.85 + 0.25*% < 0.001
Myocardial perfusion
Upslope 2.56 + 0.86 2.83 +£0.89 1.90 + 0.60*8 < 0.001
TTM, s 26.94 + 10.04 26.94 + 12.53 32.05 4+ 13.65 0.059
Max Sl 23.26 + 6.32 26.24 +7.96 20.61 + 6.33% 0.001
LV strain
PS, %
Radial 35.81 + 8.31 34.80 +9.14 33.17 +8.83 0.221
Circumferential —20.58 + 2.66 —20.20 + 3.25 —20.31 £ 3.14 0.798
Longitudinal —-14.32 £2.28 —-13.10 +£ 3.12* —11.72 + 2.82*8 < 0.001
PSSR, 1/s
Radial 1.92 +£0.52 1.92 + 0.63 1.81 £ 0.71 0.619
Circumferential —1.00 £ 0.36 —1.04 £0.26 —1.06 £ 0.23 0.813
Longitudinal —0.84 £0.20 —-0.78 £0.22 —0.68 + 0.17*8 < 0.001
PDSR, 1/s
Radial —2.40 £ 0.89 —2.17 £0.88 —2.00 £+ 0.61 0.086
Circumferential 1.23+£0.25 1.15+£0.30 1.07 £ 0.26* 0.018
Longitudinal 0.91+0.24 0.82 £0.22 0.67 + 0.22*8 < 0.001

LV, left ventricular; EF, ejection fraction; EDVI, end diastolic volume index; ESVI, end systolic volume index; SV, stroke volume; MI, mass index; TTM, time to maximum
signal intensity; Max Sl, maximum signal intensity; PS, peak strain; PSSR, peak systolic strain rate; PDSR, peak diastolic strain rate *P < 0.05 versus controls Sp <0.05
versus hypertensive patients without obesity.

FIGURE 1 | Representative first-pass myocardial perfusion MR images and signal intensity-time curves of a control subject (A,D), a hypertensive patient without
obesity (B,E) and a hypertensive patient with obesity (C,F).
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FIGURE 2 | Comparisons of first-pass perfusion (A-C) and left ventricular strains (D-F) between groups.

influencing factors and perfusion/strain parameters are shown in
Supplementary Table 1.

loosenessl Multivariable linear regression analyses (Table 3)
showed that BMI was significantly associated with myocardial
perfusion (upslope: f = —0.136, P < 0.001, model R? = 0.214;
Max SL B = —0.922, P < 0.001, model R> = 0.172) and
LV strains (longitudinal PSSR: f = 0.018, P < 0.001, model
R? = 0.245; longitudinal PDSR: § = —0.024, P = 0.001, model
R? =0.278) in hypertensive patients (Figure 3). After adjustment
for perfusion, there was a significant association between BMI
and longitudinal PS after adjustment for perfusion (f = 0.493,
P =0.022, model R? = 0.496). The association between BMI and
longitudinal PSSR remained significant (f = 0.016, P = 0.009,

model R? = 0.326), while the association between BMI and PDSR
was absent (B = —0.013, P = 0.132, model R? = 0.385). In addition,
multivariable linear regression analyses including both BMI and
all perfusion parameters revealed that myocardial perfusion was
significantly associated with longitudinal PSSR (TTM: § = 0.003,
P =0.017) and longitudinal PSDR (upslope: f = 0.067, P = 0.020)
in hypertension (Figure 4).

Intra- and Interobserver Variability

There was excellent intra- and interobserver variability for
first-pass perfusion (ICC = 0.900-0.980) and LV deformation
indicators (ICC = 0.850-0.977) (Table 4).
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TABLE 3 | Multivariable linear regression analyses in hypertensive patients.

Upslope ™ Max SI
Model 1 B (95% CI) P R? B P R2 B P R2
BMI —0.136 (—0.189, —0.084) <0.001* 0.214 - - 0.067 —0.922 (—1.385, —0.458) <0.001* 0.172
Longitudinal PS Longitudinal PSSR Longitudinal PDSR

B (95% CI) P R2 B P R2 [} P R2
Model 2
BMI - - 0.385 0.018 (0.005-0.030) <0.001* 0.245 —0.024 (-0.037, —0.010) 0.001* 0.278
Model 3
BMI 0.493 (0.079, 0.906) 0.022* 0.496 0.016 (0.004, 0.028) 0.009* 0.326 —0.013 (—0.028, 0.002) 0.132 0.385
Upslope - - - - 0.067 (0.011, 0.124) 0.020*
™ - - 0.003 (0.000, 0.006) 0.017* —0.002 (—0.006, 0.001) 0.156
Max Sl 0.184 (—0.035, 0.402) 0.095 - - - -

BMI, body mass index; PDSR, peak diastolic strain rate; PSSR, peak systolic strain rate; PS, peak strain; TTM, time to maximum signal intensity; Max SI, maximum

signal intensity.

Age, sex, and factors with p < 0.1 in the univariable analysis were included in the multivariable analysis.

Model 1: Association between BMI and perfusion parameters in hypertension.

Model 2: Association between BMI and longitudinal strain/strain rates in hypertension.
Model 3: Association between perfusion parameters and longitudinal strain/strain rates in hypertension.

P < 0.05.
—factors not incorporated into the final regression equation.
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FIGURE 3 | Relationship between BMI and myocardial perfusion/LV deformation in hypertensive patients.

DISCUSSION

In this work, we used contrast-enhanced CMR and found
that (1) myocardial perfusion was slightly increased in
hypertensive patients without obesity but significantly
decreased hypertensive patients with obesity; (2)
subclinical LV function gradually decreased from controls
to hypertensive patients without and with coexisting
obesity; and (3) myocardial microcirculatory damage was

in

independently associated with subclinical LV dysfunction in
hypertensive patients.

The Combined Effects of Obesity and
Hypertension on Myocardial

Microcirculatory Damage
The pathophysiology of cardiomyopathy related to obesity
and hypertension is complex and multifactorial. Among these,
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TABLE 4 | Inter- and intra-observer variability of CMR first-pass perfusion and LV
strain parameters.

Variable Intra-observer (n = 30) Inter-observer (n = 30)
IcC 95%ClI ICC 95%Cl

First-pass perfusion parameters

Upslope 0.960 0.917-0.981 0.980 0.959-0.991

T™ 0.951 0.899-0.976 0.953 0.903-0.977

Max SI 0.900 0.801-0.951 0.973 0.944-0.987

Strain parameters

PS, %

Radial 0.950 0.899-0.976 0.930 0.858-0.966

Circumferential 0.924 0.847-0.917 0.854 0.716-0.928

Longitudinal 0.946 0.942-0.987 0.857 0.721-0.929

PSSR, 1/s

Radial 0.887 0.777-0.945 0.879 0.762-0.941

Circumferential 0.938 0.874-0.970 0.842 0.694-0.921

Longitudinal 0.973 0.944-0.987 0.922 0.842-0.962

PDSR, 1/s

Radial 0.977 0.952-0.989 0.850 0.709-0.926

Circumferential 0.889 0.780-0.945 0.877 0.757-0.939

Longitudinal 0.932 0.863-0.967 0.925 0.849-0.964

LV, left ventricular; EF, ejection fraction;, EDVI, end diastolic volume index; ESVI, end
systolic volume index; SV, stroke volume; MI, mass index; TTM, time to maximum
signal intensity; Max SI, maximum signal intensity; PS, peak strain; PSSR, peak
systolic strain rate; PDSR, peak diastolic strain rate.

microvascular abnormalities are an important disorder in
both conditions with certain common pathological changes:
endothelial ~ dysfunction, microvascular remodeling and
rarefaction (20). Some previous studies revealed no obvious
difference in the resting myocardial perfusion between
hypertensive and normotensive subjects (21, 22), while other
studies reported significantly increased resting myocardial
perfusion in hypertensive patients due to an adaptive mechanism
(23, 24). Our results showed slightly increased resting myocardial
perfusion in hypertensive patients without obesity compared
with controls, but this difference did not reach statistical

significance. Regarding the effects of obesity alone on myocardial
microvascular damage, Bajaj et al. (11) reported that coronary
microvascular dysfunction was independently associated with
elevated BMI in patients with suspected coronary artery disease
based on clinical symptoms. Such association was also confirmed
in persons without traditional coronary artery disease risk
factors (25). Considering the shared pathophysiology of obesity
and hypertension above, we hypothesized that the obesity
status contributes to the aggravation of the microcirculatory
dysfunction by hypertension.

Although a combined effect of obesity and diabetes on
damage to myocardial microcirculation has been reported
(14), whether such an effect would be observed among
obese individuals with hypertension is still unclear. Our
findings demonstrated that hypertensive patients with obesity
had significantly decreased perfusion compared with both
controls and hypertensive patients without obesity even in
the resting state, suggesting that the coexistence of obesity
may amplify the microcirculatory damage in hypertension.
This result may help to provide a better understanding
of the possible mechanisms of the combined effect of
hypertension and obesity on the myocardium. In addition,
coronary microvascular dysfunction was reported to be a
better risk marker of adverse outcomes than BMI and other
traditional risk factors (11), which provides a direction for
tailoring therapeutic strategies for hypertensive patients
with obesity.

The Combined Effects of Obesity and
Hypertension on Left Ventricular

Deformation Deterioration

The results of our study showed that hypertensive patients
without obesity had significantly decreased strain values
but preserved LVEF compared with control subjects, which
confirmed the value of CMR-FT based myocardial deformation
analysis in the detection of early and subtle LV dysfunction
with previous studies (26, 27). A previous CMR-FT study (10)
demonstrated decreased global longitudinal, circumferential and
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radial PS in essential hypertension. In the present study, the
global strain decreased longitudinally but was preserved radially
and circumferentially, consistent with an echocardiographic
strain study by Sera (28). This difference suggests that
longitudinal PS may be a more sensitive indicator than radial
and circumferential PS for identifying the subclinical LV systolic
dysfunction. This may be because the myocardium producing
longitudinal stress mainly exists in the endocardium (29),
which is generally reported to be the first site of myocardial
ischemia (30).

Previous epidemiologic studies have provided substantial
evidence that obesity could worsen cardiac function (31, 32).
If there is hypertension at the same time, it also promotes
the deterioration of cardiac function due to the chronic
hemodynamic burden and central pressure overload (33).
However, a previous study (34) showed that the presence of
hypertension and obesity had no obvious effect on systolic
function by LVEF. In this context, we have further examined
the simultaneous presence of hypertension and obesity on
the subclinical systolic function. Our results showed that
in obese hypertensive patients, longitudinal PS was further
decreased, and longitudinal PSSR began to be significantly
impaired, despite comparable LVEF. These results suggest
that subclinical systolic dysfunction caused by hypertension
was further aggravated with obesity. This may be attributed
to interrelated factors such as various neurohormonal and
metabolic abnormalities, abnormalities in microvasculature and
cardiac remodeling (4). In addition, these results also indicate
that CMR-FT technique allows for early detection of subclinical
systolic dysfunction, thus enabling timely intervention to prevent
disease progression.

In addition, the occurrence of longitudinal and
circumferential PDSR impairment in obese patients indicated
an adverse effect of hypertension and combined obesity on
subclinical diastolic dysfunction. Consistently, Kim et al.
(34) demonstrated that obesity and hypertension intensified
diastolic dysfunction by echocardiography. A previous study (35)
showed that there was limited interaction on pathophysiological
changes between obesity and hypertension in the development
of diastolic function. Specifically, hypertension triggered
apoptosis, inflammation and fibrosis, while obesity triggered
oxidative stress and hypertrophic remodeling. The aggravation
of subclinical LV diastolic dysfunction may provide a perspective
in comorbidity-specific characterization.

Associations Between Myocardial
Perfusion, Left Ventricular Deformation
and Body Mass Index in Hypertensive
Patients

Multivariable stepwise regression analysis revealed that BMI
exerted negative impacts on both myocardial perfusion and
LV function. The negative effect of BMI on longitudinal
PSSR and PDSR indicated that BMI was an important
factor influencing LV systolic and diastolic function. In
addition, we found that BMI was significantly associated
with longitudinal PS in model adjustment with perfusion

with improved model fit. With the increase in BMI, LV
hypertrophic remodeling was noticeably intensified in
hypertensive patients. Although the association between
BMI and longitudinal PDSR lost significance after correction
for myocardial perfusion, we assume that BMI is more likely
to be higher in patients with lower perfusion, which also
shows more severe diastolic dysfunction. Considering that
microcirculation damage and subclinical LV systolic and
diastolic dysfunction are predecessors of poor outcomes, these
results emphasize the clinical implications of the adverse effects
of obesity and the importance of weight management for
hypertensive patients.

The present study found an independent association between
TTM and longitudinal PSSR in hypertension, which is in
accordance with previous evidence regarding diabetes by Liu et al.
(6). Consistently, Li et al. demonstrated a significant association
between impaired myocardial perfusion and subclinical systolic
function in hypertension (24). In addition, previous studies
have indicated an association between resting regional perfusion
abnormalities and impaired diastolic function in consecutive
patients who underwent single-photon emission computed
tomography (SPECT) (36, 37). Our study also analyzed
possible associations between perfusion and diastolic function in
hypertension and found a similar association between upslope
and longitudinal PDSR. These findings might suggest a possible
mechanistic link between myocardial perfusion impairment
by hypertension and subclinical LV systolic and diastolic
dysfunction. Further investigation into underlying mechanisms
and optimal treatment are warranted to improve LV function and
prognosis for patients with essential hypertension.

Limitations

There are several limitations of this study. First, this is
a retrospective single-center study with inherent limitations.
Therefore, further large-scale, multicenter, prospective research is
needed to validate our results. Second, patient BMI was measured
before CMR, and the predisease BMI and dynamic changes in
BMI were not recorded and discussed in this study. Further
studies are warranted to investigate the impact of dynamic
changes in BMI on myocardial microcirculation and cardiac
function. Third, the present study assessed only myocardial
perfusion at rest, since stress perfusion has contraindications
and potential risks. However, even in the resting state, the
additive effect of hypertension and obesity on myocardial
microcirculation has been proven.

CONCLUSION

Obesity had an additive deleterious effect on myocardial
microcirculation and LV function in patients with hypertension,
and BMI was associated with myocardial microcirculation and
LV function. Impaired myocardial perfusion was associated with
subclinical LV dysfunction in hypertensive patients. These results
emphasize the adverse effects of obesity and the importance of
weight management for hypertensive patients and may imply
mechanistic perspectives that could help in early diagnosis
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and the development of therapeutic strategies, thus improving
prognosis for hypertensive patients.
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Multimodality Imaging in the
Evaluation and Prognostication of
Cardiac Amyloidosis

Paul J. Scheel lll, Monica Mukherjee, Allison G. Hays and Joban Vaishnav*

Division of Cardliology, Johns Hopkins University School of Medicine, Baltimore, MD, United States

Cardiac amyloidosis (CA) is an infiltrative cardiomyopathy resulting from deposition of
misfolded immunoglobulin light chains (AL-CA) or transthyretin (ATTR-CA) proteins in
the myocardium. Survival varies between the different subtypes of amyloidosis and
degree of cardiac involvement, but accurate diagnosis is essential to ensure initiation
of therapeutic interventions that may slow or potentially prevent morbidity and mortality
in these patients. As there are now effective treatment options for CA, identifying
underlying disease pathogenesis is crucial and can be guided by multimodality
imaging techniques such as echocardiography, magnetic resonance imaging, and
nuclear scanning modalities. However, as use of cardiac imaging is becoming
more widespread, understanding optimal applications and potential shortcomings is
increasingly important. Additionally, certain imaging modalities can provide prognostic
information and may affect treatment planning. In patients whom imaging remains
non-diagnostic, tissue biopsy, specifically endomyocardial biopsy, continues to play an
essential role and can facilitate accurate and timely diagnosis such that appropriate
treatment can be started. In this review, we examine the multimodality imaging approach
to the diagnosis of CA with particular emphasis on the prognostic utility and limitations of
each imaging modality. We also discuss how imaging can guide the decision to pursue
tissue biopsy for timely diagnosis of CA.

Keywords: cardiac amyloidosis, echocardiography, cardiac magnetic resonance imaging (CMR), endomyocardial
biopsy, cardiac scintigraphy, nuclear imaging

INTRODUCTION

Systemic amyloidosis is terminology for a broad spectrum of diseases that result from the
aggregation of misfolded proteins. Cardiac amyloidosis (CA) occurs when amyloid fibrils
accumulate in the myocardium often resulting in a restrictive cardiomyopathy (1-3). The two most
common proteins that lead to CA include monoclonal immunoglobulin light chains (AL-CA) and
transthyretin (ATTR-CA). AL-CA is rare with an incidence of 10-12 per million person-years and a
slight male predominance (4). ATTR-CA, on the other hand, has a significant male predominance
and is likely more common than reported and as such, a true estimate of prevalence is difficult
(2). An autopsy study of individuals greater than 80 years old found ATTR-CA in 25% of subjects,
though only a subset of those were thought to be clinically relevant (5). The misfolded amyloid
fibrils in ATTR-CA can either occur due to an age-related phenomenon, known as wild-type CA
(WtATTR), or related to a genetic variant, known as hereditary CA (hATTR). There are more
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than 130 TTR mutations identified, with the most common
mutation in the United States being Val122Ile, present in 3-4% of
African Americans (6). While the amyloid fibril deposition in AL
and ATTR-CA can be systemic (it is the cardiac involvement that
determines prognosis). Survival for treated AL-CA has improved
with advances in chemotherapy (7). ATTR-CA survival varies
between subtypes, but in general is 3-5 years without treatment
(2). With the advancements in the treatment of both AL and
ATTR-CA, there is a need for increased recognition of this
condition. Additionally, the efficacy of available therapies for CA
is far more favorable if instituted earlier in the disease course,
highlighting the need for early diagnosis and treatment.

Although direct tissue characterization with organ biopsy
had historically been the mainstay for diagnosis of CA, more
recently non-invasive cardiac imaging algorithms have become
the cornerstone of evaluation (8, 9). These algorithms are
typically predicated on establishing suspicion for CA based
on clinical factors and complementing that with imaging
findings. If imaging affirms clinical suspicion, laboratory
evaluation, and nuclear techniques or tissue biopsy are
needed to determine specific amyloidosis subtype (8-10).
However, the test performance characteristics and prognostic
utility are evolving given more widespread application and
treatment. In this review, we examine the multimodality
imaging approach to the diagnosis of CA. We highlight
the evolution in diagnostic performance, complementary
information, and prognostic utility of each modality as
well as emerging imaging techniques in the diagnosis and
management of CA. Finally, we focus on how multimodality
imaging can guide clinicians on when to pursue tissue biopsy
in select cases.

CLINICAL RECOGNITION OF CARDIAC
AMYLOIDOSIS

Cardiac amyloidosis is under-recognized and the diagnosis often
delayed, with the majority of patients experiencing greater
than 10 healthcare interactions in the 3 years before accurate
diagnosis (2). CA should be suspected in any patient presenting
with heart failure (HF), a non-dilated left ventricle (LV),
and unexplained left ventricular hypertrophy (LVH). However,
as disease prevalence may increase with age, particularly for
wtATTR, patients may have co-morbid conditions such as
hypertension, ischemic heart disease, or aortic stenosis that
confound the diagnosis. Therefore, it is important to maintain
a high index of suspicion and also screen for other cardiac
clues that may suggest underlying ATTR-CA as the driver of HF
(Table 1). Additionally, there are non-cardiac manifestations of
CA that may precede overt cardiac symptoms and recognition
of such clues may allow for an earlier diagnosis of ATTR-CA
(Table 1). AL amyloidosis is a systemic condition, and may
present with proteinuria, macroglossia, periorbital purpura, or
neuropathy. Once AL-CA is suspected, clinicians should aim to
confirm the diagnosis within 1-2 weeks, as AL-CA should be
considered a diagnostic emergency due to the rapid progression
of disease without treatment.

TABLE 1 | Cardiac and non-cardiac clinical clues for possible ATTR-CA.

Non-imaging cardiac red flags for
ATTR-CA

Non-cardiac red flags for ATTR-CA

Intolerance of GDMT
Persistent low-level troponin elevation

Polyneuropathy

Autonomic dysfunction/Orthostatic
hypotension

Unexplained AV block
Family history of cardiomyopathy

Bilateral carpal tunnel syndrome
Lumbar spine stenosis

HFpEF diagnosis in the absence of risk
factors

Diarrhea alternating with constipation

GDMT, guideline directed medical therapy for heart failure; HFpEF, heart failure with
preserved ejection fraction.

ECHOCARDIOGRAPHY

Transthoracic echocardiogram (TTE) is a mainstay of initial
HF evaluation and a common imaging modality that will raise
initial diagnostic suspicion of CA (Table 2). Patients undergoing
echocardiography eventually diagnosed with CA will likely fall
into two categories: (1) symptomatic, with clinical clues to
suggest underlying CA as part of evaluation for congestive HF
or (2) asymptomatic but at risk for CA because of known non-
cardiac AL amyloid involvement or family history of hATTR
with known genotype positivity (Figure 1). While TTE is a
widely available and helpful diagnostic test that may raise the
initial suspicion for CA, demonstration of tissue uptake of the
specific type of abnormal protein, either with advanced imaging
or biopsy, will always be needed to confirm a diagnosis of CA.
Abnormal parameters commonly seen on echocardiography are
summarized in Figure 2.

Morphologic Changes

LVH is the hallmark finding of CA on echocardiography
and is generally considered a prerequisite to pursuing
further investigation for CA in patients not otherwise at
risk (Figures 3A,B). LVH is defined as septal or posterior LV wall
thickness greater than 1.1 cm in men and greater than 1.0 cm in
women (11). LVH represents either increased muscle mass (true
hypertrophy) or increased presence of a non-muscle substance
like amyloid fibrils (pseudohypertrophy). LVH in CA is typically
concentric and symmetric but asymmetric hypertrophy can
also be seen (12, 13). A normal wall thickness in a patient with
known AL amyloidosis traditionally signified a lack of cardiac
involvement but very early involvement of disease is also possible
in this circumstance (14, 15).

Typically, LVH in ATTR-CA is slowly progressive, allowing
for early detection of disease prior to significant symptom onset.
In a study by Itzhaki Ben Zadok et al., echocardiograms in AL
and ATTR-CA patients analyzed in the years prior to a formal
diagnosis found LVH > 12 mm in 79% of patients more than
3 years prior to diagnosis (16). Additionally, ATTR-CA patients
developed LVH earlier than AL-CA patients prior to their formal
diagnosis, possibly related to the rapid disease progression seen
with AL-CA as compared to ATTR-CA (12). LVH, especially mild
LVH (wall thickness < 1.5 cm), can have many causes including
hypertensive heart disease (HHD), hypertrophic cardiomyopathy
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TABLE 2 | Comparison of each imaging modality with their specific findings in cardiac amyloidosis as well as their relative strengths and weakness.

Imaging modality

Findings in cardiac amyloidosis

Strengths

Limitations

Echocardiography

Magnetic resonance imaging (MRI)

Cardiac scintigraphy (PYP, DPD, and HDMP)

PET imaging

LVH

Small LV cavity

Large atria

RV/LV systolic dysfunction

Abnormal LV diastolic function

Abnormal strain

Pericardial/pleural effusion

Similar morphologic findings to echocardiography (Figure 2)
Late gadolinium enhancement in atria and ventricles
Pericardial/pleural effusion

Atria dysfunction

Interatrial septum thickening
Abnormal strain

Increased radiotracer uptake
Increased H/CL ratio

Increased radiotracer uptake

Readily available

Cheap

High temporal resolution

Identify other causes of LVH (AS, HCM, etc.)
No radiation

Patient ease

Reproducible

Direct tissue characterization

No radiation

Identify other causes of LVH (HCM, infiltrating disease)

Higher spatial resolution and multi-dimensional strain

Cheap

Widely available

Ease of interpretation
Differentiate amyloid subtype
Quantitative assessment
Differentiate amyloid subtype

No differentiation between CA subtypes
Variable image quality
Early findings in CA non-specific

Expensive
Limited availability
Special expertise required

Multiple patient specific exclusions
(implants, claustrophobia, etc.)

Radiation
Mostly qualitative
Genetic variant uptake variability

Radiation
Expensive

AS, aortic stenosis; H/CL, heart/contralateral; HCM, hypertrophic cardiomyopathy; LV, left ventricle; LVH, left ventricular hypertrophy; PET, positron-emission tomography.
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(see Table 1)

Suspected Cardiac Amyloidosis*

Consider CMR:

I

As an alternative to TTE for initial

Absence of LVH

strain imaging

Obtain TTE with

diagnostic work-up of CA
If poor acoustic windows or imaging

ﬁ

|

quality on TTE
For additional prognostication of CA

Consider CMR or Bone
Scintigraphy (for ATTR-CA) (see Table 2)

Presence of LVH with
additional features of CA

once diagnosis confirmed

if CA predisposing l

condition present**

SIFE, UIFE)

AL-CA serologic work-
up (K/L light chains,

=1 or more
test abnormal

All testing within
normal limits

Proceed with tissue biopsy
and Hematology/oncology
referral

Proceed with Cardiac
Scintigraphy to assess for
ATTR-CA

(-) or equivocal
with ongoing

icion for CA
Consider EMBx suspicion for

Genetic testing to

LA oRATTRCR determine hATTR or

*Once CA is suspected, aim to confirm the diagnosis within 1-2 weeks; diagnosis of AL-CA is a diagnostic emergency
**CA predisposing condition may include systemic AL amyloidosis or hATTR genotype positive

FIGURE 1 | Proposed algorithm for diagnosis of cardiac amyloidosis. Algorithm for patients being assessed for cardiac amyloidosis based on heart failure or risk
factors for AL or ATTR-CA. EMBX, endomyocardial biopsy; CMR, cardiac magnetic resonance imaging; LVH, left ventricular hypertrophy; SIFE, serum protein
electrophoresis with immunofixation; TTE, transthoracic echocardiogram; UIFE, urine protein electrophoresis with immunofixation.

WLATTR

(HCM), aortic stenosis, or other infiltrative cardiomyopathies
but if additional clinical or morphologic features consistent
with CA are present (Table 1), further testing for CA should
be pursued. Characteristic echocardiographic findings combined
with epidemiologic and clinical clues frequently differentiates
between other causes of LVH but overlap can still exist and
may requiring additional diagnostics, such as cardiac magnetic
resonance imaging (CMR) or genetic testing, to aid diagnosis
(Table 3). Of note, low voltage on electrocardiogram (ECG)
especially in the setting of LVH on imaging was once considered
a hallmark sign of CA but many studies demonstrate this only
occurs in a minority of CA patients and may be a finding
suggestive of advanced disease (17-19). Sensitivity of low voltage
on ECG for CA can be increased by using a Sokolow-Lyon index
of < 15 mm (sum of S wave in V1 plus R wave in either V5 or
V6, whichever is larger; >35 mm indicates true LV hypertrophy)
or combining objective measures of ECG voltage and LV mass
based on imaging (17, 20).

While LVH is universal in the current diagnostic paradigm for
CA, other morphologic changes occur with variable frequencies
in CA (Figure 2). LV cavity size is generally normal or decreased
(15, 21), except in the rare circumstance where CA develops after
development of an unrelated dilated cardiomyopathy. Compared

to other causes of LVH, a small LV cavity size may point more
toward CA (7). LV mass index (LVMI), a specific measure of LVH
utilizing LV wall thickness and cavity dimension, also tends to
be higher in CA compared to other causes of LVH (18). More
so, right ventricular hypertrophy (RVH) and significant left atrial
enlargement (left atrial volume index, LAVI > 47 mL/m?) may
be a more specific sign for CA in those patients with LVH (18, 22,
23). Thickened cardiac valve leaflets related to amyloid deposition
have been observed in some patients, but is subjective given
lack of defined parameters. Pericardial or pleural effusion is also
common, and has been described in up to 50% of patients with
CA (24, 25).

Many studies initially described increased echogenicity or
“sparkling” of the myocardium on TTE in patients with CA
(25-28). Advances in image processing has made this feature
less pronounced. Contemporary studies have also shown that
this is fairly subjective between readers and less common than
previously reported (18).

Diastolic Function

Aberrations in Doppler based diastolic parameters in CA was
recognized soon after this technology was developed (29). These
abnormal parameters include shorter deceleration time (DT),
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LV/RV GLS
Apical sparing

J LVEDVi

N RV mass
RV LGE

{ deceleration time

LVEDD nl/

Enlarged atria

™ ECV
Atrial LGE

Pericardial/pleural effusion!

LVH CMR
LV subendocardial or
4 MV §’ velocity Low nl/ LVEF diffuse LGE
RV Hypertrophy / { T1time

1 echogenicity
{ atrial EF

{4 RV FAC
{ TAPSE

M IA septal thickness

FIGURE 2 | A Venn diagram comparing echocardiogram (echo) and cardiac
magnetic resonance (CMR) characteristics seen in cardiac amyloidosis.

ECV, extra cellular volume; EF, ejection fraction; FAC, fractional area change;
GLS, global longitudinal strain; LGE, late gadolinium enhancement; LV, left
ventricle; LVEDD, left ventricular end diastolic diameter; LVEDVi, left ventricular
end diastolic volume index; LVH, left ventricular hypertrophy; LVMI, left
ventricle mass index; MAPSE, mitral annular plane systolic excursion;

MV, mitral valve; nl, normal; RV, right ventricle; TAPSE, tricuspid annular plane
systolic excursion.

higher E/A, and higher E/e’ (Figure 4). A limitation for diastolic
assessment in CA is atrial fibrillation, a common comorbidity in
this condition (30). CA typically leads to more severe diastolic
dysfunction compared to other causes of LVH (18, 21, 23)
and diastolic parameters may worsen with disease progression
(10, 15, 31). Chacko et al. (32) showed that a spectrum of
diastolic function exists even within ATTR-CA and depending
on the underlying genetic variant, if present. Despite having
similar wall thickness, wtATTR patients had worse diastolic
function compared to Thr60Ala hATTR patients, though both
had better diastolic function than Vall22Ile hATTR patients
(32). The variations in diastolic function based on genetic

subtype correlated with differences in symptoms, biomarkers,
and mortality (32).

Systolic Function

Early models classified CA as a “diastolic heart failure” with
systolic dysfunction being a later manifestation of disease (15).
However, even early CA may have subtle abnormalities in systolic
function. Left ventricular ejection fraction (LVEF) in CA can be
normal or low-normal, though typically lower as compared to
other causes of LVH (18, 21-23). Mitral annular plane systolic
excursion (MAPSE) is frequently abnormal in CA especially as
HF develops but this is not performed on routine TTEs and may
be a late manifestation of disease (33). Tissue Doppler measuring
mitral annular velocity (S') is another marker of systolic function
and a cutoff < 6 cm/s performed well as a screening test for
possible CA in a population of patients with severe aortic stenosis
(34). The presence of RV systolic dysfunction in CA, which
may occur due to direct amyloid infiltration or related to left
heart disease in CA, is currently an area of active investigation.
Both AL and ATTR-CA patients have been shown to have lower
RV fractional shortening and tricuspid annular plane systolic
excursion (TAPSE) compared to patients with alternative causes
of LVH (35, 36). Licordari et al. examined 37 patients with a
known pathogenic TTR variant with no or minimal symptoms
and found that in those with CA, echocardiographic markers of
RV function were already impaired in this early stage of disease
(37). RV dilation is non-specific and can be seen later in the
disease course as well (38).

Strain Imaging

Left ventricular strain imaging using speckle tracking
echocardiographic techniques measures the regional and
global deformation of the myocardium (19, 39). The reduction in
strain and strain rate occurs before overt myocardial dysfunction
allowing for earlier detection of systolic dysfunction (14). Initial
studies of strain in CA demonstrated clear differences between
patients without CA and those with CA even in the absence of

Pleural
effusion

FIGURE 3 | Representative echocardiographic images from a patient with cardiac amyloidosis. (A) Apical 4-chamber view showing moderate concentric left
ventricular hypertrophy with more prominent proximal septal hypertrophy, significant bi-atrial enlargement, and diffusely thickened atrioventricular valves.

(B) Parasternal long axis view showing large pleural effusion, moderate concentric hypertrophy, small left ventricular end diastolic diameter (LVEDD), and right
ventricle outflow track dilation. (C) Subcostal view demonstrating significant right ventricular hypertrophy, biatrial enlargement, and interatrial septal thickening.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

99

March 2022 | Volume 9 | Article 787618


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Scheel et al.

Multimodality Imaging in Cardiac Amyloidosis

TABLE 3 | Clinical and echocardiographic characteristics of alternative causes of
left ventricular hypertrophy beyond cardiac amyloidosis.

Hypertrophic Clinical clues Echocardiographic clues
disease
Fabry disease Childhood to adulthood Concentric/symmetric LVH
X-linked inheritance Papillary hypertrophy
Abdominal pain Papillary position variants
Angiokeratomas RV hypertrophy
Kidney abnormalities Regional strain
abnormalities
Hypohidrosis Occasional areas of LV
thinning
Conduction disease
Hypertrophic Childhood to adulthood Most commonly
cardiomyopathy asymmetric LVH

Hypertensive heart
disease (HHD)

Athlete’s heart

Friedreich ataxia

Danon disease

Left ventricular
non-compaction
(LVNC)

Hypereosinophilic
cardiomyopathy

Mitochondrial
cardiomyopathies

Sudden cardiac death
Often inherited

ECG pattern often
characteristic

Long-standing
documented HTN

Strong family history HTN
Multiple anti-hypertensives

Endurance/high-intensity
exercise

Resting bradycardia

Usually
childhood/adolescent

Autosomal recessive
Gait ataxia
Vision/hearing problems
Nystagmus
Childhood/adolescent
X-linked inheritance
Skeletal myopathy
Cognitive impairment
Pre-excitation on ECG
Childhood to adulthood

Thromboembolic events

Malignant arrhythmias
Hypereosinophilic state

Thromboembolic events
Fulminant to indolent

Childhood

Often maternal inheritance
Multiple distinct syndromes
Myopathy

Apical/mid-cavity variants
Apical aneurysm
Papillary position variants
MV abnormalities

Mitral regurgitation
Non-specific

Eccentric hypertrophy (LV
dilation)

RV dilation/hypertrophy
Atrial dilation

Non-compaction
sometimes seen

Asymmetric or concentric
LVH

Dilated variants

Non-compaction

Non-compaction

Colour Doppler of
hypertrophy for flow

Contrast usage may help
Restrictive

Endomyocardial thickening
LV/RV thrombi

MV/TV entrapment
Non-compaction

(Continued)

TABLE 3 | (Continued)

Hypertrophic Clinical clues Echocardiographic clues

disease

Stressors worsen

symptoms
RASopathies Childhood Other heart defects
(Noonan, etc.) Myopathy

Developmental delay

Often characteristic
appearance

HTN, hypertension; LV, left ventricle, LVH, left ventricular hypertrophy, MV, mitral
valve; RV, right ventricle; TV, tricuspid valve.

overt HF (15). Furthermore, CA patients with HF have worse
strain compared to those who were asymptomatic, suggesting
that abnormal strain may occur as a continuum related to disease
severity (15).

As strain imaging was increasingly used in CA, a distinct
pattern of “relative apical sparing,” referring to a reduced
longitudinal strain (LS) rate in the basal to mid-ventricular
segments of the LV compared to the apical segments, was
recognized (Figure 3C). While strain was already shown to be
reduced in CA compared to other causes of LVH (21), this
pattern may be of additive diagnostic value for CA. Relative apical
longitudinal strain (RALS; = [average apical LS]/[average basal
LS + average mid LS]) is an objective measure of the apical
sparing pattern. Using a cutoff off of RALS > 1, CA could be
differentiated from other causes of LVH with a sensitivity > 90%
and specificity >80% in 55 AL and ATTR-CA patients (19).
However, a slightly larger study that included AL-CA, wtATTR,
and hATTR demonstrated apical sparing in a minority (48%)
of patients (39). This may be due to early studies on LS in CA
including predominantly AL-CA patients since this phenomenon
is less common in ATTR-CA (19). Another explanation for these
differences is that apical sparing may vary based on disease
stage. Therefore, while an apical sparing pattern can certainly
be seen in CA and may enhance the likelihood of diagnosis,
the absence of this pattern should not eliminate the possibility
of a CA diagnosis. Additional novel echocardiographic markers
have been derived from strain imaging to help differentiate
CA from other causes of LVH including the LVEF to global
longitudinal strain (GLS) ratio (EFSR). A study comparing
CA to HHD and HCM patients showed an EFSR > 4.1 had
sensitivity and specificity of 90% for detecting CA in this
population (18).

Right ventricular strain can also be measured on
echocardiogram; however, this technique is not used in
widespread clinical practice. Palomero and colleagues (40)
evaluated RV strain in a group of AL and ATTR-CA patients
(n = 78) compared to controls. All patients had reduced
biventricular function and LV apical sparing. Notably an RV
apical sparing pattern was only seen in AL-CA patients. AL-CA
patients also had worse RV function measured by traditional
parameters, which could support worsening RV function existing
on a continuum of disease severity (40).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 787618


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Scheel et al.

Multimodality Imaging in Cardiac Amyloidosis

E=0.81m/s
A=s40.77 m/s

E/A=1.05

Deceleration time
(DT) = 107ms

mid ventricular segments with relative apical sparing.

FIGURE 4 | Doppler and longitudinal strain abnormalities in patients diagnosed with cardiac amyloidosis. (A) Mitral inflow and mitral annular tissue Doppler showing
pseudonormal diastolic filling (Grade 2) and high E/e’ signaling elevated left atrial pressures. (B) Mitral inflow pulse wave Doppler of patient in atrial fibrillation
demonstrating short deceleration time (DT) (normal 130-220 ms). (C) Peak systolic longitudinal strain map demonstrating reduced longitudinal strain in basal and
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=27

In addition to the atrial morphologic changes that can
be seen as a secondary hemodynamic consequence from any
cause of ventricular impairment, there is increasing evidence
to suggest CA can also impair atrial function as measured by
atrial strain. Diagnostically, left atrial strain can help differentiate
CA from other causes of LVH (41-43). Multiple studies have
demonstrated significant reduction in left atrial strain parameters
in both AL and ATTR-CA compared to HHD despite similar
degrees of LV wall thickness. Left atrial strain outperformed
LV RALS in discriminating between disease states (41, 43).
Another study also showed that while both ATTR-CA and
HCM patients have reduced peak LA strain compared to
controls, the degree of reduction was greater in ATTR-CA
patients providing another potential discriminatory variable (42).
Atrial strain correlates with other echocardiographic markers of
disease burden (41). Furthermore, both LA and right atrial (RA)
strain have prognostic value for CA patients and independently
predict mortality (44). Atrial strain techniques are mostly
isolated to research protocols but with a growing body of
evidence demonstrating diagnostic and prognostic utility, clinical
application will likely increase in the coming years.

Multi-Parametric Scores

The multitude of abnormal echocardiographic parameters seen
in CA has led to the development of multi-parametric scores for
the diagnosis of CA. These may be particular importance in early

disease when the echocardiographic changes are subtle and less
specific (10, 45). Boldrini et al. (22) studied > 1,000 patients who
either had proven systemic AL amyloidosis or LVH suspicious
for possible CA who then underwent subsequent work-up with
myocardial or non-myocardial biopsy. Patients with suspected
ATTR-CA underwent bone scintigraphy and 85% of patients also
underwent CMR. For patients with AL amyloidosis, there was
higher specificity for cardiac involvement, with more points using
relative wall thickness (RWT = 2 x PWd/LVEDD, >0.52, two
points), E/e’ (>10, two points), TAPSE (<19 mm, one point),
and LS (>=—14%, one point). For patients referred with LVH and
possible CA, more points increased specificity for CA using RWT
(>0.6, three points), E/¢’ (> 11, one point), TAPSE (<19 mm, two
points), LS (>—13%, one points), and septal longitudinal systolic
apex-to-base ratio (SAB, >2.9, three points). SAB is a measure
similar to RALS as a measure of apical sparing (22).

Aimo and colleagues developed a simpler echocardiographic
score to maximize specificity of the diagnosis. The Amyloidosis
Index (AMYLI) score equals RWT x E/e/, with its main
limitation being the exclusion of patients in atrial fibrillation
during echocardiogram. A cutoft < 2.36 in patients with systemic
AL amyloidosis and <2.22 in unexplained LVH excluded CA
(22). The AMYLI score was compared to the two scoring systems
developed by Boldrini et al. and demonstrated non-inferiority
for the exclusion of CA (23). CA is primed for the use of
multi-parametric echocardiography scores and we suspect the
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applicability of such scores will continue to increase. These
scores help to objectify the echocardiographic parameters many
clinicians may notice by clinical gestalt but can be overlooked
in combination. More widespread use could decrease delays in
diagnosis and treatment.

Prognosis

The prognostic significance of echocardiographic findings in
CA has been long recognized (31). In early studies, the most
useful echocardiogram predictor of mortality was E/A closely
followed by shorter DT and lower fractional shortening (15, 31).
These same parameters correlate with HF severity and mortality.
Contemporary studies added apical LS and lower LVEF as an
independent predictor of major adverse cardiac events (MACE)
in patients with CA (39). RV function in CA has also been shown
to predict mortality with lower TAPSE and RV strain correlating
with MACE in some studies (36). A recent study consisting
predominantly of AL-CA patients demonstrated the prognostic
significance of both RA and LA strain (44). It remains to be seen
how these prognostic echocardiographic measures are affected by
CA treatment and specifically if these parameters may be helpful
in predicting treatment response.

Emerging Techniques

Despite increasing knowledge about numerous
echocardiographic changes in CA, final diagnosis is contingent
on further testing based on level of suspicion, which may vary
from clinician to clinician. Multiparametric scores can help
streamline this diagnostic assessment, but may not be readily
applied in clinical practice, and still relies on maintaining an
underlying diagnostic suspicion for CA (2). Machine learning
(ML) provides the potential to bridge this important diagnostic
pitfall. ML methodology refers to a computational approach
that incorporates a multitude of complex data structures to
agnostically identify relationships commonly seen in disease
patterns without explicit instruction. The variable and diverse
echocardiographic changes seen in CA, even in early disease,
could potentially be detected by ML and signal to clinicians
to consider further testing. Goto et al. (46) performed a large
multicenter study using ML techniques of both ECG and
echocardiograms in CA. They used a video-based model for
echocardiography using a single apical 4-chamber view. Their
model was able to detect CA by echocardiography with a
C-statistic > 0.85 at each site up to 1 year prior to diagnosis.
Additionally, their model was able to discriminate CA from
other diseases causing LVH including HCM, HHD, and end-
stage renal disease with C-statistic > 0.90 at each site. Their
model outperformed two expert echocardiography readers
in diagnostic accuracy. The area under the curve (AUC) for
differentiating between causes of LVH ranged between 0.87 and
0.96 at each institution which is comparable or higher than
the AUC for similar populations using the multiparametric
scores developed by Boldrini and Aimo (22, 23). The ECG
model also performed well on its own across sites. When
combining ECG and echocardiography in a step-wise fashion,
they demonstrated a positive predictive value (PPV) of nearly
75% across two sites (46). A layered testing and referral algorithm

using ML on initial ECG and subsequent echocardiography holds
promise in detecting more CA cases and earlier in the disease
course. However, as with all testing modalities, the impact on
performance with more widespread use will need to be examined.

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) utilizes strong magnetic
fields in different orientations to excite hydrogen atoms then
measures the emitted signal as they relax. Hydrogen atoms in
different tissues have distinct excitation and relaxation properties
based on their surrounding structure making it possible
to characterize tissue properties. CMR was first employed
over 3 decades ago and has been used for diagnosis and
prognostication with increasing frequency in multiple cardiac
conditions. Given the high chamber fidelity, it is considered
the gold standard for chamber size quantification and EF
measurement. CMR is less subject to limitations in image
quality compared to echocardiogram, but requires a higher
level of expertise, is costlier, and is not as widely available
(Table 2). The main patient-related limitations to CMR are
body habitus, claustrophobia, non-MRI compatible metallic
implants, and severe renal dysfunction if gadolinium-based
contrast agents are to be used.

Cardiac magnetic resonance may be utilized in the initial
evaluation of CA or to supplement initial diagnostic suspicion
of CA based on echocardiogram in select patients (Figure 1).
Acquisition of CMR should ideally not delay diagnosis of CA,
as additional modalities are typically necessary to confirm a
diagnosis of CA prior to initiating treatment. CMR is excellent
at demonstrating morphologic changes in CA, similar to
echocardiogram and therefore, is very beneficial in patients
with poor acoustic windows on echocardiogram. CMR adds
significant information on tissue characterization of the
myocardium compared to echocardiogram (Figure 2), which
is enhanced with the use of gadolinium-based contrast agents.
Additionally, improved tagging and strain techniques in CMR
allow for more detailed myocardial deformation analysis than
currently provided by echocardiography. CMR technology is
continually improving as novel techniques and applications are
being developed. Representative CMR images for a patient with
CA are shown in Figure 5.

Morphologic Changes

As with echocardiogram, LVH is the hallmark finding of CA
on CMR regardless of the underlying type of CA. In studies
comparing findings on CMR in patients with CA to those of
healthy volunteers, patients with CA had higher LVMI, lower
LV end diastolic volume index (LVEDVI), and lower LVEF
(47). However, in one study of 36 patients with HF and either
myocardial biopsy or autopsy evidence of CA (n = 11) or extra
cardiac biopsy plus LVH on echocardiogram, nearly one-third
of patients had normal LVMI by CMR (47). This suggests that
CA may be present to some extent without frank hypertrophy as
measured by LVMI on CMR. There may also be differences in the
degree of LVH on CMR between the types of CA, with wtATTR
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ventricle.

FIGURE 5 | Representative cardiac magnetic resonance images (CMR) from patients with cardiac amyloidosis. (A) T2 TRUFI 4-chamber view showing biventricular
hypertrophy, biatrial enlargement, and pericardial effusion. (B) T1 4-chamber view late post-contrast image in a patient with ATTR-CA showing diffuse atrial LGE
(arrowheads) and left ventricular subendocardial LGE (arrows). (C) T1 short-axis late post-contrast image in a patient with AL-CA showing diffuse LGE of the left

generally having higher LVMI, possibly related to the elderly
demographic and longer asymptomatic disease state compared to
AL-CA (48). CMR can help differentiate between CA and other
diseases that cause LVH. Specifically, compared to HHD controls,
patients with CA have been shown to have lower LVEF and right
ventricular ejection fraction (RVEF), higher LVMI, higher RV
mass, and greater degree of RVH on CMR (49-52). Differences
in degree of RVH may also exist between types of CA, occurring
less commonly in AL-CA (53).

While both right and left ventricular changes can be
seen on echocardiogram, CMR outperforms echocardiogram
at assessment of atrial abnormalities. Increased interatrial (IA)
septum thickness originally had promise as a fairly specific
finding in CA compared to other causes of LVH (49, 50, 54).
Proposed IA thickness cutoffs ranged from greater than 5 to
6 mm. Contemporary studies do not show this finding with
as high of frequency possibly because of earlier CA diagnosis
(47). Additionally, there may be differences in frequency of
increased TA thickness based on type of CA, with this being
more common in wtATTR (48). Kwong and colleagues recently
demonstrated lower total LA emptying in the setting of higher
LA volumes in CA compared to those with HHD and non-
ischemic cardiomyopathy (55). This, in addition to other LA
parameters, had high likelihood ratios in differentiating CA from
other disease states. Given the unique atrial abnormalities that
may be present in CA, imaging of the atria should be given special
attention in patients undergoing evaluation for CA.

Echocardiography, as compared to CMR, remains the
preferred modality for examination of diastolic filling patterns.
Rubinshtein et al. (56) compared diastolic function in patients
with CA utilizing echocardiography and CMR. In general, E/A
was lower by CMR compared to echocardiography but DT
correlated well across both imaging modalities. However, there
was a subset of patients in whom diastolic dysfunction assessment
significantly differed across the imaging modalities, with the
more severe pattern identified by echocardiogram (56). Without
significant leaps in CMR technology and given the improvements
in time resolution on echocardiogram, echocardiogram will likely

remain as the preferred modality for assessment of diastolic
dysfunction in CA and other disease states.

Tissue Characterization

The major strength of CMR as compared to echocardiogram in
evaluation of CA lies in the superior detection of myocardial
tissue properties. A typical CMR sequence for CA will start
with cine images in various orientations to assess function and
other static measurements. After these are obtained, most of the
remaining sequences are designed to assess various properties of
tissue. Amyloid fibril deposition in the myocardium alters the
myocardial tissue and therefore CMR characteristics such as T1
relaxation and T2 decay. T1 relaxation varies between tissues
based on the time it takes for hydrogen atom spin to reorient in
the direction of applied magnetic field after it was altered with
a perpendicular radiofrequency pulsation. In the heart, fat and
gadolinium (Gd), if used, have short T1 and will appear bright
in these sequences. Tissue T2 decay is based on the time it takes
for a hydrogen atom to spin out of phase. Fat and water have
long T2 and will appear bright on these sequences. The addition
of Gd based contrast agents enhances tissue characterization.
Traditionally, Gd contrast was used to detect areas of increased
extracellular space that may be caused by fibrosis or ischemic
scar. These areas had delayed wash-out of contrast, known as
late gadolinium enhancement (LGE). In CA, this likely works
in a similar manner, but there also appears to be altered Gd
kinetics caused by the amyloid fibrils (50). However, the early
work on CMR in CA was marked by inconsistencies leading to
disparate conclusions for LGE assessment. Additionally, there are
a number of operator-dependent factors in CMR imaging such as
amount of time delay from injection to imaging and the selection
of time intervals based on initial images. Over time, more
standardized CMR imaging protocols were developed for CA that
have allowed for more uniform interpretation of the results.

The extracellular localization of Gd-based contrast agents
made contrast-enhanced CMR the initial technique of interest
in CA. Early (<5 mins) after contrast injection, patients affected
by CA frequently (60-90%) have abnormal enhancement of the
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myocardium (47, 50). Maceira et al. (50) noted shorter T1 times
of the myocardium with a cut-off of 535 ms having a sensitivity
and specificity of 86% and 75%, respectively, for distinguishing
CA from HHD controls. However, they also noticed increased
contrast clearance from the blood pool leading to higher T1
times. By taking the difference between the subendocardial T1
(smaller in CA) and blood T1 (higher in CA) sensitivity and
specificity for detection of CA compared to controls increased to
90% and 87%, respectively (50). Initial studies examining LGE in
CA found this phenomenon in a majority (>70%) of CA patients
(50, 54). However, the reported patterns of LGE differed possibly
due to varying patient populations and technical differences in
image acquisition, including in myocardial nulling. In traditional
CMR imaging, “nulling” is an operator dependent process
where an inversion time is selected to “null” or “make black”
normal myocardium. Incorrect selection can actually reverse
signals which confounds interpretation. Therefore “nulling” can
be different in a diffuse myocardial process where there may
be no normal myocardium. Multiple studies have noted more
difficulty with this process for CA patients (54, 57). Phase-
sensitive inversion recovery (PSIR) is a newer CMR sequence that
negates this issue of improper nulling and can allow for more
consistency. Fontana et al. showed traditional techniques using
operator nulling were discordant from T1 maps the majority of
the time whereas PSIR was fully concordant (58). These issues
stress the importance of experienced CMR operators as well as
the use of operator independent CMR protocols for accurate
detection of CA.

With time and newer techniques, two predominant patterns
of LGE in CA emerged including a global subendocardial
pattern and a diffuse transmural pattern. These likely exist on a
continuum from subendocardial to transmural enhancement as
the disease progresses (59). Global subendocardial enhancement
differs from subendocardial enhancement seen in aborted
myocardial infarction as the latter correlates with vascular
territories of the infarcted vessel. One study evaluating use of
CMR for work-up of restrictive cardiomyopathy with associated
LVH demonstrated a sensitivity of 80% and specificity of 94%
for a global subendocardial LGE pattern compared to the gold-
standard of endomyocardial biopsy in diagnosing CA (57).
Similar performance in detecting cardiac involvement was seen
for any LGE pattern in a group of systemic AL patients (48).
Different subtypes of CA are known to demonstrate LGE patterns
with varying frequencies. Dungu et al. (53) examined 100 patients
with CA, with all but 1 having LGE. The “classic” subendocardial
pattern was seen in 39% of AL-CA and 12% of ATTR-CA whereas
a transmural involvement of affected segments occurred in 37%
of AL-CA and 90% ATTR-CA and. A global LGE pattern was
seen in 4% of AL-CA patients and 22% ATTR-CA (53). Similar
frequencies and distributions were seen in other studies (58, 60).
Additionally, a greater degree of LGE was present in ATTR-CA
compared to AL-CA.

Based on this, the Query Amyloid Late Enhancement (QALE)
tool, a semi-quantitative way to assess degree of LGE, was
developed. In short axis, the LV is divided into three segments
(base, mid, and apex) and each segment is scored from 0 to 4
(0 = no LGE, 1 = non-circumferential subendocardial OR patchy

LGE, 2 = circumferential subendocardial LGE, 3 = any transmural
LGE, and 4 = circumferential transmural LGE). An additional six
points is added if RV LGE is present, which is more common in
ATTR-CA (48, 60). A QALE > 13 predicted ATTR-CA over AL-
CA with a sensitivity of 82% and specificity of 76%. Combining
QALE with age and interventricular septal wall thickness in a
logistic probability unit increased sensitivity and specificity to 87
and 96%, respectively (53). In addition to being able to distinguish
between ATTR-CA and AL-CA LGE patterns may vary between
wtATTR and hATTR (48, 60).

Atrial LGE may also be a useful diagnostic marker in CA.
Kwong et al. found left atrial LGE in 78% of CA patients
compared to 14% of HHD patients and 9% of patients with non-
ischemic cardiomyopathy (55). This study also demonstrated
increased discriminatory power of having multiple LA segments
with LGE in CA compared to non-amyloid HF. More so,
interatrial LGE may be more common in ATTR-CA compared to
AL-CA (55). While CMR can be suggestive of a specific subtype
of CA, further testing is needed to definitively identify causative
protein (Figure 1).

While use of Gd contrast is preferred in the CMR evaluation
of CA, severe renal dysfunction, a common co-morbidity in
CA, may preclude use. However, novel T1 mapping sequencing
techniques that do not utilize contrast have shown to be useful
in identifying CA compared to other forms of HF. In one
particular study, the T1 signal was higher in a cohort of AL-
CA patients compared to healthy volunteers and in patients with
aortic stenosis (61). Other studies have shown consistently higher
global T1 values in ATTR-CA as compared to non-CA controls
(62). While global T1 values are beneficial, regional T1 variations
in CA are also seen. Similar to the pattern seen with other imaging
parameters, higher T1 in basilar segments compared to apical
segments is commonly seen and can help differentiate CA from
other disease states where T1 may be increased (63, 64). Regional
areas of higher T1 correlates with lower strain in the same
segment as well as extracellular volume (ECV) and LGE (63, 65).
Incremental increases in basal and mid T1 correlates with higher
mortality as well (64). Acquiring T1 mapping signals to detect
CA is not usually standard CMR protocol so referring physicians
would need to specify CMR indication and potentially discuss
with the radiologist about required sequences to aid in diagnosis.

Emerging Techniques

Quantification of myocardial ECV, a marker of myocardial tissue
remodeling, is a relatively novel technique that is becoming
more widespread in diagnosis and prognostication of CA. ECV
is similar to T1 but the latter incorporates extracellular and
intracellular factors and is heavily influenced by water content
like in edema. CA is a complex interplay between amyloid fibrils,
cardiomyocytes, and edema, which all affect T1 signal. Therefore,
ECV is likely superior in providing a true quantification of
amyloid burden (66). CA patients have consistently elevated ECV
compared to healthy and other disease state controls. In a study
by Kim et al. (67), the degree and relative distribution of increased
ECV varied by LGE pattern. In patients with diffuse transmural
LGE, the basal segments had higher ECV compared to the apex.
The opposite was seen in healthy controls who tended to have a
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higher ECV at the apex. Conversely, patients with subendocardial
or other patterns of LGE had no base-apex variation in ECV,
despite having higher absolute values of ECV in all segments
compared to healthy controls, likely indicating diffuse amyloid
deposition but to a lesser degree than in individuals with diffuse
transmural LGE (67). Finally, elevated ECV was detected in
patients with a high probability of CA in the absence of LGE likely
indicating early disease (66).

Strain imaging using CMR is evolving and may overcome the
technical challenges of echocardiographic strain. Contrary
to echocardiography, strain analysis with CMR is not
reliant on imaging plane and therefore can be evaluated
in multiple dimensions with greater certainty providing a
more complete picture of myocardial function. Kim and
colleagues (67) demonstrated worse peak strain in all dimensions
(circumferential, radial, and longitudinal) in patients with CA
compared to healthy controls. Additionally, a continuum of
worsening strain was demonstrated from focal or patchy LGE
to diffuse LGE. There was also a correlation between basal peak
circumferential strain and basal ECV supporting the theory
that amyloid burden is the primary driver of abnormal strain
(67). These techniques also allow for strain analysis in the more
complex geometry of the right ventricle.

In addition to multi-dimensional strain analysis, CMR strain
techniques have higher spatial resolution than echocardiography
thereby providing information on complex strain relationships,
like twisting and shearing, throughout the entire thickness of
the myocardium. Early CMR strain techniques used deformable
registration algorithms (DRAs) that relied on the routinely
obtained cine images. Newer techniques utilize changing
magnetic fields and radiofrequency (RF) pulses along with
time delays between generation and detection to measure
deformation. Some of these create local alternations in tissue
signal with magnetic fields and RF pulses creating an array over
the myocardium. Through the cardiac cycle, movement of each
part of the array can then be tracked and deformation parameters
determined. The strain of myocardium can also be encoded in
the detected signal after excitation either using stimulated echo
(DENSE) or unbalanced gradient pulse during excitation and
again prior to detection (strain-encoded, SENC). These latter
techniques have higher spatial resolution than tagged techniques
as each pixel is “encoded” with strain data instead of artificially
creating a strain array (68). All of these techniques require
special imaging protocols and therefore expertise in performing
them. These special protocols will also add imaging time which
could affect patient comfort. As advanced CMR strain techniques
become more widely used in CA, the impact of specific strain
patterns on symptoms and prognosis should become more
evident and may eventually help guide treatment.

Prognosis

Many morphologic and tissue characteristics seen on CMR
have prognostic significance. Understanding prognosis based on
these findings may inform treatment decisions while framing
expectations for patients and families. It remains to be seen how
pre-treatment imaging characteristics may guide prognosis in the
era of contemporary therapy for CA.

Like echocardiography, static dimensions and function
parameters on CMR have been shown to correlate with mortality
in CA. Abnormal LVEF or RVEF generally indicates worse
prognosis with degree of systolic dysfunction correlating with
increased morbidity and mortality (47, 52). Lower indexed RV
volumes (RVESVi or RVEDVi) were also associated with worse
survival in CA and can be consistently measured with CMR (51,
52). The prognostic significance of LGE is mixed in the literature,
likely related to inconsistencies in imaging protocol as well as
variable follow-up lengths across studies. In general, the presence
of LGE predicts a worse prognosis in CA compared to the absence
of LGE (51, 58). Fontana et al. showed a clear relationship with
mortality at 24 months in a large study of both AL and ATTR-CA
based on LGE pattern including 92% survival in those without
LGE, 81% survival with subendocardial LGE, and 61% survival
with transmural LGE (51, 58, 60). Conversely, RV LGE was a
consistent predictor of worse prognosis (47, 51, 52, 69). More
so, higher mortality rates have been demonstrated in individuals
with higher ECV, again reflecting disease burden (60). Early
studies showed reduced ECV in response to treatment, suggesting
this could be a marker of treatment efficacy (66, 70). Overall, the
prognostic significance of LGE and ECV is not surprising as they
function as surrogate markers of total amyloid burden within a
progressive disease process.

NUCLEAR IMAGING

In medicine, nuclear imaging techniques are ubiquitous
with diverse indications. The fundamental principle involves
radioactive labeling of a tracer that has affinity for a specific
organ or disease process. Use of nuclear imaging in CA provides
certain advantages over echocardiography and CMR including:
(1) diagnostic specificity for type of amyloid fibril uptake and
(2) detection of early or subclinical disease which may allow
for earlier treatment. Additionally, nuclear techniques, and
particularly positron emission tomography (PET), in additional
to CMR, incorporate semi-quantitative measurements, which
may be followed for treatment response in AL-CA and the
now more readily treatable ATTR-CA. The main nuclear
imaging technique being used in the diagnosis of CA is cardiac
scintigraphy using labeled phosphonate tracers; however, PET
imaging is emerging with growing interest.

Cardiac Scintigraphy
Phosphonate molecules labeled with a radioactive tracer,
usually technetium-99m (**™Tc), combined with a nuclear
detector, was originally developed for bone imaging. Increased
uptake represented areas of higher bone turnover in fractures,
metastases, and osteomyelitis. Affinity of phosphonate tracers for
amyloid deposition in soft tissue has been recognized for more
than 3 decades (71). The exact mechanism of this affinity is
unclear, but is thought to result from calcium deposition within
amyloid fibrils (72).

Similar to early CA research in echocardiography and
CMR, initial studies examining cardiac scintigraphy in CA
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were limited due to a low number of patients and ill-
defined patient populations that leaned heavily toward AL-CA.
Additionally, despite consistent demonstration of deposition in
other organs affected by amyloidosis with multiple different
phosphonate tracers, cardiac uptake was inconsistent (71, 73).
Despite these early limitations, with improved patient selection,
the usefulness of cardiac scintigraphy for diagnosis of ATTR-
CA became evident.

Three main phosphonate tracers are labeled with *°"Tc
in routine clinical practice for CA: 3,3-diphosphono-
1,2-propanodicarboxylic acid (DPD), hydroxymethylene
diphosphonate (HMDP), and pyrophosphate (PYP). The
selection of radiotracer type is generally based on availability
although research continues on inter-radiotracer performance.
DPD is most commonly used in Europe whereas PYP is generally
used in the United States (74). HMDP is less studied than
the other two radiotracers and therefore the performance
characteristics are considered less refined. Cardiac or chest
single-photon emitted computed tomography (SPECT) and
planar images are typically obtained 1 hour after radiotracer
injection. Imaging can be delayed to 3 hours if persistent
blood pool activity is noted, however. Planar imaging is rapid,
and allows for visual interpretation and quantification of the
degree of myocardial uptake. SPECT imaging is necessary
to simultaneously perform to confirm uptake is seen in the
myocardium and not in the blood pool or an extra cardiac focus
(75, 76).

The major breakthrough in cardiac scintigraphy imaging for
CA came from the hypothesis that variable uptake in earlier
studies resulted from different amyloid protein composition (77).
In 2005, Perugini and colleagues were the first to demonstrate
this in a study of 25 patients (15 ATTR-CA) where sensitivity
and specificity of 100 and 100%, respectively, was shown for
distinguishing ATTR-CA from AL-CA (77). Genotyping and
immunohistochemistry served as the gold standard and scan
positivity was based on qualitative analysis of uptake using a
scoring system that is still applied in clinical practice: grade 0 = no
cardiac uptake and normal bone uptake; grade 1 = cardiac uptake
intensity less than bone uptake; grade 2 = cardiac uptake intensity
similar to bone uptake; and grade 3 = cardiac uptake intensity
greater than bone uptake or even absent bone signal (72). In their
initial study, a scan was considered positive if above a grade 0.
Examples of scan results in ATTR-CA are shown in Figure 6.

To limit inter-observer variability and provide more
quantitative rigor, ratios of heart to other body part uptake are
also used, with the most common in modern practice being
heart-to-contralateral chest ratio (H/CL) (Figures 6B,D) (78,
79). The initial study had excellent differentiation of AL-CA from
ATTR-CA (78) using a cutoff of H/CL > 1.5, but subsequent
studies fall short on sensitivity while maintaining high specificity
(79). Per current guidelines, H/CL > 1.5 is positive, < 1.0 is
negative, and in between is equivocal (75). Some physicians use
a cutoft of H/CL > 1.3 to increase sensitivity (80). Other signal
ratios are scattered throughout the literature including heart to
whole body (H/WBR) and heart to skull (H/S).

The high sensitivity and specificity of DPD seen in the initial
study is stunning and ultimately was not nearly as stark for larger

DPD studies or the other radiotracers. In other studies, a subset of
patients with AL-CA ranging from 32% to 41%, had myocardial
uptake with DPD on cardiac scintigraphy (81-83). With PYP,
one study showed 17% of AL-CA patients had grade > 2 uptake
(78). HMDP use may lead to less uptake for AL-CA, but this is
at the cost of lower sensitivity for diagnosis of ATTR-CA (72,
83). Larger studies pooling the main radiotracers demonstrate
that >grade 1 on bone scintigraphy has a sensitivity > 99% and
specificity 68% for diagnosis of ATTR-CA (74). Using grade 2/3
increases specificity to 87% at the cost of lower sensitivity to 91%
(74). A meta-analysis pooling 529 patients across 6 studies found
similar sensitivity and specificity of 92% and 95%, respectively
(72). All patients in the large study by Gillmore et al. (74)
underwent appropriate screening for AL-CA, but the methods in
each study included in the meta-analysis are less clear. Treglia
et al. also pooled the cohorts based on radiotracer used with
grade 2/3 considered positive: DPD (sensitivity 95%, specificity
88%), PYP (sensitivity 87%, specificity 75%), HMDP (sensitivity
86%, specificity 98%) (72). In current clinical practice, grade
2/3 is considered positive, grade 0 is negative and grade 1 is
equivocal and needs to be interpreted within the specific clinical
context (Figure 6A).

Fortunately, the diagnostic accuracy of cardiac scintigraphy
can be greatly enhanced with the addition of appropriate
serologic work-up to rule out systemic AL amyloidosis. This
includes serum free light chain measurement and ratio along with
serum and urine electrophoresis with immunofixation. If these
tests are normal, abnormal cardiac scintigraphy with grade of 2 or
3 uptake has a specificity of 100% for ATTR-CA (74). This stresses
the importance of appropriate serologic work-up before pursuing
and certainly before interpreting cardiac scintigraphy for possible
ATTR-CA (Figure 1).

While specificity in this scenario approaches 100%, the
sensitivity is <100%, highlighting the possibility of missing a
diagnosis of ATTR-CA. Reasons why certain patients may have
a false negative scan are under active investigation. One obvious
reason is the increased recognition of CA leading to earlier
diagnostic work-up. Degree of amyloid deposition along with
clinical and biomarker characteristics correlate with Perugini
grade (74, 83). These characteristics also correlate with degree
of amyloid deposition on CMR (58). The initial use in more
advanced disease led to high sensitivity and specificity but more
contemporary ordering practices aimed at early diagnosis may
have less uptake which may not be detectable below a certain
amount of total amyloid deposition (74, 80-82). However, the
lower sensitivity is not entirely explained by early disease as some
patients with advanced disease by symptoms and other imaging
have grade 0/1 uptake (83, 84).

There is building evidence that different ATTR genetic
variants may lead to more or less radiotracer uptake. Therefore,
some variants may lead to grade 0/1 uptake despite a heavy
burden of disease. Musumeci and colleagues (84) retrospectively
examined 19 DPD and HMDP scans over nearly 2 decades in
hATTR patients with a Phe64Leu variant. Seventeen (85%) of
these patients had grade 0/1 uptake (84). Alternatively, patients
with Vall22Ile, in a different study had grade 3 uptake (83).
Ser77Tyr also seems to have reduced frequency of high-grade
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FIGURE 6 | Example results of pyrophosphate (PYP) scan in two patients diagnosed with ATTR-CA. (A) Grade 1 (negative) scan with (B) H/CL = 1.4 in a patient
later diagnosed by endomyocardial biopsy. (C) Grade 3 (positive) PYP scan with (D) H/CL = 2.26.

uptake but the data are limited (60). Genotyping is often
performed after clinical and imaging diagnosis so a “negative”
cardiac scintigraphy is not likely to trigger genetic testing (85).
It is incumbent on the physician to pursue additional testing in
those patients whom clinical suspicion remains even if cardiac
scintigraphy is negative or equivocal.

Alternatively, some patients without suspicion of CA may
undergoing cardiac scintigraphy for another indication and be
found to have positive myocardial uptake. Two recent studies
have examined the frequency of grade 2/3 cardiac uptake on
patient scans performed for indications other than evaluation of
CA. Soumalainen et al. (80) looked at 2,000 patients undergoing
HMDP scans mostly for prostate and breast cancer. They found
grade 1 in 16.7%, grade 2 in 2.7%, and grade 3 in 0.8% of
this cohort. Additionally, 2.4% of patients had an H/CL > 1.3
suggestive of ATTR-CA. Notably, of those with suspected ATTR-
CA (grade 2/3), 41% had a history of HF prior to scan (80).
Bianco et al. found a prevalence of 0.54% grade 2/3 uptake
on 3,228 scans performed over 5 years using DPD or HDMP
at their center (86). With higher clinical suspicion, ATTR-CA
may have been suspected in some of these patients as 48% had
prior HE 34.8% had known neuropathy, and 21.7% had carpal
tunnel syndrome. However, 21.7% were entirely asymptomatic
highlighting the existence of an asymptomatic disease state
during which treatment could prevent disease progression (86).

Prognosis

The prognostic significance of cardiac scintigraphy ordered
for assessment of CA is limited by the qualitative nature of
the grading system although semi-quantitative results provide

more granularity. Using semi-quantitative analysis, generally
higher heart to other structure ratios is associated with a worse
prognosis. Galat and colleagues found a H/S (heart to skull)
ratio > 1.94 had a higher chance of major cardiovascular event
(MACE) along with NYHA III or IV symptoms (83). Another
early study found that H/WB (heart to whole body) ratio > 7.5
was associated with worse prognosis (81).

For incidentally discovered myocardial uptake, the presence
of myocardial uptake still portends a worse prognosis. In one
study, 51% of patients died over a mean 4 years of follow-up,
9% of which were classified as related to a cardiac cause. Grade 3
uptake and H/CL > 1.3 were predictors of mortality on univariate
analysis and grade 3 uptake remained a mortality predictor on
multivariate analysis (80). These patients likely had undiagnosed
ATTR-CA which progressed in follow-up ultimately leading to
death. If myocardial uptake is incidentally found, complete work-
up including serologic screening for AL disease and genetic
testing should be facilitated.

Currently there is no known utility of repeating scans for
assessment of disease burden, but this is not yet studied in the
current era of ATTR-CA treatment. One potential scenario for
a repeat scan may be if a prior scan was negative despite a
known ATTR genotype positivity and a repeat scan is done after
some interval to assess for CA; though the optimal time frame is
unknown and likely depends on the age of the patient as well as
specific family history (81).

Positron Emission Tomography
Positron emission tomography (PET) imaging has many
established cardiovascular disease indications, but use in CA is
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emerging. Like cardiac scintigraphy, the goal of PET is to have
high fidelity to identify the type of amyloid fibril protein but also
to have a more quantitative method to assess amyloid burden
and response to treatment. Prior to determining its role in the
latter, optimally performing radiotracers for AL and ATTR-CA
amyloidosis need to be identified.

Multiple pilot studies using different radiotracers have been
studied using either fluorine-18 (*8F) or carbon-11 (1C), with
18 being more common (87-90). Fludeoxyglucose (FDG) is a
commonly encountered compound in oncology but its use in CA
is not established (91). In contrast to bone scintigraphy, some
PET radiotracers like '8F-florbetaben may have more affinity
for AL-CA compared to ATTR-CA. Myocardial tracer retention
(MTR) is calculated using standardized uptake value (SUV) in
the early time frame (0-5 mins) and a delayed time frame (15-
20 mins) then expressed as a percentage. In a small study inclusive
of 22 patients with CA, eight patients with AL-CA had a median
MTR of 66% compared to 42% in the five patients with ATTR-
CA (p < 0.01). In non-CA patients, median MTR was 27% (91).
A sensitivity and specificity of 100% and 100%, respectively, for
ruling out amyloidosis was achieved with MTR < 36%. An MTR
cutoff < 52% could differentiate ATTR-CA from AL-CA with a
sensitivity of 100% and specificity of 89% (91). Another study
by Genovesi et al. (92) performed dynamic and static imaging
at various time points after injection. All patients (AL, ATTR,
other) had early uptake but AL-CA patients had a higher degree
of early uptake. AL-CA patients then had much more retention
of radiotracer throughout the imaging time compared to ATTR-
CA which washed out much quicker (92). Larger confirmatory
studies are needed but PET imaging has the potential to serve
as the first non-invasive modality of diagnosing AL-CA and may
decrease the need for biopsy in some patients.

Simultaneous imaging of patients using PET and CMR has
also been under investigation in CA. Albuizi and colleagues
used PET and CMR technology in 27 patients with strong
suspicion of CA using '8F-NaF after a promising proof of
concept study. Though qualitative measures were unreliable to
distinguish CA subtypes, with semi-quantification comparing
the myocardium to blood pool (M/B ratio), there was increased
relative uptake in ATTR-CA patients compared to AL-CA and
non-CA patients. An M/B > 0.90 was able to differentiate ATTR
from AL-CA with a sensitivity and specificity of 81% and 100%,
respectively (93). The simultaneous use of PET and CMR could
allow for identification of morphologic and tissue characteristic
changes supporting the presence of CA, then utilizing PET to
identify the CA subtype.

PET results have been shown to correlate to findings on
other imaging modalities including echocardiography, CMR, and
cardiac scintigraphy. MTR had a positive correlation with apical
sparing, E/e’, and wall thickness along with a negative correlation
with TAPSE and LVEDV on echocardiography (91). PET had
94% concordance regarding extent of affected myocardium on
CMR. Interestingly, in one patient, a positive PET study did not
have any CMR abnormalities, which may point to a role in earlier
diagnosis. Cardiac scintigraphy (DPD) matched PET results in
81% of patients. Notably all ATTR-CA patients in this study had
grade 3 uptake (91).

Follow-up PET scans do not have a defined role in clinical
practice, but this remains a promising avenue of future study.
In the study by Kircher et al. (91), four patients had repeat
PETs either for treatment follow-up or restaging. In all cases,
imaging findings correlated with clinical status. One patient had
a repeat scan after approximately 1 year of treatment with ATTR
stabilizer, Tafamidis, showing stable MTR and correlating with
stable HF symptoms as well. One patient had improvement
in biomarkers but worsening clinical status which correlated
with a higher MTR on follow-up scan; this patient went on
to receive a heart transplant (91). Repeat PET scans may
serve as a way to assess response to treatment and decide if
escalation or alternatives are needed. The main limitation to
PET in this context will be cost, availability, and radiation
exposure. As experience accumulates, the impact of genetic
variant on radiotracer uptake will also need to be investigated
given the emerging data seen with cardiac scintigraphy. Finally,
the prognostic implications of PET imaging in CA have not been
investigated beyond anecdotal reports.

ROLE OF ENDOMYOCARDIAL BIOPSY
IN CARDIAC AMYLOIDOSIS DIAGNOSIS

Once a clinical suspicion of CA is established, further testing
focuses on culprit protein identification. All patients need a
serologic assessment of AL amyloidosis consisting of serum
light chain measurement and ratio (kappa/lambda ratio), and
urine and serum electrophoresis with immunofixation (Figure 1).
If any of these tests are abnormal, AL amyloidosis must
be expeditiously evaluated with tissue biopsy and referral
to hematologic oncologist. An abnormal kappa/lambda ratio
(>1.65-3.1) in the absence of a monoclonal gammopathy on
protein electrophoresis may create a diagnostic dilemma in
those with renal dysfunction, as the kidneys are responsible
for clearing light chains. In this setting, clinical correlation

FIGURE 7 | Endomyocardial biopsy pathology in a patient with cardiac
amyloidosis. Congo red stain at 10xx magnification showing apple-green
birefringence under polarized light consistent with amyloid deposition.
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is recommended to determine suspicion for AL amyloidosis,
which can then guide further diagnostic testing (76). If serologic
testing for AL amyloidosis is all within normal limits, AL-CA is
effectively ruled out and cardiac scintigraphy can be performed
to assess for ATTR-CA (Figure 1). If this is positive (grade 2/3),
a diagnosis of ATTR-CA can be made without further testing. If
cardiac scintigraphy is negative or equivocal, echocardiography,
CMR, and patient history needs to be reviewed and referral
for tissue biopsy should be considered for patients with
ongoing clinical suspicion for CA. While rare, endomyocardial
biopsy may also detect dual pathology of AL and ATTR-CA,
further highlighting the importance of pursuing biopsy in the
appropriate clinical context.

The site chosen for tissue biopsy varies by center. Abdominal
fat pad biopsy may be first pursued as this is a minimally
invasive and well-tolerated procedure. However, sensitivity is
very poor for ATTR-CA and ranges considerably for AL-
CA (94-96). Therefore, if negative, endomyocardial biopsy
ought to be pursued for definitive diagnosis. In modern
practice, most endomyocardial biopsies are performed on the
RV septum through venous access. The major complication
of RV biopsy is cardiac perforation leading to tamponade.
Minor complications of biopsy include ventricular arrhythmias,
access site bleeding, arterial injury, pericardial effusion, and
conduction disturbances. Major complications occur on <1% of
RV biopsies and minor complications occur in 2-5% of cases
(97). CA is a diffuse process so diagnostic yield is greater than
patchier myocardial processes and with adequate samples, the
sensitivity and specificity approach 100% and 100%, respectively.
In very early disease, amyloid deposition may be patchy thereby
decreasing yield but these situations are likely rare. CA will
classically have the appearance of Congo red staining on
histology, with an apple-green birefringence appearance under
polarized light (Figure 7). Once amyloidosis is identified on
tissue biopsy, the tissue should be then be typed with either mass
spectrometry or immunohistochemistry to further determine
subtype (96).
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Systemic sclerosis (SSc) is a complex connective tissue disease with multiple clinical and
subclinical cardiac manifestations. SSc can affect most structural components of the
heart, including the pericardium, myocardium, valves, and conduction system through a
damaging cycle of inflammation, ischemia, and fibrosis. While cardiac involvement is the
second leading SSc-related cause of death, it is frequently clinically silent in early disease
and often missed with routine screening. To facilitate identification of cardiac disease in
this susceptible population, we present here a review of cardiac imaging modalities and
potential uses in the SSc patient population. We describe well-characterized techniques
including electrocardiography and 2D echocardiography with Doppler, but also discuss
more advanced imaging approaches, such as speckle-tracking echocardiography,
cardiovascular magnetic resonance imaging (CMR), and stress imaging, among others.
We also suggest an algorithm for the appropriate application of these modalities in the
workup and management of patients with SSc. Finally, we discuss future opportunities
for cardiac imaging in SSc research to achieve early detection and to optimize treatment.

Keywords: cardiovascular imaging, systemic sclerosis (scleroderma), echocardiography, cardiovascular
magnetic resonanace, scleroderma heart disease

INTRODUCTION

Cardiac complications from systemic sclerosis (SSc) are numerous and often underdiagnosed.
These complications are either a direct result of SSc on the myocardium, or indirect effects
of other organ involvement [pulmonary arterial hypertension (PAH), interstitial lung disease
(ILD), or renal crisis, etc.) (1). Direct myocardial manifestations of SSc include microvascular
coronary artery disease, cardiac fibrosis, myocarditis, left and right ventricular systolic and diastolic
dysfunction, pericardial disease, and conduction abnormalities (Figure 1) (2). When present,
cardiac involvement predicts worse survival (3). In two meta-analyses of observational studies,
cardiac deaths represented the most frequent cause of death in SSc, accounting for 20-29% of all
deaths (4, 5). Early screening and detection of cardiac abnormalities is thus vitally important in SSc.
Cardiac imaging is utilized extensively for that purpose.

As cardiac imaging techniques have progressed, they have allowed for new insights into the
pathophysiology, diagnosis, and treatment of SSc. While two-dimensional echocardiography (2DE)
remains the most utilized modality, tissue doppler imaging (TDI), speckle-tracking imaging
(STE), and cardiac magnetic resonance imaging (CMR) all have growing importance. In the
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present review, we will discuss the most recent data regarding
the epidemiology, diagnosis, and management of cardiac
complications of SSC, highlighting the evolving role that cardiac
imaging plays in diagnosis and management.

EPIDEMIOLOGY

The prevalence of cardiac involvement in SSc is difficult to define
for a number of reasons - rates vary depending on the methods
used, signs and symptoms of cardiac disease can be subtle leading
to underestimation, and symptoms of cardiac involvement are
often attributed to pulmonary, musculoskeletal, or esophageal
involvement. Rates of cardiac involvement vary depending on
which manifestation is being considered. Broadly speaking, rates
range from as low as 7% to as high as 44% depending on the study
(6, 7). Major risk factors for cardiac involvement include male
sex, African-American ethnicity, diffuse cutaneous SSc, older
age at disease onset, tendon friction rubs, abnormal nail-fold
capillaroscopy, and worse quality-of-life scores (6).

RIGHT VENTRICULAR DYSFUNCTION
AND PULMONARY HYPERTENSION

In patients with SSc, right ventricular (RV) dysfunction is more
common than left ventricular (LV) dysfunction and may exist
due to primary myocardial involvement, increased pulmonary
vascular resistance (PVR), or a mixture of both (2, 8, 9). RV
function may occur early in the disease course (2, 9, 10) and
myocardial fibrosis may be responsible for both diastolic and
systolic dysfunction (2, 8, 11). While RV dysfunction is often
associated with abnormal pulmonary artery (PA) pressures and
PAH, myocardial fibrosis may directly lead to RV dysfunction
and elevated right atrial pressure (RAP) even in the absence of
elevated PA pressures (11).

In patients with SSc¢, pulmonary hypertension (PH) may
manifest through various pathologic mechanisms, and can be
categorized into one or more of the five WHO Groups of PH.
SSc associated-PAH (SSc-PAH) is considered WHO Group 1 PH
and may be the result of direct remodeling of the pre-capillary
pulmonary arterioles, or rarely be attributable to pulmonary
veno-occlusive disease/pulmonary capillary hemangiomatosis
(PVOD/PCH). It is a leading cause of mortality in SSc patients,
with an incidence of 8-13% (12, 13) and is more commonly
associated with limited cutaneous systemic sclerosis (1cSSc) (14),
Patients with SSc-PAH have a poor prognosis in comparison
to SSc patients without PAH, with 3 year survival of only 52%
(14-16). Several studies have demonstrated that the intrinsic RV
dysfunction in SSc patients leads to worse outcomes in SSc-PAH
in comparison to idiopathic PAH (2, 13, 17). One year mortality
for SSc-PAH has been found to be 30%, while one year mortality
for those with idiopathic PAH is 15% (17). Mortality rates remain
high despite therapy (14).

Systemic sclerosis associated PH can also occur in the setting
of capillary loss and hypoxemic respiratory failure as a result of
ILD, categorized as WHO Group 3 PH. PH due to ILD is more

common in patients with diffuse cutaneous systemic sclerosis
(dcSSc) (18). In addition, patients with SSc may have evidence
of left ventricular systolic and diastolic dysfunction, leading to
WHO Group 2 PH. Rarely, patients with SSc may develop
chronic thromboembolic pulmonary hypertension (CTEPH) and
be classified as WHO Group 4 PH. Distinguishing among the
different mechanisms of SSc associated PH is important as
treatment and prognosis are impacted by a timely and accurate
diagnosis (14, 19, 20).

In recent years, there has been a greater focus on
understanding the pathophysiologic mechanisms driving RV
dysfunction and PH associated with SSc patients, as well as the
poor outcomes linked to the presence of PH in this patient
population. Essential to this focus is the thorough investigation
of the etiology of PH in patients with SSc, which often includes
diagnostic tests such as full pulmonary function testing, including
diffusion capacity for carbon monoxide (DLCO) for PH-ILD,
ventilation perfusion scanning (V/Q scan) for CTEPH, and
computed tomography scanning for radiographic correlates of
PVOD/PCH (19). Cardiac imaging is frequently used for this
purpose as well as diagnosing and monitoring disease status.
2DE and cardiovascular magnetic resonance (CMR) are the most
common imaging modalities used. Notably, STE is a novel way
to detect RV dysfunction earlier and its role in SSc associated RV
dysfunction and PH is currently being studied. It is important
to screen patients for PH and RV dysfunction early, as studies
have demonstrated improved survival and improved treatment
response in SSc-PAH patients with mild hemodynamics and
symptoms (14, 21).

Evaluation

Given the high prevalence of RV dysfunction and PH in patients
with SSc, current guidelines recommend echocardiographic
screening of all SSc patients in order to detect and implement
PH therapy as early as possible (22). In select patients, further
imaging with CT or CMR may be helpful.

Echocardiography

Transthoracic echocardiography (TTE) is widely available and
accessible to patients, making it an optimal screening tool for
RV dysfunction and PH. Evidence of RV dysfunction on 2DE
include RV dilation, flattening of interventricular septum (D-
Sign) suggestive of RV pressure or volume overload, and reduced
semi quantitative measures of RV function [i.e., tricuspid annular
systolic planar excursion (TAPSE) and fractional area of change
(FAC)]. Significant RV dysfunction has been defined as TAPSE
less than 1.7 cm and FAC less than 35% (10).

Transthoracic echocardiography can also be wused to
distinguish WHO Group 1 PH from WHO Group 2 PH in
patients with SSc. For example, echocardiographic findings
suggestive of left heart disease, such as left atrial dilatation,
abnormal markers of diastolic dysfunction (i.e., elevated E/€’
ratio, reduced mitral annular tissue doppler velocities), or
evidence of LV dysfunction, may be indicative of post-capillary
PH (WHO Group 2 PH). On the other hand, echocardiographic
markers demonstrating elevated PA pressures, RV dilation,
and/or RV dysfunction, in the absence of left heart disease,
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FIGURE 1 | Manifestations of cardiovascular disease in systemic sclerosis.
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is more suggestive of pre-capillary PH (WHO Group 1 PH).
Additional measures such as RV outflow tract (RVOT) systolic
doppler flow velocity notching and RVOT acceleration time may
also be useful in differentiating pre- versus post-capillary PH (23).

Right atrial and RV chamber enlargement in SSc are directly
related to onset of heart failure symptoms as well as mortality
(10). In addition, measurements of RV systolic function such as
TAPSE, tissue Doppler of the tricuspid annulus S, RV FAC, and
Tei index all correlate with decreased survival (10). Argula et al.
demonstrated an improvement in TAPSE after medical therapy in
patients with IPAH, while patients with SSc-PAH had worsening
tricuspid regurgitant jet velocity and larger right heart chamber
size after therapy (24). The attenuated response to PH therapy
in the SSc population, demonstrated through echocardiographic
markers, may signal the presence of intrinsic RV dysfunction in
SSc-PAH patients in comparison to IPAH patients (13, 25).

Both RV systolic and diastolic dysfunction are prevalent in SSc¢
patients (8). When compared to controls, Muene et al. showed
that SSc patients had significantly reduced RV contractility
(p < 0.001) and larger RA area. In addition, 25% of SSc
patients had abnormal RV diastolic dysfunction compared to
0% in controls, as measured by trans-tricuspid E/A ratio (8).
Although patients with SSc-PAH demonstrate greater prevalence
of reduced RV contractility and diastolic dysfunction, patients
with SSc who did not meet diagnostic criteria for PAH still had
abnormalities in both RV systolic and diastolic dysfunction (8).

Abnormal echocardiographic findings can also be
demonstrated early in the disease course, even before signs
or symptoms manifest themselves (26). In a study by Pigatto
et al., 45 SSc patients without any signs or symptoms of heart
disease or PH were compared to 43 healthy controls, using both
2DE and three-dimensional echocardiography (3DE). The SSc
patients were found to have a significant increase in RV volume
and reduced RV ejection fraction as determined by 3DE. Doppler
measurements demonstrated an increased systolic pulmonary
artery pressure (sPAP) in SSc patients in comparison to the
control group. In addition, the changes were more pronounced

in patients with 1cSSc than dcSSc (26). This study underscores
the need for screening for RV dysfunction and PH in this patient
population even in the absence of symptoms.

Speckle Tracking Echocardiography

Although RV dysfunction and PH in SSc is common and is
a large determinant of long term prognosis, it often remains
undetectable despite the use of 2D echocardiography. Most 2DE
measures of RV function are limited by the complex shape of the
RV, load dependency, and suboptimal reproducibility. STE avoids
some of these pitfalls and can be used to detect subtle changes in
global and regional RV systolic function that may be undetectable
by conventional echocardiographic measures (10).

RV longitudinal systolic strain (RVLSS) has been shown to
be more abnormal in SSc when compared to controls, despite
comparable traditional echocardiographic parameters of RV
function between groups (Figure 2) (27). For example, a study
by Zairi et al. revealed a 3.3 fold increased risk of subclinical
RV systolic impairment in SSc patients, manifested by more
abnormal RVLSS, in comparison to controls (-18.2 vs. 22.3%;
p = 0.012) (27). Meanwhile, multiple authors have illustrated a
regional pattern of abnormal RVLSS seen in SSc patients (10,
28, 29). In a study by Mukherjee et al., 138 SSc patients were
compared to 40 healthy non-SSc controls. While both TAPSE and
RV FAC were normal in both groups, RVLSS was found to be
abnormal in SSc patients, independent of PH and SSc phenotype.
Specifically, a regional pattern of abnormal strain was seen in SSc
patients, with increased strain in the basal segment and decreased
strain in the apical and mid segments. Some hypothesize that
the basal segment is hyperkinetic early in the disease course, and
as PH develops, the ability of the basal segment to compensate
decreases and RV failure ensues, suggesting a “two hit” hypothesis
in which pre-existing RV contractile dysfunction may predispose
to further dysfunction after PH occurs (28). While STE is a
promising technique for detecting unique patterns of early,
subclinical RV dysfunction in SSc patients, more evidence is
needed to discern its role in this population.
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the peak systolic strain curves. RV, right ventricle; LA, left atrium.

FIGURE 2 | Abnormal speckle tracking strain in diffuse cutaneous systemic sclerosis. (A) Example of reduced right ventricular free wall strain (normal <-20%) and
(B) reduced left atrial reservoir strain (normal >39%) from the apical four chamber view in patients with systemic sclerosis. The white curve represents the average of
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Exercise Echocardiography

Recent  studies have investigated  whether exercise
echocardiography can unmask PH in SSc patients potentially
leading to earlier diagnosis and therapy for patients with SSc-
associated PH. A study by Rallidis et al. investigated 49 patients
with SSc undergoing exercise stress echocardiography, and
found that post-exercise TR velocity > 3.4 m/s had a sensitivity
of 90.5% and a specificity of 80% in detecting PH, as confirmed
with right heart catheterization (RHC) (30). In addition, a study
by Mukherjee et al. used STE to demonstrate that SSc-PAH
patients had diminished RV contractile reserve in response to
exercise (29). The authors demonstrated that all patients with
SSc had regional abnormalities in RVLSS at rest, but patients
with elevated RV systolic pressure (defined by RV systolic
pressure >35 mmHg) lacked an ability to increase both global
and regional strain with exercise. This finding suggests a lack of
RV contractile reserve in these patients likely due to intrinsic
myocardial dysfunction (29).

Although exercise-induced PH has clinical and prognostic
significance in patients with cardiopulmonary conditions, there
remains a lack of standard definition for exercise-induced PH
and a lack of standard measures for how the RV and pulmonary
vasculature respond to exercise (14). Further study is needed to
determine the utility of exercise echocardiography in unmasking
PH, as well as the use of exercise echocardiography in assessing
RV and PV contractile reserve.

Cardiovascular Magnetic Resonance

Cardiovascular magnetic resonance is the gold standard for
measuring RV size and function and is superior in terms
of reproducibility to 2DE in that it does not require a
suitable acoustic window for measuring RV size, geometry,
and function. CMR cine imaging provides excellent spatial
resolution and free breathing sequences provides real-time
physiologic assessment of the interventricular septal dynamics.
While some interventricular septal flattening is expected
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during inspiration to accommodate the increased volume of
blood, significant interventricular septal flattening is indicative
of a dysfunctional RV. Although evaluation of myocardial
fibrosis with late gadolinium enhancement (LGE) is useful
for the LV, it is challenging with the RV due to the RV’
thin myocardium. Therefore, high resolution T1 mapping
and myocardial extracellular volume (ECV) have emerged as
useful techniques in detecting diffuse RV fibrosis, even in
the absence of PH. CMR measures of myocardial fibrosis,
such as T1 mapping and ECV, are valuable to detect fibrosis
early in the disease course, which can potentially alter
therapy and prevent worsening RV dysfunction (Figure 3)
(2, 11, 31-36). A study by Chaosuwannakit et al. found
that 21% of patients with SSc who underwent CMR had
RV dilation despite not meeting criteria for PH suggesting
the presence of intrinsic RV dysfunction - perhaps due to
fibrosis - in these patients (37). It is hypothesized that
myocardial fibrosis reflects a cellular response to increased RV
afterload, but more investigation is needed to understand if
myocardial fibrosis on CMR signals an adaptive or maladaptive
response (35).

While STE is shown to be beneficial in assessing subclinical
RV dysfunction in SSc-associated PH, CMR-derived strain has
also exhibited utility in assessing patients’ response to PH
therapy (38). Measurements of strain and strain rate can be
obtained using tissue-tracking CMR. In the ATPAHSS-O trial,
21 treatment naive patients with SSc were analyzed using pre
and post-treatment CMR examinations. The study found a
significant improvement in measures of RVLSS, RV peak systolic
longitudinal strain rate, RV peak longitudinal atrial-diastolic
strain rate, and RV peak circumferential early diastolic strain
rate after 36 weeks of treatment. Notably, improvements in RV
and LV strain also correlated with improvements in clinical
outcomes (38).

Computed Tomography

When evaluating a SSc patient using CT, increased PA diameter
(>29 mm), septal flattening, and increased RV-LV ratio suggest
elevated pulmonary artery pressures (2, 22). High resolution
CT (HRCT) is used to assess for interstitial lung disease and
for signs of PVOD that can complicate SSc-PH diagnosis and
therapy (2, 39). Interstitial changes are visible on HRCT in up
to 80% of SSc patients, while ILD is clinically apparent in up to
40% of patients (14). While ILD is common in SSc, there is no
validated definition of the optimal threshold of lung involvement
to differentiate SSc-PH associated with ILD from SSc-PAH (14).
It has been demonstrated that combined fibrosis and emphysema
is associated with an increased risk of PH (14, 39-41), and
several studies have demonstrated poorer survival with SSc-PH
associated with ILD compared to SSc-PAH, making an accurate
diagnosis important (42, 43).

Right Heart Catheterization

Right heart catheterization remains the gold standard for
hemodynamic assessment of PH (2). Per the 2015 ESC/ERS
Guidelines for the diagnosis and treatment of pulmonary
hypertension (22), the decision to pursue a RHC depends on

three scores which include (1) peak tricuspid regurgitation
velocity; (2) the presence of at least 2 PH signs on TTE
[from two different categories among (a) the ventricles, (b)
the pulmonary artery, and (c) the inferior vena cava and right
atrium]; and (3) the presence of CTEPH or PAH risk factors or
associated conditions. For patients with high echocardiographic
probability of PH based on echo criteria (1 and 2 above), RHC
is recommended. When the probability of PH is intermediate
by echo but CTEPH or PAH risk factors are present, RHC
should be considered. In patients with symptoms such as
exertional dyspnea, angina, syncope, and exercise intolerance that
remain unexplained after initial cardiopulmonary evaluation,
RHC should be considered, especially when SSc is suspected or
confirmed.

Patients are often first screened with echocardiography, and
recommendations suggest referral for RHC if the tricuspid
regurgitant velocity is more than 2.8 m/s, or more than 2.5 m/s
if signs or symptoms of PH are present (2, 44). Because patients
with SSc can develop PH through a variety of pathophysiologic
mechanisms, RHC is recommended for confirmation of elevated
PA pressures on 2DE and to differentiate between different
mechanisms of PH (2, 22).

LEFT VENTRICULAR DYSFUNCTION

Left ventricular dysfunction in systemic sclerosis is most likely a
result of microvascular disease and inflammation. Most patients
do not have appreciable CAD (45). Autopsies of myocardial tissue
from SSc patients show focal areas of pathology, ranging from
contraction band necrosis to replacement fibrosis in the tissue
(45). Early detection of fibrosis may assist clinicians in identifying
those SSc patients at risk of arrythmia, rehospitalization, and
cardiovascular mortality (46).

Left ventricular involvement in SSc includes primarily
diastolic ~dysfunction, and, in some cases, restrictive
cardiomyopathy. Several studies show that overtly decreased left
ventricular ejection fraction (LVEF) is a relatively uncommon
feature of SSc (7, 47-50). Non-invasive identification of LV
abnormalities through imaging may have substantial diagnostic
as well as prognostic benefits to clinicians and patients, as further
elucidated below.

Evaluation

Echocardiography in SSc remains the best initial tool for
the evaluation of LV disease, due to its low cost, lack
of radiation, and extensive evidence base, as noted below.
Tissue Doppler and STE, specifically, are sensitive tests
for uncovering subclinical LV dysfunction, which may be
suggestive of microvascular disease. Guidelines recommend
asymptomatic patients with SSc receive yearly echocardiography
by trained sonographers following a standardized Scleroderma
Doppler Echocardiography Protocol, which includes multiple
standardized 2D echo and Doppler images (51). In select patients,
further imaging with CT or cardiac MRI may be helpful, though
the literature is less clear on specific recommendations regarding
these modalities.
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FIGURE 3 | Diffuse interstitial fibrosis of the right ventricle using cardiovascular magenetic resonance imaging. (A) Four chamber cine showing enlarged right
ventricle and circumferential pericardial effusion (*). (B) Native T1 map showing increased T1 time (diffuse fibrosis) in right ventricular myocardium compared to left
ventricular myocardium. RV, right ventricle; LV, left ventricle. Note: this image is reproduced with permission from Belin et al. (11).

!

Echocardiography

Compared to healthy patients, patients with SSc undergoing
echocardiography show impaired LV diastolic function noted by
multiple measures. Structurally, LV hypertrophy appears more
common in SSc than controls (52). Patients with SSc also have
higher E/¢€ ratios (53) (representing higher LV filling pressures)
and increased isovolumetric relaxation times compared to
controls (48). Interestingly, abnormal E/€’ ratio [defined as
transmitral to mitral annular early diastolic velocity ratio (54)]
was also associated with duration of recognized SSc disease in
months, as well as mean duration of Raynaud’s phenomenon,
suggesting temporal relation in SSc-related fibrotic disease of
different organs (49). Additionally, certain measurements may
also predict mortality in SSc patients. One study utilizing lateral
tissue Doppler early mitral annular (¢) velocity found that
each standard deviation decrease in € (suggesting impaired LV
relaxation) was associated with increased risk of death in SSc
patients at 1.9 £ 1.3 years (55). Thus, 2DE with tissue Doppler
analysis can provide important structural clues that can correlate
to disease progression as well as provide important prognostic
information.

Speckle Tracking Echocardiography

Systemic sclerosis patients also show differences in strain imaging
via echocardiography as compared to controls. Studies have
shown both regional and global LV longitudinal systolic strain
(LVLSS) is significantly lower in SSc patients than controls and
is most pronounced in the endocardial layer of the LV (56,
57). Furthermore, SSc patients with lower global LVLSS were
more likely to have elevated C-reactive protein values suggesting
greater inflammation. LVLSS also appears to worsen in SSc
patients over time (56, 58).

Lindholm et al. showed that SSc patients with PAH had the
lowest LVLSS when compared to both SSc patients without
PAH as well as controls, suggesting that PAH may be a co-
contributor to apparent LV disease in this population (59).
Similarly, SSc patients with hypertension had a higher prevalence
of diastolic dysfunction and worse LVLSS when compared to
SSc patients without hypertension and controls with and without

hypertension (60). Thus, STE can help identify subclinical cardiac
disease in SSc, and can also be used to show the incremental
effects of other medical conditions on an already vulnerable
myocardium.

Cardiovascular Magnetic Resonance

Similar to RV pathology, CMR provides information on LV
dysfunction beyond echocardiography in patients with SSc. In a
study evaluating 41 patients with SSc, Tzelepis et al. identified
mesocardial LGE in a linear pattern located in the basal and
midcavity segments of the LV. Patients with a greater than 15-
year duration of Raynaud’s phenomenon had a greater number
of enhancing segments than those with a shorter duration of
Raynaud’s. Furthermore, those with abnormal Holter monitor
results [defined as conduction delay or block, intermittent bundle
branch block, ventricular arrythmias (mono- or polymorphic,
or >100/day premature ventricular contractions {PVCs}), or
ventricular tachycardias] over 24 h also had a greater number of
enhancing segments suggesting an association between degree of
fibrosis and arrhythmias (61).

As mentioned earlier, ECV can identify diffuse fibrosis even in
patients with normal echocardiograms and without any evidence
of LGE on CMR. Thuny et al. showed that SSc patients with
normal echocardiograms had significantly higher global LV ECV
than age matched healthy controls and that global LV ECV
significantly correlated with the grade of diastolic dysfunction
(62). Another study found that, in addition to higher ECV,
SSc patients also had less myocardial blood flow augmentation
(measured by CMR perfusion imaging) when experiencing a
cold pressor test (hand immersion in cold water) compared to
healthy controls. This muted vasodilatory response was favored
to represent microvascular dysfunction in this population (63).
Higher baseline ECV also correlates to risk of cardiovascular
events among SSc patients with normal echocardiograms who
are monitored over time. In a study of 50 patients with dcSSc,
Markousis-Mavrogenis et al. found that baseline LGE, LV mass,
T2 mapping (a measure of edema) and ECV values were all
significant predictors of CV complications (arrythmia, heart
failure, pulmonary hypertension, and/or sudden cardiac death)
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over 1.2 years, including when data were controlled for sex, age,
and duration of disease (64).

Similar to stress echocardiography, stress CMR may be
more sensitive than rest CMR in detecting subclinical disease.
Asymptomatic patients with SSc show evidence of significantly
decreased myocardial perfusion on adenosine stress CMR when
compared to controls, even when there is no difference on rest
CMR (65). An additional study found that, of those patients
with stress CMR perfusion defects, none had correlating stenotic
lesions on coronary CT, suggesting that microvascular disease,
rather than epicardial CAD, may be the primary driver of
hypoperfusion in SSc (66).

PERICARDIAL DISEASE

Pericardial disease is a common feature of scleroderma,
with manifestations including pericardial inflammation,
effusion, fibrinous pericarditis, pericardial adhesions, and rarely
constrictive pericarditis or tamponade (1, 67). The prevalence
of clinically apparent pericardial disease is 5-16%, but autopsy
studies suggest the incidence of asymptomatic involvement
may be higher (1). Contemporary imaging studies suggest the
incidence of pericardial effusion is between 15 and 19% (68, 69).
Large effusions and those complicated by tamponade are rare but
associated with poor outcomes (70). Drainage of these effusions
or creation of a pericardial window in the context of associated
PAH is associated with significant mortality (70, 71). Constrictive
pericarditis represents a challenging diagnosis in this population
as clinical symptoms may not be present until right-heart failure
develops, and symptoms may overlap with signs of PAH and
SSc-associated cardiomyopathy. For this reason, among others, a
multimodality imaging approach is important in the assessment
of pericardial disease (72).

Evaluation

The diagnostic approach for patients with pericardial disease
and SSc is the same for those without associated SSc. All
patients should receive an electrocardiogram and transthoracic
echocardiogram. In select patients, further imaging with CT or
CMR may be helpful.

Electrocardiography

In acute pericarditis, the EKG may demonstrate classic findings
such as diffuse ST segment elevations and PR segment
depressions, but up to 40% present with atypical and non-
diagnostic findings (73). For those with small to moderate
pericardial effusions, there may be no EKG changes. In large
pericardial effusions, low voltage and electrical alternans may be
present (74).

Echocardiography

2DE is considered the first line imaging modality in almost all
types of pericardial disease because it is safe, readily available, and
quick to perform (74). 2DE allows for detection of pericardial
effusion and assessment of effusion size. It also can assess for
hemodynamic features of tamponade, including diastolic collapse

of right-sided chambers, significant respirophasic changes across
the mitral and tricuspid valves, and ventricular interdependence
with abnormal septal bounce during inspiration (75). Tissue
Doppler imaging is especially helpful in the diagnosis of
constrictive pericarditis. A high early (E) velocity, shortened
deceleration time, and reduced atrial (A) wave are characteristic.
With inspiration, mitral inflow velocity typically falls by 25-
40%, while tricuspid velocity increases by 40-60% (75). STE may
also be useful in this assessment, with reduced circumferential
strain and preserved global longitudinal strain consistent with
constriction (75). In addition, 3DE is useful in better delineating
the extent of pericardial thickening and the exact size, location,
and extent of stranding within the pericardial effusion (76).
Because many patients with acute pericarditis may have a normal
2DE (75), additional imaging modalities such as CMR or CT may
be helpful if clinical suspicion is high.

Computed Tomography

Computed tomography attenuation of the pericardium is similar
to the myocardium so visualization of the pericardium can
be challenging on CT. However, pericardial calcifications are
well visualized on CT. CT density measurements facilitate the
characterization of pericardial fluid; low density fluid [0-20
Hounsfield Units (HU)] is typical, while hemorrhagic effusions
or those associated with bacterial infections may have densities
of 50 HU or more (74). Because of the similar attenuation
of myocardium and pericardium on CT, echocardiography and
CMR are typically preferred.

Cardiovascular Magnetic Resonance

Due to its high inherent tissue contrast, excellent spatial and
temporal resolution, and ability to reconstruct in multiple planes,
CMR is well-suited for the evaluation of pericardial disease (77).
While not necessary for the diagnosis of acute pericarditis, CMR
can be helpful for those with incessant (ongoing symptoms >4-
6 weeks, but <3 months), recurrent, or chronic (>3 months) of
symptoms, or those in which clinical suspicion is high but initial
evaluation (EKG, echo) has been negative. Pericardial thickening
is readily viewed, and pericardial edema and inflammation
can be evaluated by both T2-weighted LGE imaging (77). Fat
suppression can increase the specificity of these findings. CMR
has been used to guide steroid therapy in recurrent pericarditis,
leading to lower overall steroid doses without an increased risk of
constrictive pericarditis or need for pericardial window, and with
lower rates of recurrence (78).

Constrictive pericarditis typically presents with thickening
of the pericardium, which is best appreciated on T1-weighted
imaging. However up to 18% of patients may have normal
pericardial thickness (79). Pericardial fusion in the absence
of active inflammation and parietal-visceral adherence are
indicative of constrictive pericarditis (80, 81). Hemodynamic
indicators of constriction are also well visualized on CMR;
respiratory flow variation across the mitral valve greater than 25%
is sensitive and specific for constriction, as is increased relative
septal excursion (82, 83). While echocardiography remains the
standard, consider CMR imaging when concern for pericarditis
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TABLE 1 | Applications, strengths, and weaknesses of common diagnostic modalities in scleroderma heart disease.

Imaging Modalities

Adjunctive Modalities

SSc Disease Echo CT CMR EKG RHC
Process
RV Dysfunction Initial screening tool. Often in conjunction Gold standard for assessing RV Signs of RVH, RV Direct measurement of
Assesses for: with pulmonary given complicated 3D strain RV systolic and
e chamber enlargement imaging. Assesses for: geometry. Assesses for: diastolic pressure,
e diastolic dysfunction (TV E/A) e Chamber size, e chamber enlargement assessment of cardiac
o systolic function (TAPSE, hypertrophy o diastolic dysfunction (RV mass, output
FAC, RVEF by 3DE) o RVEF hypertrophy)
e RV hemodynamics (RVSP) e RV pressure and o systolic function (RVEF)
o subclinical disease (strain, volume overload (septal e RV hemodynamics (RVSP)
exercise stress echo) flattening, increased e subclinical disease (strain)
RV-LV ratio) o fibrosis and edema (T1
mapping, T2 mapping, ECV)
PAH Initial screening tool. Provides Cannot directly Like echo, provides estimates Signs of RVH, RV Gold standard for
estimates of PASP based on estimate pressure but of PASP using estimates of TV strain hemodynamic
TV regurgitant jet velocity. may demonstrate regurgitant jet velocity. assessment of PH.
increased PA diameter Allows for differentiation
and signs of RV strain. among WHO groups
LV Dysfunction Initial screening tool. Adjunct tool in selected Adjunct tool in selected cases. Signs of LVH Assessment of cardiac
Assesses for: cases. Assesses for: Assesses for: output and wedge
e chamber enlargement e chamber enlargement e chamber enlargement pressure, which can
e diastolic dysfunction (MV E/A) e systolic function (LVEF) e diastolic dysfunction (LV mass, reveal elevated LV filling
e systolic function (LVEF by e epicardial coronary LV hypertrophy, LA size) pressures in diastolic
3DE) disease (coronary CT) o systolic function (LVEF) dysfunction and PVH
e subclinical disease (strain) o subclinical disease (strain) due to left heart disease
o contractility via stress echo o fibrosis and edema (LGE, T1
mapping, T2 mapping, ECV)
e perfusion via stress cMR
Pericardial Initial screening tool. Pericardial Adjunct tool in selected cases. Diffuse ST End-diastolic
Disease Assesses for: calcifications, density Assesses for: segment equalization of
o effusion assessment of fluid o effusion elevations and PR pressures across
e tamponade (diastolic collapse o pericardial thickening segment cardiac chambers in
of RV, respirophasic changes e pericardial edema and depressions, constriction; the
across MV and TV, ventricular inflammation (T2 images, LGE) electrical alternans stiffened pericardium
interdependence) e constriction (respiratory flow and low voltage in limits expansion and
e constriction (high E velocity, variation across the mitral valve, large effusions exerts equal pressure
reduced A wave, decreased septal excursion) on all chambers
MV inflow velocity, increased (requires concurrent
TV velocity) R + LHC)
Arrhythmia Provides initial assessment of N/A Edema (T2 ratio) and fibrosis PVCs, conduction N/A
cardiac structure and function (%LGE) may predict ventricular disease, atrial and
in the setting of arrhythmia arrhythmias ventricular
arrhythmias
Strengths Cheap, widely available. No Evaluation of underlying Not reliant on acoustic Cheap, widely Gold standard
radiation etiology of RV windows. No radiation. Images available assessment for PH
dysfunction/PAH (ILD, can be reconstructed in any
CTEPH). Not reliant on plane
acoustic windows
Limitations Complex geometry of RV Radiation exposure. Limited availability. Expensive. Not highly sensitive Provides no information

limits evaluation. Operator
dependent. Requires
adequate acoustic windows.
Novel techniques such as
STE require additional time,
resources, and expertise

Limited assessment of
hemodynamics. Motion
artifact particularly at
high heart rates

Significant expertise required in
acquisition and interpretation.
Long examination time.
Requires frequent breath
holding. Sensitive, but findings
often non-specific for SSc and
require careful clinical
correlation

or specific for any
disease

about morphology.
Invasive

SSc, systemic sclerosis; echo: echocardiography,; CT, computed tomography; cMR, cardiovascular magnetic resonance; EKG, electrocardiography; RHC, right heart
catheterization; RV, right ventricle; TV, tricuspid valve; E/A; peak velocity in early diastole (E wave) to peak velocity flow in late diastole (atrial contraction, A wave); TAPSE,
tricuspid annular plane systolic excursion; FAC, fractional area change; EF, gjection fraction; SDE, three-dimensional echocardiography; RVSE, right ventricular systolic
pressure; LV, left ventricle; ECV, extracellular volume; RVH, right ventricular hypertrophy, PAH, pulmonary arterial hypertension; PASPE, pulmonary artery systolic pressure;
PA, pulmonary artery; WHO, World Health Organization; MV; mitral valve; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; LVH, left ventricular
hypertrophy; PVH, pulmonary venous hypertension; PVC, premature ventricular contractions; ILD, interstitial lung disease; CTEPH, chronic thromboembolic pulmonary
hypertension,; PH, pulmonary hypertension; STE, speckle-tracking echocardiography.
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is high but echocardiography is unrevealing, or when symptoms
of pericarditis persist or recur over months.

Catheterization

Invasive hemodynamic measurement of right and left ventricular
pressure measurement is also important in the assessment
of constriction. The “dip and plateau” sign (end-diastolic
equalization of pressures), while not specific to constriction, can
help confirm the diagnosis in the right clinical context (74).

ARRHYTHMIA

Electrophysiologic studies of patients with SSc report conduction
defects, arrhythmia, and autonomic dysfunction in up to 51%
of patients (6). Atrial and ventricular ectopy, atrial fibrillation

and flutter, supraventricular tachycardia, ventricular tachycardia,
and atrioventricular block have all been associated (6). In a
recent study from a Danish cohort, there was a nearly two-
fold relative risk increase for incident atrial fibrillation and
flutter as well as pacemaker or ICD placement in patients with
SSc compared to age-matched controls (84). In the EUSTAR
database, arrhythmias caused 6% of SSc-related deaths, behind
only pulmonary fibrosis and PAH (85). The mechanism of
this is thought to be multifold- the direct consequences of
microvascular injury, the effects of fibrosis in the conduction
system and myocardium, and autonomic dysfunction (51, 86).
Importantly, autonomic dysfunction occurs early in the disease
course, even before the development of fibrosis or other
visceral manifestations. Low heart rate variability is a marker of
autonomic dysfunction and is correlated with pre-clinical cardiac
involvement (86).

SSc diagnosed

Symptoms, ex. chest EKG
pain, shortness of
breath, palpitations,

dizziness, syncope? BNP or NT-proBN

Abnormality
detected

Yes

RV dysfunction

Cardiology referral

Pulmonary

All patients

Echocardiography with
Doppler and strain imaging

2]

Angina?

Associated with
Emmmmmma PU/Monary

hyp

If no abnormality,
nue yearly

SPECT, stress
CMR or stress
echocardiogram

Positive

Coronary angiogram
or coronary CTA

ertension?

Hypertension

Pericarditis

Treat with anti-
inflammatory

FIGURE 4 | Algorithm for screening and workup of cardiovascular disease in SSc patients. CMR, cardiovascular magnetic resonance; SSc, systemic sclerosis; EKG,
electrocardiogram; LV, left ventricle; RV, right ventricle; RHC, right heart catheterization; LHC, left heart catheterization; EP, electrophysiology; CTA, computed
tomography angiography; PAH, pulmonary arterial hypertension; SPECT, single photon emission computed tomography.

If PAH PAH specialist
referral
CMR +/-
R/LHC

Constrictive Yes

pericarditis?

Consider further ambulatory
monitoring, CMR and/or EP referral
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Evaluation

Arrhythmia is assessed by EKG and cardiac monitoring as
indicated. 2DE and CMR can be useful adjuncts to detect
structural or functional disease that may contribute to the
arrhythmia.

Electrocardiography

Screening EKG should be performed in all patients with SSc
(51). While not a particularly sensitive test, this can help
identify both conduction abnormalities and signs of hypertrophy
as well as chamber enlargement. Right bundle branch block
has been associated with a greater than five-fold increase in
mortality risk, thought to be reflective of either underlying
lung pathology or cardiac involvement (87). In a study of
100 SSc patients investigated with new onset heart failure,
56% had EKG abnormalities and 24% had PVCs. The PVC
burden corresponded positively with high-sensitivity troponin
and negatively with LV ejection fraction. Seven patients in this
study either suffered sudden cardiac death or required ICD
placement; the presence of more than 1190 PVCs/day identified
these patients with a sensitivity of 100% and specificity of 83%
(88). Prolonged QTc interval and QT dispersion may also predict
ventricular arrhythmias, as might an abnormal signal-averaged
EKG (SAE) (89, 90). Holter monitoring should be utilized if
there is any clinical concern for conduction abnormality, and
there should be a low threshold for implantable loop recorder
placement in the appropriate clinical context (51).

Echocardiography and Cardiovascular

Magnetic Resonance

All patients with scleroderma should receive a routine screening
echo, regardless of the presence or absence of arrhythmia.
The recently published Scleroderma Arrhythmia Clinical Utility
Study (SAnCtUS) evaluated 150 consecutive SSc patients assessed
with 24-h Holter and CMR, looking at markers of LV function,
edema (T2 mapping) and fibrosis (LGE). T2 mapping and LGE
were significant predictors for ventricular arrhythmias, but not
supraventricular arrhythmias. Using these CMR variables, the
study developed the SAnCtUS score to predict risk of ventricular
arrhythmia. The authors found that those with the highest score,
independent of ejection fraction or the presence of ventricular
tachycardia on baseline Holter, were 3.86 times more likely to
have sustained ventricular tachycardia or sudden cardiac death
at one year compared to those with lower scores (91). These
data suggest a possible role for CMR to risk stratify patients
for life threatening arrhythmias in the future, but this requires
further evaluation and prior to incorporation into routine
clinical care.

As evident in the discussion above, cardiac imaging modalities
offer different but often complementary data in the evaluation
of the SSc patient. Understanding the strengths and weaknesses
of each diagnostic test is necessary when deciding how best
to manage a particular symptom or abnormal finding. We
have summarized the utility of each modality, along with
their strengths and weaknesses, for the most common cardiac
complications of SSc in Table 1.

Given the abundance of diagnostic options, some nuance is
required when approaching a patient with newly diagnosed with
SSc. Due to the high prevalence of subclinical cardiac disease in
SSc and the low risk and relatively low cost of EKG, BNP or
NT-proBNP, and echocardiography, it is reasonable to perform
these tests annually. Echocardiography should be performed with
Doppler and STE when possible. If further imaging is needed,
patients with SSc should be referred to a cardiologist, preferably
one with expertise in SSc cardiac disease, who can help guide
appropriate and cost-effective management. With that in mind,
it is worth noting that that CMR must be interpreted with care.
CMR is highly sensitive, but abnormalities found in SSc such as
LGE, elevated ECV, and abnormal strain, are not specific for SSc
and can be found in a number of diseases (92). Imaging findings
must be interpreted while considering the entirety of the clinical
context to ensure accurate diagnosis. For this, among other
reasons, referral to a cardiologist with SSc experience is ideal.

Of course, the approach will depend on which signs and
symptoms are present, as well as the resources and expertise of a
given center. With those caveats, we have outlined our approach
to cardiac evaluation of the SSc patient in Figure 4. While this
approach is based on the current literature, further studies are
needed to determine whether this strategy is one that is centered
on improvement in patient outcomes.

FUTURE DIRECTIONS

There are many novel therapeutics under investigation for
use in scleroderma. While none appear specifically targeted
toward myocardial involvement, they may impact cardiac disease
through anti-inflammatory, anti-fibrotic, vascular/endothelial
pathways (93, 94). Cardiovascular imaging has the potential to
play an important role in the evaluation of these agents.

Cardiovascular imaging is increasingly being considered as
an adjunct to clinical trials. Imaging can help improve patient
selection by identifying those with the therapeutic target (i.e.,
pericardial inflammation or RV systolic dysfunction). It can help
determine the baseline distribution of prognostic factors (such
as myocardial fibrosis) in treatment and control arms and help
shed light on mechanism of disease or response to therapy (95,
96). It can also serve as a measure of efficacy in phase II or
phase III trials, helping inform larger randomized controlled
trials of hard clinical outcomes. For all these reasons, imaging
may play an increasingly important role in the evaluation of
therapeutics for SSc.

As an example, a recent meta-analysis identified reduced RV
ejection fraction and increased RV volumes as markers of risk for
clinical worsening and mortality in patients with PAH; markers
that could potentially be used as end points in clinical trials
(97). In patients with SSc-PAH, Sato et al. showed that upfront
combination therapy with tadalafil and ambrisentan improved
CMR-derived LV and RV strain and this correlated with
improvement in clinical outcomes, including WHO functional
class, G MWD, NT-proBNP, and invasive hemodynamic markers
(38). However, these data were all collected as small case-control,
case series, or single-arm studies. Incorporating CMR data into
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randomized, double-blind, placebo-controlled trials of SSc-PAH
therapies with both imaging and clinical outcomes may yield
vital information. First, it would help definitively establish the
relationship between imaging markers of disease and clinical
endpoints. Second, as discussed above, it may help establish
meaningful thresholds in CMR markers for clinical monitoring
or future trials, as well as mechanistic insights into PAH
pathophysiology.

While PAH has served a model for this discussion, one can
imagine CMR being incorporated into randomized controlled
trials of other SSc-related cardiac pathology. For instance,
randomized controlled trials examining treatment effects of novel
anti-inflammatories in SSc-related pericarditis may measure
recurrence rates and persistence of symptoms as well as CMR
markers of pericardial inflammation on follow-up. Trials of novel
anti-fibrotics such as pirfenidone in SSc-related cardiac fibrosis
may assess arrhythmia burden as well as CMR measures of
fibrosis. By including these imaging endpoints, trials can help
definitively connect imaging to outcomes, enabling confident use
of surrogate endpoints going forward and facilitating clinical
monitoring of disease.

Use of artificial intelligence continues to proliferate in
imaging generally and it will undoubtedly impact SSc care.
Already deep learning techniques are being used to aid in
tissue segmentation and identification of fibrosis (98). Given
the prominent role fibrosis plays in SSc and particularly
arrhythmia risk, automated techniques may allow for earlier
identification of at risk individuals. Algorithms are being
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A Rare Case of Isolated Right
Ventricular Non-compaction With the
Novel TTN Mutation

Piao-piao Huangt, Ya-xin Tangt and Xian-sheng Huang*

Department of Cardiovascular Medicine, The Second Xiangya Hospital, Central South University, Changsha, China

Isolated right ventricular non-compaction (RVNC) is rare yet life-threatening if left
untreated, especially when accompanied by ventricular tachycardia. We describe a
rare case of isolated RVNC, presenting as a prominent and excessive trabeculation
of the right ventricle (RV), with an abnormal electrocardiogram. The transthoracic
echocardiography, computed tomography, and ventricular angiography results clearly
demonstrated an isolated spongy RV, both anatomically and functionally. Genetic
testing identified a missense mutation of TTN. Combined, the diagnosis of RVNC
was established. The subsequent combination of heart failure therapy, antiarrhythmic,
and anticoagulation therapy were effective with a favorable outcome. This case report
describes the possible etiology, manifestation, characteristic images, and problematic
diagnostic criteria of the isolated RVNC. This case also emphasizes the necessity for
comprehensive cardiac screening in familial cardiomyopathy.

Keywords: non-compaction, ventricular tachycardia, TTN, spongy heart, trabeculae

INTRODUCTION

Ventricular non-compaction remains a genetically and phenotypically heterogeneous myocardial
disorder with multiple possible concomitant phenotypes (1). Pathologically, it is characterized
by excessive trabeculae and deep intertrabecular recesses in the ventricle. Non-compaction refers
to the cessation of compaction of the loosely interwoven meshwork of myocardial fibers during
intrauterine life, typically occurring in the left ventricle or bi-ventricle, and isolated RVNC is
rare. The pathogenesis of ventricular non-compaction remains unclear. Genetics is believed to
play an important role since genetic defects account for almost 40% of patients with ventricular
non-compaction. However, studies have demonstrated that acquired causes are also expected,
specifically in sporadic adults (2). Symptomatic individuals with ventricular non-compaction
present varying degrees of heart failure, systemic thromboembolism, arrhythmia, or sudden cardiac
death (SCD). Here, we present a case of an isolated RVNC, in which the first manifestation was
syncope caused by VT.

CASE DESCRIPTION

A 61-year-old female patient was admitted to our hospital with exertional dyspnea and lower-
extremity edema for 3 months. The patients past medical history revealed hypertension for over
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20 years, treated with oral nifedipine. Six years ago, the patient
was admitted to a local hospital with several episodes of
syncope. The patient noted feeling palpitation accompanied
by perspiration and chest tightness; the symptoms had
been recurrent. After admission to the local hospital, the
patient underwent electrocardiogram (ECG) examination,
echocardiography, and ventricle angiography. The ECG
suggested VT and the ventricle angiography showed dilated right
ventricle (LV) (Figure 1). Echocardiography revealed normal
LV size and function. The initial diagnoses made by the local
hospital were cardiomyopathy (undefined class) with VT. To
reduce the risk of SCD, the patient received a single-chamber
implantable cardioverter-defibrillator (ICD) at the local hospital.
A single lead was also implanted in the RV (Supplementary
Figure 1). Four years after the ICD implantation, the patient
felt palpitations accompanied by discomfort in the precordial
area. The ICD program recorded an attack of VT, which was
terminated by ICD shock. The patient had no recurrence of such
symptoms before admission to our hospital since then.

After admission to our hospital, physical examination showed
severe pitting lower extremity edema. The laboratory test results
were as follows: NT-proBNP, 1930.84 pg/ml (limit of reference,
0-125 pg/ml); troponin I, 472 ng/L (0-30.9 ng/L); fibrin
degradation products, 49.33 pg/ml; and D-dimer, 17.23 ug/ml
(0-0.5 pg/ml). Transthoracic echocardiography (TTE) revealed
enlarged RV (RA, 36 mm; RV, 46 mm), right heart failure
(tricuspid annular plane systolic excursion 9 mm, Tei index
0.27, RV-fractional area changes 22%), and typical features of
spongy heart in the RV, including protruding trabecular muscles
and deep intertrabecular recesses communicated with the RV
cavity. Furthermore, the measured ratio of non-compacted to
compacted myocardium (NC/C) was 2.7:1 (Figure 2). These
findings suggested non-compaction in the RV. Furthermore,
there were systolic blue regurgitation signals detected at the
tricuspid orifice with a Vmax of 2.7 m/s, indicating tricuspid
insufficiency (TI).

Ensuing, we reviewed the videos of coronary angiography
from the local hospital, which demonstrated a smooth intima
and no stenosis, excluding the possibility of obstructive
coronary artery disease (Supplementary Figure 2). Ventricular
angiography revealed a dilated RV, excessive trabeculae,
and deep recesses with the feather-like retention of the
contrast agent at the apex and outflow tract of RV. No
abnormality was observed in the LV (Figure 3). However, the
characteristic features of RVNC failed to attract the attention of
the local doctors.

Due to the ICD, cardiac magnetic resonance (CMR) was
not feasible; it was then substituted by Contrast Computed
tomography (CT). The Contrast CT revealed multiple,
protruding, low-density intracardiac trabeculae, high-density
contrast agent in the intertrabecular recesses and RV cavity.
The LV myocardium is slightly thickened, and the trabeculae is
normal (Figure 4). Genetic testing identified a novel mutation
(c.16799T > C/p.L5525S) in the exon 58 of titin gene (TTN,
Ref Seq NM_001256850), which was predicted to be probably
damaging by in silico prediction tools Polyphen2. The genetic
implications further established the diagnosis of RVNC. Finally,

isolated RVNC was diagnosed correctly by imaging and genetic
testing results.

Subsequently, the patient was treated with loop diuretics
for volume management, oral sacubitril/valsartan sodium
for ventricular remodeling, amiodarone and metoprolol for
arrhythmia and ICD shock prevention, and warfarin for
embolism prevention. The patient’s clinical symptoms markedly
improved during hospitalization and within the 6 months of
follow-up. The detailed timeline of this patient from symptom
onset to follow-up is illustrated in Figure 5.

DISCUSSION

Isolated RVNC is not commonly reported. Ventricular non-
compaction is associated with life-threatening complications,
such as VT and systemic thromboembolism. The diagnosis
of ventricular non-compaction was not considered by the
local hospital when the patient manifested several episodes
of syncope. Fortunately, the patient was treated in time and
an ICD implantation was conducted to reduce the risk of
SCD. The diagnostic criteria for ventricular non-compaction
rely on non-invasive imaging examinations, such as TTE and
CMR, which focus on the trabecular in the ventricle and the
ratio of NC/C. At present, there are no diagnostic criteria
for RVNC, and the diagnostic criteria for left ventricular
non-compaction (LVNC) are mostly adopted clinically. Even
so, overdiagnosis and overtreatment cannot be avoided. The
prevalence rates in healthy populations who fulfill diagnostic
criteria for LV non-compaction, proposed by Petersen et al.
(3) (a ratio of NC/C greater than 2.3 at end-diastole) is
up to 43%, raising concern about its disease status and the
potential for overdiagnosis (4). Thus, population screening
is generally ineffective. During the patient’s hospitalization, a
final diagnosis of isolated RVNC was made by a combined
examination of ventricular angiography, TTE, and CT. For
the differential diagnosis, it is necessary to distinguish RVNC
from arrhythmogenic right ventricular cardiomyopathy (ARVC).
ARVC mainly involves the RV and is characterized by gradual
replacement of myocardial tissue by fibrous fat. In our case, the
imaging results indicated the structure of the RV was excessive
trabeculae and deep recesses, which did not conform to the
pathological changes of ARVC. CMR could visualize ventricular
structure and the tissue characterization clearly enough to
distinguish between the two diseases. However, CMR was not
performed in our hospital because of the non-diamagnetic
model of the patients ICD, and discontinuation of ICD during
CMR scanning would put the patient at risk of ventricular
tachycardia/fibrillation. A lack of CMR results is indeed a
limitation of our case report. This case illustrates the crucial
role of combined imaging examinations in the diagnosis of
rare cardiomyopathy.

As the proband, the patient declared no history of syncope
or SCD in her family. TTE screening was performed and
no characteristic excessive trabeculae and deep intertrabecular
recesses were found in any of the first-degree family members.
Despite this, genetic testing in the setting of pathological
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FIGURE 1 | Holter electrocardiogram (ECG) on admission showed three consecutive episodes of ventricular premature beats (A) and ventricular tachycardia

(VT) (B); Twelve-lead ECG after VT termination indicated sinus rhythm (C).
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FIGURE 2 | Transthoracic echocardiography (TTE) shows three anatomical components, including thin compacted layer, prominent intracardiac trabeculae (the red
arrow) and deep intertrabecular recesses. The measured ratio of non-compacted to compacted myocardium was 2.7:1 (A); Color Doppler echocardiography reveals
deep recesses communicated with the Right ventricle (RV) cavity (the green arrow) (B).

non-compaction may contribute to the exact diagnosis and
identification of at-risk relatives. Recently, accumulating studies
have reported the genotype-phenotype correlations in patients
with LVNC (2, 5). Ventricular non-compaction phenotype
has been associated with more than 70 genes, such as
MYH7, ACTC1, MYBPC3, TNNT2, TPMI, and TTN (6, 7).
Among them, sarcomere genes, relevant for the structure of
contractile and non-contractile elements with single missense
mutations, are most commonly detected, accounting for the

majority of genetic etiology of ventricle non-compaction (2,
8). The sarcomere gene consists of MYH7, MYBPC3, TTN,
ACTCI, and so on (9). A meta-analysis indicated that the
most frequently mutated genes in patients with LV non-
compaction were TTN (11%), showing a pooled frequency
of 11% (95% CI 4-29%) (10). In addition, sporadic cases
of LVNC are prevalent in adults, indicating the contribution
of acquired causes (2). Hence, the presumed mechanism of
right heart failure in our patient is that the TTN gene
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FIGURE 3 | Right ventricle (RV) angiography revealed a dilated RV, excessive trabeculae and deep recesses with the retention of contrast agent at the apex and
outflow tract of RV (A) (yellow arrow: trabeculae; red arrow: deep intertrabecular recesses), while no abnormality in left ventricle (LV) (B).

FIGURE 4 | Contrast Computed tomography (CT) revealed abnormally dilated right ventricle (RV) and right atrium (RA), multiple protruding low-density intracardiac
trabeculae attached to wall of the RV, and the high-density contrast agent in intertrabecular recesses and RV cavity (A-F) [green arrow: trabeculae (A-F); red arrow:
ICD lead (A,C,E)]; The left ventricle (LV) myocardium is thickened, and the trabeculae is normal (A=F).

missense mutation may terminate the compaction process At present, the association between the clinical prognosis
of endocardial muscle trabecular muscle and result in non- and genetics of non-compaction in adults remains controversial.
compaction in RV, leading to reduced RV systolic function and  Previous follow-up data on individuals with LVNC suggested no
severe right heart failure. correlation between increased trabeculation and the development

Frontiers in Cardiovascular Medicine | www.frontiersin.org 130 April 2022 | Volume 9 | Article 845973


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Huang et al.

Isolated Right Ventricular Non-compaction

Timeline

ECG showed VT and ventricular angiography revealed dilated right ventricle,
excessive trabeculae, and deep recesses. TTE showed enlarged right heart, as well as
normal size and function of LV. The patient was diagnosed initially with
cardiomyopathy (undefined class) and VT. Later, he received ICD implantation and
antiarrhythmic therapy (metoprolol plus amiodarone).

The patient felt palpitation, and the ICD program recorded an attack of VT, which
was terminated by ICD shock.

TTE showed dilated right heart (RV, 46 mm), right heart failure (TAPSE 9mm, Tei
0.27, RV-FAC 22%), and typical features of spongy heart in the RV. The ratio of
NC/C was 2.7.

Consistent with ventricular angiography, contrast CT imaging showed protruding
low-density trabeculae, and high-density contrast agent in intertrabecular recesses
and RV cavity, while the trabeculae is normal in LV. The patient was eventually
diagnosed as isolated RVNC.

The patient received a combination of metoprolol and amiodarone to prevent ICD
shock, loop diuretics for volume management, small dose sacubitril/valsartan for
ventricular remodeling, and warfarin for prevention of embolisms.

Genetic testing identified a novel mutation (c.16799T > C/p.L5525S) in 77N gene.
TTE screening was performed, excessive trabeculae and deep recesses were not
found in any of her first-degree family members.

The patient had no further malignant arrhythmias and thrombotic events.

non-compaction.

FIGURE 5 | The detailed timeline of this patient from the symptom onset to follow-up. ECG, electrocardiogram; VT, ventricular tachycardia; TTE, transthoracic
echocardiography; ICD, implantable cardioverter-defibrillator; RV, right ventricle; CT, computed tomography; LV, left ventricle; RVNC, right ventricular

of diseases or adverse events (2, 11, 12). However, other evidence
indicated carriers of pathogenic variants were more likely to
develop adverse outcomes compared with non-carriers (58.5% vs.
25.8%; P < 0.01), and close follow-up for carriers was beneficial
(1). Differences in screening genes and end points might partially
explain the difference in these controversial results between these

studies. Determining whether gene testing in adults with non-
compaction can contribute to diagnostic issues and whether
it benefits clinical treatment remains to be a major challenge
for cardiologists.

Currently, there is no effective treatment for ventricular non-
compaction. Strategies of therapy for confirmed patients are
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mainly targeted at the three major complications: heart failure,
arrhythmia, and thromboembolism. After ICD implantation
and pharmaceutical treatment as previously discussed,
the symptoms of our patient improved significantly, with
a good prognosis.

CONCLUSION

We report a rare case of isolated RVNC that survived several
episodes of syncope caused by VT. The patient was treated in time
and correctly diagnosed through multi-imaging examinations
and genetic testing. We recommended comprehensive cardiac
screening for family members for earlier diagnosis and
identification of at-risk relatives.

Isolated RVNC is rarely reported in current literature, causing
possible underestimation of the incidence and severity of
RVNC. Therefore, it is essential to identify and diagnose RVNC
in clinical work.
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Background: The aims of our study were (1) to assess the right ventricular (RV)
myocardial mechanics by two-dimensional (2D) and three-dimensional (3D) speckle-
tracking echocardiography (STE) in patients with an ischemic or non-ischemic etiology
of end-stage heart failure (HF) and (2) to explore which RV index evaluated by 2D- and
3D-STE was the most powerful indicator for identifying the ischemic and non-ischemic
etiologies of end-stage HF.

Methods: A total of 96 patients with left ventricular ejection fraction (LVEF) < 30% were
enrolled in our study: 42 patients (mean age, 52 + 10 years; 9.5% female) with ischemic
cardiomyopathy and 54 patients (mean age, 46 + 14 years; 16.7% female) with non-
ischemic cardiomyopathy. A total of 45 healthy subjects (mean age, 46 + 13 years;
24.4% female) served as controls. The longitudinal strain of the RV free wall (RVFWLS)
was determined by both 2D- and 3D-STE.

Results: Compared to controls, patients with an ischemic or non-ischemic etiology
of end-stage HF had lower 2D-RVFWLS, 3D-RVFWLS and RV ejection fraction
(RVEF) values (P < 0.05). Patients with non-ischemic cardiomyopathies (NICMs)
had significantly lower 3D-RVFWLS and RVEF values than in those with ischemic
cardiomyopathies (ICMs), whereas 2D-RVFWLS and conventional RV function
parameters did not differ between the two subgroups. RVEF was highly related to 3D-
RVFWLS (r = 0.72, P < 0.001), modestly related to 2D-RVFWLS (r = 0.51, P < 0.001),
and weakly related to conventional RV function indices (r = —0.26 to 0.46, P < 0.05).
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Receiver operating characteristic curve analysis revealed that the optimal 3D-RVFWLS
cut-off value to distinguish NICM from ICM patients was —14.78% (area under the
curve: 0.73, P < 0.001), while 2D-RVFWLS and conventional RV echocardiographic

parameters did not.

Conclusion: Our study demonstrated the superiority of 3D-RVFWLS over 2D-RVFWLS
and conventional RV function indices in identifying the ischemic and non-ischemic
etiologies of end-stage HF. These findings support the idea that 3D-RVFWLS may be a
promising non-invasive imaging marker for distinguishing NICM from ICM.

Keywords: three-dimensional, two-dimensional, speckle tracking echocardiography, right ventricular function,

strain, heart failure

INTRODUCTION

Right ventricular (RV) function has a powerful capability
for risk-stratifying patients with heart failure (HF) (1-3).
In these patients, indeed, the presence of RV dysfunction
is associated with adverse outcomes (4, 5). Non-ischemic
cardiomyopathies (NICMs) are the most frequent cause of HF
and death, and patients with NICMs have a poorer outcome
than those with ischemic cardiomyopathies (ICMs) (6). For
this reason, accurately distinguishing the non-ischemic and
ischemic etiologies of HF is of great clinical significance.
Coronary angiography, as the gold-standard modality for
diagnosing ICM, is not used in every case due to its
invasiveness, requirement of ionizing radiation, and high cost
(7). Therefore, it is crucial to explore other non-invasive
parameters to discern between the ischemic and non-ischemic
etiologies of HF.

Echocardiography, which is readily available and relatively
inexpensive, is considered a first-line modality for assessing
ventricular performance. Nevertheless, completing an accurate
assessment of RV function by traditional echocardiography is
challenging because of its complex structure, contraction pattern,
and response to overload. Two-dimensional (2D) speckle-
tracking echocardiography (STE) is an angle-independent,
less load-dependent technique that allows for the earlier
identification of subtle RV dysfunction. It has been demonstrated
to be a more reliable and accurate tool for RV function assessment
than conventional RV function indices (8-10). However, this
algorithm, based on the 2D plane, has limitations, which lead to
the loss of a portion of the real motion due to out-of-plane motion
(11). Recently, three-dimensional (3D) STE has emerged to
overcome these limitations (12). Its accuracy and reproducibility
in quantifying RV function have been verified in patients with
pulmonary hypertension, transplanted hearts, and hypoplastic
left heart syndrome after Fontan palliation (13-15). However,
the possibility of interrogating RV mechanics in patients with
end-stage HF using 3D-STE has hitherto not been explored.

Thus, the purposes of our study were (1) to assess RV
myocardial mechanics using 2D- and 3D-STE in subjects with
an ischemic or non-ischemic etiology of end-stage HF and (2)
to explore which RV index evaluated by 2D- and 3D-STE has the
potential to differentiate between the ischemic and non-ischemic
etiologies of end-stage HF.

MATERIALS AND METHODS
Study Subjects

This was a prospective study of 109 consecutive patients
with end-stage HF who required heart transplantation (HT)
and were enrolled in this study at the Wuhan Union
Hospital from June 2018 to July 2021. All patients had
severely impaired left ventricular (LV) function [LV ejection
fraction (LVEF) < 30%] (16), and their New York Heart
Association (NYHA) functional class was III or IV. Patients
were assigned to the ICM group if they had a prior history
of myocardial infarction/revascularization and/or if they had
significant coronary artery stenosis (>50%) in > 1 epicardial
coronary vessel on angiography. Patients were classified as having
NICM if they had none of these features (17). Exclusion criteria
included an anomalous origin of the coronary artery, cardiac
arrhythmia, and poor echocardiographic image quality.

Separately, we enrolled a control group of 45 healthy
volunteers with a similar age and sex breakdown with no
cardiovascular disease on the basis of clinical examination,
electrocardiography, echocardiography, and chest X-ray
imaging. This study was approved by the ethics committee of
Tongji Medical College, Huazhong University of Science and
Technology, and written informed consent was obtained from
all participants.

Standard Echocardiography

All patients underwent transthoracic echocardiograms using
the Philips EPIQ7C ultrasound machine (Philips Medical
Systems, Andover, MA, United States). LV and RV parameters
were measured according to the guidelines of the American
Society of Echocardiography (18). The RV base diameter
(RVD1), mid-diameter (RVD2), and length diameters (RVD3)
were acquired from the RV-focused apical 4-chamber view.
The RV fractional area change (FAC) was defined as the
RV end-diastolic area - RV end-systolic area)/end-diastolic
area X 100%. The tricuspid annular peak systolic excursion
(TAPSE) was measured using M-mode echocardiography.
The right-side index of myocardial performance (RIMP)
was determined using tissue Doppler imaging. Peak systolic
(s) tricuspid lateral annular velocities were also assessed
by tissue Doppler imaging. The apical 4-chamber view
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FIGURE 2 | 3D-STE offline analysis. (A) Setting reference points. (B) RV endocardial border identification and tracking. (C) Generating longitudinal strain of the RV

was used for 2D-STE analysis, and 3D full-volume data
were obtained from the apical 4-chamber view with four
consecutive cardiac cycles.

Speckle-Tracking Echocardiography

2D-STE and 3D-STE analyses were performed using commercial
software (4D-RV Function Analysis and 4D-LV Analysis
version 3.1 software for 3D-STE and 2D Cardiac Performance
Analysis for 2D-STE; Tom Tec Imaging Systems, Munich,
Germany). For 2D-STE analysis, RV endocardial tracings were
manually performed in the apical 4-chamber view. The software
automatically tracked the speckle patterns in the myocardium.
The endocardial border could be manually modified if necessary.
Ultimately, the software generated the longitudinal strain curves
and longitudinal peak systolic strain values of 6 segments of
the RV. The 2D longitudinal strain of the RV free wall (2D-
RVFWLS) was defined as the mean value of three segments
of the RV free wall (Figure 1). For 3D-STE analysis, the
operator set reference points (i.e., the center of the mitral
annular line to the apex of the LV, the center of the tricuspid

annular line to the apex of the RV, landmarks corresponding
to the aortic annulus diameter, and the anterior and posterior
junctions of the RV free wall with the interventricular septum
and the septum-to-RV free wall) in 6 planes. Subsequently,
the RV endocardial border was automatically identified by
the software. Then, the software automatically tracked the RV
endocardial border throughout the cardiac cycle, although the
operator could manually adjust the RV contours if necessary.
Finally, the software produced the RV end-diastolic volume
(RVEDV), RV end-systolic volume (RVESV), RV stroke volume
(RVSV), RV ejection fraction (RVEF), and 3D longitudinal
strain values of the RV free wall (3D-RVFWLS) (Figure 2).
We determined the RVEDV index (RVEDVI), RVESV index
(RVESVI) normalized to BSA. Similarly, the operator set
reference points (the center of the mitral annular line to the
apex of the LV) in the apical 4-, 2-, and 3-chamber views.
Then, the LV endocardial border was automatically identified
by the software, and a manual adjustment was performed
if necessary. Finally, the LVEDVI (ml/m? = LVEDV/BSA),
LVESVI (ml/m?> = LVESV/BSA), LV mass index (LVMI)
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(g/m? = LVM/BSA), and LV global longitudinal strain (LVGLS)
were obtained. The frame rate range of the 3D STE images was
set at approximately 20 Hz or more.

Cardiac Magnetic Resonance Imaging

Analysis

A total of 28 patients underwent cardiac magnetic
resonance (CMR) examinations to assess RVEF within
1 day of echocardiography since CMR was regarded

as the gold standard for RV systolic function. CMR
imaging was analyzed using conventional CMR software
(Argus; Siemens Medical Solutions, Erlangen, Germany).
RV endocardial contours were manually traced on all
short-axis slices on the end-diastolic and end-systolic
frames by an experienced operator who was blinded to
echocardiographic measurements. Finally, the software
automatically obtained the CMR-RVEF.

Right Heart Catheterization

All patients underwent right heart catheterization before
HT. A Swan-Ganz catheter were used to acquire cardiac
hemodynamic data. Right atrial pressure and pulmonary artery
pressure were obtained from right heart catheterization.

Statistical Analysis

Continuous variables are expressed as mean = standard deviation
values, non-normal distribution of continuous data are expressed
as median (IQR),and categorical variables are expressed using
frequency (percentage) values. Statistical significance was
assessed by 1-way ANOVA followed by the Bonferroni post hoc
test or by Student’s t-test when only two groups were compared.
For non-normally distributed data, Man-Whitney U test and
Kruskal-Wallis test were used. Logistic regression analysis was
used to evaluate the effect of explanatory variables. To calculate
the sensitivity and specificity at various cutoff levels for the
selected parameters, receiver operating characteristic (ROC)
curves were used. Pearson’s correlation coeflicient was used for
the assessment of correlations. Bland-Altman analysis and the
intraclass correlation coeflicient (ICC) to assess the consistency
between 2D- and 3D-STE parameters were applied (19). The
SPSS version 22.0 software (IBM Corporation, Armonk, NY,
United States) and MedCalc version 19.0.4 software (MedCalc
Software, Ostend, Belgium) were used for statistical analyses.
A P value of < 0.05 in a two-sided test was considered to be
statistically significant.

Reproducibility Analysis

The intra- and inter-observer variability of 2D- and 3D-STE
parameters were evaluated by Bland-Altman analysis and the
ICC. To assess the reproducibility, 20 patients were randomly
selected from our study. For the assessment of intra-observer
variability, the data were re-analyzed by the same investigator
after 1 month. For the evaluation of inter-observer variability,
the second investigator re-analyzed the data while blinded to the
values obtained by the first investigator.

RESULTS

Clinical and Echocardiographic

Characteristics

Following the exclusion of five patients with poor image
quality, two with one-vessel coronary artery disease, and
six with cardiac arrhythmias, 96 patients were included in
our analysis. Of these 96 patients, 42 had ICM and 54 had
NICM. The mean age of patients with end-stage HF was
48 + 13 years, and 83 (86.5%) were men. Eighty (83.8%) patients
had NYHA functional class IV. Tricuspid regurgitation (TR)
was absent in 22 (22.9%), mild in 29 (30.2%), moderate in 17
(17.7%), and severe in 28 (29.2%) patients with end-stage HE,
respectively. The clinical and echocardiographic data of the
study participants are listed in Table 1. Sex, age, body surface
area, prevalence of hypertension and diabetes, NYHA functional
class, medical therapy, proportion of implantable cardioverter-
defibrillator/cardiac  resynchronization therapy-defibrillator
(ICD/CRT-D) and laboratory data were not statistically different
among the three groups. Patients with NICM had lower systolic
and diastolic blood pressure values compared to the ICM and
controls (P < 0.001), although they remained within the normal
ranges. Compared to the controls, patients with ICM and NICM
had increased RVEDVI, RVESVI, RVD1, RVD2, RVD3, RIMP,
LVEDVI, LVESVI and LVMI values (P < 0.05), and decreased
LVEE LVGLS, TAPSE, RVFAG, tricuspid s, RVEE, 2D-RVFWLS,
and 3D-RVFWLS values (P < 0.05). Patients with NICM
had decreased 3D-RVFWLS and RVEF values, and increased
RVEDVI and RVESVI compared to those with ICM (P < 0.05);
however, no significant differences in LVEDVI, LVESVI,
LVMI, LVEE, RVDI1, RVD2, RVD3, conventional RV function
parameters (TAPSE, RVFAC, tricuspid s, and RIMP), LVGLS
and 2D-RVFWLS between the two subgroups were identified
in our study. The severity of TR was similar between the ICM
and NICM subgroups. CMR and right heart catheterization data
were not significantly different between the groups (Table 2).
In addition, we compared RVFWLS between patients with and
without ICD/CRT-D, and our results revealed that 3D-RVFWLS
and 2D-RVFWLS values did not differ between patients with and
without ICD/CRT-D.

After adjustment for age, systolic and diastolic blood
pressure, RVEDVI, RVESVI, RVEE only 3D-RVFWLS
remained significantly associated with NICM (odds ratio: 0.79;
95%CI:0.684-0.912; P = 0.001). 3D-RVFWLS, 2D-RVFWLS,
LVGLS, and conventional RV function echocardiographic
parameters were entered into ROC analysis to distinguish NICM
and ICM patients from each other. ROC analysis revealed that
the optimal cutoff value of 3D-RVFWLS was -14.78%, with a
sensitivity of 85.2% and a specificity of 50.5%, for distinguishing
between the ischemic and non-ischemic etiologies of end-
stage HF (area under the ROC curve, 0.73; 95% confidence
interval, 0.63-0.82; P < 0.001) (Figure 3). 2D-RVFWLS, LVGLS,
and conventional RV echocardiographic parameters failed to
distinguish NICM patients from ICM patients.

Figure 4 presents Bland-Altman analysis and correlation plots
for RVFWLS as measured by 2D- and 3D-STE. 3D-RVFWLS
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TABLE 1 | Clinical and echocardiographic characteristics of patients and normal

controls.

Variables Controls (n =45) ICM(n =42) NICM (n = 54) P
Female (%) 11 (24.4%) 4 (9.5%) 9 (16.7%) 0.141
Age (years) 46 +13 52+ 10 46 + 14 0.052
Body surface area 1.64 £ 0.40 1.73+£0.19 1.66 + 0.33 0.582
(m?)

Systolic blood 116 +£7 116 + 21 101 + 19*T <0.001
pressure (mMmHg)

Diastolic blood 75+8 74 +18 66 + 12+1 <0.001
pressure (mMmHg)

Hypertension 19 (45.2%) 15 (27.8%) 0.076
Diabetes mellitus 14 (33.3%) 9 (16.7%) 0.058
NYHA functional 0.581
class, n (%)

1l 6 (14.3%) 10 (18.5%)

\% 36 (85.7%) 44 (81.5%)

Medical therapy (n,

%')

Beta-blockers 42 (100%) 54 (100%)

ACE inhibitors/ARBs 42 (100%) 54 (100%)

Loop diuretics 41 (97.6%) 52 (96.3%) >0.999
Aldosterone 40 (95.2%) 51 (94.4%) >0.999
antagonists

ICD/CRT-D 3(7.1%) 9 (16.7%) >0.999
Laboratory data

Hemoglobin (g/L) 124,00 £17.78 13346 +£23.25 0.085
Total cholesterol 3.03 (2.19,3.52) 3.12(2.63,3.86) 0.357
(mmol/L)

Triglyceride (mmol/L) 1.37(1.02,2.13) 1.07 (0.81,1.84) 0.715
Creatinine (wmol/L) 88 (78.2,103.6) 85.8 (70.4, 105.85) 0.380
Echocardiography

LVEDVI (ml/m?) 48 (40, 56"t 124 (91,141) 143 (120, 167)  <0.001
LVESVI (ml/m?) 15 (12,19)°t 95 (77, 108) 105 (84, 135) <0.001
LVEF (%) 67.51 + 4.41°T 2519+ 6.39 2454 +6.06  <0.001
LVMI (g/m?) 86 (73, 921 177 (169, 216) 203 (185, 249)  <0.001
LVGLS (%) 2192 +£2590" 616 +2.05 -7.46 £ 217 <0.001
RVD1 (mm) 27.51 + 4.321 36.24 +6.83 36.94 + 9.60 <0.001
RVD2 (mm) 27.93 + 4.05"t 32.69 +8.17 32.66 + 9.60 <0.001
RVD3 (mm) 66.76 + 8.04" T 76.48 £ 9.76 80.91 +12.27  <0.001
Mild TR (1, %) 15 (33.3%) 14 (25.5%) 0.388
Moderate TR (n, %) 5(11.1%) 12 (21.8%) 0.156
Severe TR (n, %) 9 (20%) 19 (35.2%) 0.095
TAPSE (mm) 21.48 + 2.76"t 12.76 £ 2.46 11.99 + 2.40 <0.001
RVFAC (%) 46.87 + 4.671 27.25 +£5.79 25.03 +5.63 <0.001
RIMP 0.36 + 0.03"T 0.59 + 0.05 0.67 + 0.03 <0.001
Tricuspid s’ (cm/s) 12.84 + 1.98"F 9.05 +2.74 9.90 + 2.66 <0.001
2D-RVFWLS (%) -23.38 +£8.90"  -14.29 + 4.90 -13.24 £3.49  <0.001
RVEDVI (ml/m?) 47 (39,57 65 (50,76) 76 (63,100) * <0.001
RVESVI (ml/m?2) 26 (21,29 46 (32,53) 53 (38,72) * <0.001
RVSV (ml) 44 (33,55 38 (24,45) 34 (24,42) 0.002
RVEF (%) 53.14 + 4.49"t 31.87 +£9.68 28.09 +6.87*  <0.001
3D-RVFWLS (%) 2378 +2.15"" 1536 +4.76 -11.92 +£2.81* <0.001

Data are mean £ SD, n (%), or median (IQR).

*P < 0.05 for ICM vs. NICM.

N P < 0.05 for ICM vs. controls.

TP < 0.05 for NICM vs. controls.

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ICD,
Implantable cardioverter defibrillator; CRT-D, cardiac resynchronization therapy-
defibrillation; RV, right ventricular; LV, left ventricular; MI, mass index; EDVI,
end-diastolic volume index; ESVI, end-systolic volume index; SV, stroke volume; EF,
gjection fraction; RVD1, right ventricular basal diameter; RVD2, right ventricular mid
diameter; RVDS3, right ventricular longitudinal dimension; TR, tricuspid regurgitation;
TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area change;
RIMP, right-side index of myocardial performance; Tricuspid s’, tricuspid annulus
systolic velocity;, 3D, three dimensional; 2D, two dimensional; RVFWLS, right
ventricular free wall longitudinal strain.

TABLE 2 | Cardiac magnetic resonance and right heart catheterization
characteristics of patients.

Variables ICM (n =42) NICM (n = 54) p

Cardiac magnetic resonance

CMR-RVEF (%) (n) 14 (11,31) (8) 15 (11,22) (20) 0.739
Right heart catheterization

Systolic PAP (mmHg) 45+ 16 42 £15 0.313
Diastolic PAP (mmHg) 75+18 66 + 12 0.852
Mean PAP (mmHg) 30 £+ 11 28 + 12 0.591
RAP (mmHg) 10 (7,13) 9(7,12) 0.780

Data are mean + SD or median (IQR). CMR-RVEF, cardiac magnetic resonance-
right ventricular ejection fraction; PAR, pulmonary arterial pressure; RAR, right atrial
pressure.
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FIGURE 3 | Receiver operating characteristic curves of 3D-RVFWLS for
distinguishing NICM from ICM.

was strongly related to 2D-RVFWLS (r = 0.70, P < 0.001).
Good consistency for RVFWLS as assessed by 2D- and 3D-STE,
respectively, was noted (ICC, 0.70; 95% CI, 0.59-0.79).

Relationships Between RV Ejection
Fraction, Two-Dimensional- and
Three-Dimensional-Speckle-Tracking
Echocardiography, and Conventional RV

Echocardiographic Indices

The relationships between RVEE 2D- and 3D-STE, and
conventional RV echocardiographic parameters are shown in
Figure 5. RVEF was highly correlated with 3D-RVFWLS
(r = 0.72, P < 0.001), modestly correlated with 2D-RVFWLS
(r=0.51, P < 0.001); and weakly associated with RVFAC (r = 0.46,
P < 0.001), TAPSE (r = 0.37, P < 0.001), RVEDVI (r = -
0.26, P = 0.017), RVESVI (r = -0.45, P < 0.001), and RVSV
(r = 0.38, P < 0.001). Meanwhile, RVEF was not associated
with RVD1, RVD2, RVD3, RIMP, or tricuspid s’. Moreover, 3D-
RVFWLS correlated better with RVEF than 2D-RVFWLS and
the conventional RV indices with RVEF (r = 0.72 vs. -0.26 to
0.51, P < 0.05). In addition, we found that CMR-RVEF was
modestly correlated with 3D-RVEWLS (r = 0.53, P = 0.004),
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and weakly associated with 2D-RVFWLS (r = 0.49, P = 0.008)
(Supplementary Figure 1).

Reproducibility

The reproducibility of 2D- and 3D-STE parameters is shown in
Table 3. 2D- and 3D-STE parameters had good intra- and inter-
observer reproducibility, as evidenced by a higher ICC, small bias,
and limits of agreement.

DISCUSSION

To our knowledge, this may be the first investigation to
comprehensively assess RV function in patients with ischemic
and non-ischemic etiologies of end-stage HF using 2D- and 3D-
STE and conventional echocardiographic parameters. The main
findings of our study were as follows: (1) patients with ischemic

or non-ischemic etiology of end-stage HF had diminished 2D-
and 3D-RVFWLS compared to healthy controls; (2) patients
with NICM had lower 3D-RVFWLS compared to ICM patients,
although no significant difference in 2D-RVFWLS between these
two subgroups was noted in our study; and (3) more importantly,
ROC analysis revealed that 3D-RVFWLS displayed the potential
for distinguishing NICM patients from ICM patients, while 2D-
RVFWLS and conventional RV echocardiographic parameters
did not. Therefore, 3D-STE may be superior to 2D-STE for
distinguishing between the non-ischemic and ischemic etiologies
of end-stage HF.

RV Strain in Patients With End-Stage

Heart Failure

Our results showed that 2D- and 3D-STE parameters were
reduced in patients with ischemic or non-ischemic etiology of
end-stage HF compared to healthy controls. These results are
consistent with prior findings gathered using 2D-STE (20, 21).
Our results have, for the first time, demonstrated that patients

TABLE 3 | Intraobserver and interobserver reproducibility.
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FIGURE 5 | The correlations of RVEF with 3D-RVFWLS, 2D-RVFWLS and
conventional echocardiographic parameters. The association between the
3D-RVFWLS (A), 2D-RVFWLS (B), RVFAC (C), TAPSE (D), and RVEF.
3D-RVFWLS and 2D-RVFWLS values are absolute values.

Variables ICC (95% CI) Bias Limits of agreement
Intraobserver

RVEDV 0.98 (0.94-0.99) 4.2 -17.5,25.9
RVESV 0.97 (0.93-0.99) 3.2 -14.7, 23.1
RVSV 0.93 (0.83-0.97) -0.03 -12.2,12.1
RVEF 0.89 (0.74-0.96) -0.7 -7.8,6.4
3D-RVFWLS 0.94 (0.84-0.97) 0.4 -1.8,2.54
2D-RVFWLS 0.95 (0.88-0.98) 0.9 -0.9,2.7
Interobserver

RVEDV 0.94 (0.87-0.98) 6.8 -25.6, 39.2
RVESV 0.93 (0.84-0.97) 5.9 -21.9,33.7
RVSV 0.92 (0.82-0.97) 0.8 -11.8,13.5
RVEF 0.86 (0.68-0.94) -0.6 -7.7,6.6
3D-RVFWLS 0.91 (0.79-0.96) 0.5 -2.0,3.0
2D- RVFWLS 0.90 (0.76-0.96) 0.8 -1.8,3.3

Abbreviations as in Table 1.
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with end-stage HF have diminished 3D-RVFWLS. Several
mechanisms may contribute to RV dysfunction in end-stage HF
patients, including impaired LV function, elevated pulmonary
arterial pressure, RV myocardial ischemia, and neurohormonal
interactions (22). Patients with end-stage HF present with
depressed LV function. Ventricular interaction could influence
RV strain through the interventricular septum. RV failure in
terms of histology includes rarefaction of myocardial capillaries
and myocardial fibrosis (23, 24). Myocardial fibrosis results in
myocardial remodeling and stiffness elevation, presenting with
ventricular chamber enlargement and systolic dysfunction.

RV Mechanics in Patients With Ischemic
and Non-ischemic Etiologies of
End-Stage Heart Failure

Differentiating NICM patients from ICM patients is essential on
account of the different prognoses and treatment strategies for
each group (18). Although the diagnosis is generally made by
computed tomography angiography or coronary angiography,
it is not practical for every patient to undergo an imaging
study using angiography because of its radioactivity, invasiveness,
and other contraindications. Therefore, it is critical to identify
non-invasive parameters to distinguish between NICM and
ICM. In our study, both algorithms provided substantially
different results for patients with NICM and those with ICM,
respectively. For example, we found that 3D-RVFWLS was
lower in patients with NICM than those with ICM, but no
difference in 2D-RVFWLS between the two subgroups was
observed. With the use of 2D-STE algorithms, where speckles
are only tracked in 2D planes, only a portion of the real
myocardial motion is tracked. Thorstensen et al. reported 3D
strain of left ventricle did not show incremental diagnostic
value to the other modalities in patients with recent myocardial
infarction, but patients with poor echocardiographic image
quality were not excluded in their study and their study did
not compare RV strain (25). A recent observation suggested
that NICM exists as an intrinsic injury of the RV myocardium
(21), and this proposal is compatible with our study findings
revealed by 3D-STE. In contrast, in a small observational
cohort of 40 patients with HF (including 20 with ICM and
20 with NICM), no significant difference in LVGLS obtained
by 3D-STE between the ICM and NICM subgroups was
noted (26). Another study, by Shanbhag et al., that followed
a community-based sample of older adults for a median
of 5.8 years showed that patients with NICM had a worse
prognosis than those with ICM (6). Likewise, Meng et al.
also demonstrated that patients with HF with poor clinical
outcomes displayed impaired 3D-RVFWLS and RVEF compared
to those without clinical events (27). Our findings provide
direct evidence to support the aforementioned results. The fact
that patients with NICM exhibited a poorer prognosis than
those with ICM may be the reason why they also presented
with more severely impaired 3D-RVFWLS. Moreover, ROC
analysis revealed that the 3D-RVFWLS parameters had a good
capacity for distinguishing NICM patients from ICM patients,
while 2D-RVFWLS and conventional RV echocardiographic

parameters failed to differentiate NICM patients from ICM
patients. Therefore, 3D-RVFWLS may be a useful alternative
to coronary angiography for distinguishing NICM from ICM,
particularly among patients with end-stage HF who cannot
undergo coronary angiography.

Comparisons of
Three-Dimensional-Speckle-Tracking
Echocardiography and
Two-Dimensional-Speckle-Tracking

Strain Parameters

Owing to the complex geometry of the RV, 3D-STE has no
geometric assumptions or out-of-plane motion of speckles,
allowing for a more accurate assessment of myocardial
performance by overcoming the limitations of 2D-STE. There
were significant correlations between the RVFWLS values
obtained by the 2D and 3D modalities. These findings were
consistent with those of previous studies in patients with
pulmonary hypertension (28). RV contraction occurs primarily
in the form of longitudinal shortening (29). The longitudinal
shortening of the RV free wall contributes to 80% of the RV
stroke volume and may indicate the global RV function (30, 31).
2D-RVFWLS has been reported to exhibit prognostic value in
various diseases, including HF (32-34). The good correlation and
consistency of RVFWLS obtained by 2D- and 3D-STE suggest
that 3D-STE may be a choice for RV function quantification and
prognostic stratification.

Correlations of RV Strain Parameters
With RV Ejection Fraction

Our findings showed that there was a significant correlation
between CMR-RVEF and 2D- and 3D-RVFWLS. This is
compatible with findings of previous research, which
demonstrated that CMR-RVEF was strongly related to 2D-
RVFWLS (35). 3D echocardiography has been demonstrated to
be more accurate than 2D echocardiography in the evaluation
of RV function in patients with HF (36). RVEF as measured by
3D echocardiography has a great correlation with CMR-RVEF
values (37) and has been considered a major determinant of RV
systolic function in the updated 2015 recommendations (38). In
this study, we also demonstrated that 3D-RVFWLS had a better
association with RVEF than 2D-RVFWLS and conventional RV
echocardiographic parameters.

Clinical Implications

Unlike structurally normal hearts, patients with end-stage HF
present with marked ventricular remodeling that may be better
served by the 3D algorithm. Although 3D-STE has a theoretical
superiority over 2D-STE for RV quantification, head-to-head
comparisons between 3D-STE and 2D-STE for assessing RV
strain in patients with end-stage HF have not yet been performed.
Our results demonstrated the superiority of 3D-STE over 2D-
STE and conventional RV echocardiographic indices in reflecting
the RV myocardial pathophysiology in relation to the ischemic
and non-ischemic etiologies of end-stage HF. Considering that
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3D-STE better detects the changes in RV strain compared to 2D-
STE in patients with ischemic and non-ischemic etiologies of
end-stage HF, it should be the optimal choice for the assessment
of RV strain in patients with end-stage HF. Additionally, we
noted that 3D-RVFWLS was significantly related to 2D-RVFWLS
and RVEF, and there were good consistency for RVFWLS as
assessed by 2D- and 3D-STE, only 3D-RVFWLS can distinguish
NICM patients from ICM patients, while 2D-RVFWLS and RVEF
failed to distinguish these. Therefore, we suggest that 2D-STE and
3D-STE values should not be used interchangeably in patients
with end-stage HF.

Limitations

The present study had several limitations. First, 3D-STE analysis
requires better image quality and experienced operators, and the
technique is in its infancy and not yet widely validated for clinical
use. Second, 3D-STE is hindered by low frame rates, which may
have an effect on strain values. Third, we enrolled only patients
with end-stage HF in this study, which may have led to a selection
bias and an inability to generalize our findings to all patients
with HF. Fourth, some patients with end-stage HF who were RV-
paced or in a clinically critical state were not deemed suitable
to undergo CMR examinations, so we could not obtain CMR
data from all included patients. Fifth, although 3D-RVFWLS can
distinguish NICM patients from ICM patients, while specificity
of 50.5% is not so good. Sixth, 3D-STE parameters have vendor
dependency (39); thus, our findings may not apply when using
technology from other vendors. Ultimately, our study is a single-
center observation with a relatively small number of patients.
Future multicenter investigations with larger study populations
are needed to confirm the superiority of 3D-STE over 2D-STE in
quantifying RV performance in patients with end-stage HF.

CONCLUSION

Our study demonstrated the superiority of 3D-RVFWLS
over 2D-RVFWLS and conventional RV echocardiographic
indices in identifying the ischemic and non-ischemic etiologies
of end-stage HF. These findings indicate that 3D-RVFWLS
may be a promising non-invasive imaging marker for
distinguishing NICM from ICM.
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Pregnancy is associated with profound hemodynamic changes that are particularly
impactful in patients with underlying cardiovascular disease. Management of pregnant
women with cardiovascular disease requires careful evaluation that considers the well-
being of both the woman and the developing fetus. Clinical assessment begins before
pregnancy and continues throughout gestation into the post-partum period and is
supplemented by cardiac imaging. This review discusses the role of imaging, specifically
echocardiography, cardiac MRI, and cardiac CT, in pregnant women with valvular
diseases, hypertrophic cardiomyopathy, and aortic pathology.

Keywords: cardiac MRI (CMR), cardiac CT, pregnancy, hypertrophic cardiomyopathy, valvulopathy, aortopathy,
echocardiography, peripartum

INTRODUCTION

Pregnancy is associated with profound hemodynamic changes that significantly impact the
cardiovascular system. These changes are particularly impactful in women with underlying heart
disease. Management of pregnant women with cardiovascular abnormalities requires consideration
of the well-being of both the woman and the developing fetus. Clinical evaluation, starting before
and then continuing throughout pregnancy, is the foundation of this management with imaging
playing a key role in patient risk stratification and monitoring. This review discusses the role
of imaging for pregnant women with valvular diseases, hypertrophic cardiomyopathy, and aortic
pathology. We will begin with a brief overview of general patient assessment and discussion of the
value added by different imaging modalities.

A BASIC APPROACH TO PATIENT MANAGEMENT AND
IMAGING SELECTION

Preconception evaluation of possible maternal and fetal risks during pregnancy is important to help
tailor plans for maternal and fetal monitoring and identify the level of care needed during labor and
in the post-delivery period. Maternal cardiac risk can be assessed using three main models including
the World Health Organization (WHO) risk model, the Cardiac Disease in Pregnancy (CARPREG)
risk score and the Zwangerschap bij Aangeboren HARtAfwijkingen I (ZAHARA) risk score (1-
3). The three models share common features, such as incorporating lesion-specific predictors, but
differ in a few key areas (1, 2). The World Health Organization (WHO) classification categorizes
women into four different classes based on specific congenital and acquired heart disease, with
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WHO Class IV being the highest risk for mortality where
pregnancy is contraindicated. The CARPREG risk score
emphasizes left-sided cardiac obstruction in stratifying pregnant
women for adverse cardiac and fetal outcomes. The ZAHARA
risk score includes all moderate and severe valvular lesions and
mechanical valves in the risk prediction model (1). Assessment
of risk is of course based on careful clinical assessment, but
necessarily includes non-invasive imaging.

The choice of imaging modality first depends on the pathology
or pathophysiology to be evaluated. Echocardiography remains
the mainstay for assessment of valvular disease and non-ischemic
cardiomyopathies but is less comprehensive for assessment
of aortopathy (4). Advanced imaging modalities including
contrast-enhanced computed tomography (CT) and magnetic
resonance imaging (MRI) provide important corroborating
and incremental information, particularly in patients with
suspected or known aortopathy. MRI and CT provide primarily
anatomic information, although cardiac MRI can provide
valuable physiologic information as well. Table 1 summarizes the
advantages and disadvantages of imaging modalities.

The choice of imaging modality is therefore based on the
reliability and accuracy of the modality for evaluation of
the pathology in question, as well as safety for the mother
and fetus. Echocardiography has essentially no safety concerns
for the mother or fetus during pregnancy and remains the
fundamental imaging modality for assessment of myocardial
and valvular disease. However, imaging may be limited due
to patient positioning and the gravid uterus (4). In particular,
echocardiographic visualization of the aorta is often limited to the
aortic root and proximal ascending aorta (Figure 1). Although
echocardiography offers the greatest safety from a procedural
standpoint, this must be weighed against the risk of missed or
inadequately-characterized aortic pathology. We briefly review
the existing data regarding use of CT and MRI in pregnancy.

Clinical MRI at 1.5 T has not been proven to confer
any significant risk on the fetus. Studies performed at 3 T
are considered safe at up to 30 min of scan time (5).
A non-contrast cardiac MRI can provide a significant amount
of clinically important information: accurate evaluation of
cardiac chamber sizes, quantification of flows and regurgitant
volumes, and delineation of aortic anatomy. The risk-benefit
ratio for gadolinium-based contrast agents, on the other hand,
is less clearly defined. One study found that gadolinium
exposure during gestation was associated with an increased
risk of stillbirth, neonatal death, and certain rheumatologic,
dermatologic, and inflammatory conditions, therefore, guidelines
recommend avoiding routine administration of GBCAs to
pregnant patients (5, 6).

Cardiac CT uses ECG-gating to obtain high quality images
of the heart and surrounding vasculature. Prospective gating
provides a “freeze frame” evaluation of the heart and dramatically
reduces radiation doses - approximately 1 milligray (mGy) to the
fetus. Retrospective gating allows for evaluation of cardiac wall
and valve motion but at approximately 3 mGy to the fetus (7). In
general, the risk of malignancy due to radiation depends both on
dose and life expectancy after radiation. Thus, for a given dose
of radiation, a young woman of child-bearing age is at higher risk

of eventually developing malignancy from medical radiation than
an older, post-menopausal woman. When radiologic studies are
necessary, the goal is to follow the ALARA (as low as reasonably
achievable) principle, minimizing radiation dose as much as
possible while still obtaining diagnostic images. The risks of
ionizing radiation to a fetus vary with gestational age and dose. In
general, doses of < 50 mGy pose insignificant risk to the fetus (8).

For conditions discussed in this review, CT scanning must
be performed with contrast agents to provide diagnostically
meaningful images. Iodinated contrast media can cross the
placenta but there have been no proven adverse effects on fetal
development. Therefore, contrast-enhanced CT scanning should
not be withheld from a patient due to pregnancy (7). Rather,
risk-benefit discussions should be held, comparing the theoretical
risks to the fetus against the risks to both the patient and fetus if
a crucial diagnosis is missed.

With an understanding of the value added by different
imaging modalities, we will next discuss the management of
specific conditions.

AORTIC VALVE DISORDERS

Aortic Valve Stenosis

Cardiac output and stroke volume increase during pregnancy and
reach their peak during the second to third trimester. Output
and stroke volume may be increased up to 45% in a normal
pregnancy and an estimated additional 15% higher in twin
pregnancy (9, 10). These hemodynamic changes lead to increases
in valvular gradients (11). Women with severe aortic stenosis
(AS) are more likely to develop heart failure and adverse fetal
outcomes including preterm birth and low birth weight (12). As
hemodynamics change during pregnancy, so too does the risk
of heart failure, particularly during the period from the second
trimester through the first 24-72 h postpartum (13).

Congenital aortic stenosis can be seen from bicuspid aortic
valve, subvalvular, and supravalvular stenosis, but overall is well-
tolerated during pregnancy (14). Additionally, bicuspid aortic
valve and associated aortopathy or coarctation of the aorta may
be seen together in women with Turner’s syndrome (15).

Preconception Planning
The diagnosis of severe AS is made by echocardiography
using standard methods to determine aortic valve gradients.
Symptomatic severe aortic stenosis is a particularly high-risk
condition (12). For example, the estimated risk of primary cardiac
events in a woman with severe, symptomatic aortic stenosis
using the CARPREG II score is 10%. In circumstances where
pregnancy is deemed high risk for maternal and or fetal mortality,
a collaborative approach with obstetric and cardiovascular
specialists should include discussion of non-surgical or surgical
intervention (16). Contraceptive approaches should also be
discussed for high-risk women of child-bearing age (17).
Asymptomatic women with severe aortic stenosis are also not
without significant risk. Although data are limited, evaluation
with exercise echocardiography or cardiopulmonary exercise
testing is recommended to evaluate the hemodynamic response
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TABLE 1 | The advantages and the disadvantages of each imaging modality in pregnancy.

Modality Echocardiography Contrast-enhanced CT MRI without contrast
Pathology o Valve stenosis e Aortopathy (full visualization) e Ventricular function and specific cardiomyopathies
evaluated e Valvular regurgitation o Aortopathy (full visualization)
e Proximal aortopathy e Valve dysfunction
o Ventricular function
Advantages o Easily available e Excellent resolution e Excellent resolution
e No ionizing radiation e Complete visualization of aorta e No ionizing radiation
e No gadolinium-based contrast e Complete visualization of aorta
Disadvantages e Acoustic windows may be e lonizing radiation o Relatively long scan times

compromised during pregnancy
e Limited visualization of thoracic aorta

e Intravenous contrast for
assessment of aorta

e Image quality adversely affected by arrhythmias

evaluation of anatomy.

FIGURE 1 | Visualization of the aorta with echocardiography. Standard parasternal and suprasternal notch views (periphery) leave a significant portion of the aorta
unvisualized. Computer tomography (CT) or magnetic resonance imaging (MRI) can visualize the aorta in three dimensions (center) and allows for comprehensive

to increased demand. Women with bicuspid aortic valve,
without or without significant aortic stenosis, should have careful
assessment of the thoracic aorta before pregnancy (16).

During Pregnancy

Given the dynamic physiological changes throughout pregnancy,
clinical monitoring and serial echocardiography are appropriate.
Clinical evaluation should assess for development of AS
symptoms such as fatigue, shortness of breath, syncope,
presyncope, or other heart failure symptoms (18).

Echocardiography once every trimester is generally adequate
and most importantly, is recommended at the time of peak
hemodynamic load estimated to be at about 32 weeks gestation
(13). Congenital bicuspid aortic valve is associated with
coarctation of the aorta in about 10% of patients and aortopathy
is common. Therefore, the aorta should be carefully examined by
echocardiography as well. Transesophageal echocardiography is
safe in pregnancy but the aspiration risk is somewhat elevated
compared to normal due to an increase in intra-abdominal
pressure (19).
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Cardiac CT is usually not necessary for diagnosis or planning
management of AS but can be considered in women with
bicuspid aortic valve when evaluation for aortopathy is indicated.
A low radiation CT with a fetal dose of 0.01-0.66 mGy can
be used to evaluate for aortic diameters before and during
pregnancy (20). MRI generally does not add significantly to
diagnosis or management of AS during pregnancy, and usually
is not required or advised unless other diagnostic imaging
are insufficient. Cardiac catheterization is rarely needed for
diagnosis, but necessary if intervention must be performed for
severe symptomatic AS in pregnancy. Fetal exposure to radiation
from cardiac catheterization is low — the abdomen, if unshielded,
receives 1.5 mGy on average with less than 20% reaching the
fetus (21).

Management

Increased blood volume in pregnancy causes elevated gradients
across the stenosed aortic valve and may result in development of
decompensated heart failure (HF). Management includes use of
loop diuretics for relief of vascular congestion, but they should
be used with caution to avoid hypoperfusion of the placenta.
According to the ACC/AHA guidelines, women with valvular
disease undergoing uncomplicated vaginal delivery or Cesarean
section do not require prophylactic antibiotics (16).

In severely symptomatic women with aortic stenosis who do
not respond to medical management, aortic balloon valvuloplasty
or transcatheter valve replacement can be considered in patients
with favorable anatomy (11, 22). If aortic valvuloplasty is
determined to be the best management approach, the best timing
is after organogenesis is complete which is after the 4% month
of pregnancy (21). There are limited data on these interventional
approaches, but case reports suggest their feasibility. Berry et al.
reported a case of a 33 year-old woman at 22 weeks gestation
with a 21-mm Carpentier Edwards Magna valve bioprosthetic
aortic valve who developed progressive symptomatic AS during
her pregnancy and a mean aortic valve gradient of 61 mmHg. She
successfully underwent a valve-in-valve transcutaneous aortic
valve replacement using a 20-mm Edwards Sapien 3 valve with
significant improvement in clinical symptoms and reduction
of the mean aortic valve gradient to 23 mmHg. At 37 weeks
gestation, she delivered a healthy baby by Cesarean section (11).
Orwat et al. reported a successful aortic balloon valvulotomy in
a woman with severe AS at 20 weeks of gestation leading to
symptomatic systolic heart failure. Pregnancy was subsequently
uneventful though she required aortic valve replacement 1
month after delivery for recurrent symptoms (12). Surgical
aortic valve replacement during pregnancy is exceptionally
rare because of the reported risk of fetal mortality associated
with cardiopulmonary bypass but has also been reported with
success (23).

Labor and Delivery

The hemodynamic changes of pregnancy peak during labor and
delivery with an increase in stroke volume and cardiac output
up to 80% immediately following delivery in response to pain,
bleeding, uterine contraction, and anxiety (10, 24). It is estimated
that uterine contraction leads to approximately 300-500 ml of

placental blood autotransfusion to the systemic circulation which
contributes to the increase in both systolic and diastolic blood
pressure (10).

In general, vaginal delivery is preferred and Cesarean delivery
is not generally recommended unless there is severe aortic
stenosis (21, 24). Compared to women with moderate valve
disease, those with severe AS have a higher rate of Cesarean
section (75.0 vs. 48.3%). Lower birth weight infants were more
common in severe AS (35 vs. 6%), believed to be related to the
hemodynamic compromise in severe AS that leads to decreased
utero-placental blood flow. These infants usually have a lower
Apgar score (< 7) (12).

Post-Partum Period

In patients with severe AS or symptomatic moderate AS, a 31%
increase in complications has been reported in the early post-
partum period (i.e., within 24-72 h of delivery) secondary to
fluid shifts. These complications include arrhythmia, pulmonary
congestion, death, or need for cardiac intervention. There is also
an increased chance of deterioration of the diseased aortic valve
weeks or months after delivery (25).

Aortic Valve Regurgitation

Pregnant women with aortic regurgitation are at low risk for
cardiac complications and generally tolerate pregnancy, likely
due to a decrease in afterload that reduces regurgitant volume
(24). Nonetheless, data suggest that a dilated left ventricle with
depressed function may predict an increased likelihood of adverse
events (26). Aortic regurgitation may be secondary to bicuspid
aortic valve with associated aortopathy which are discussed
elsewhere in this review.

MITRAL VALVE DISORDERS

Mitral Valve Stenosis

Mitral stenosis most commonly occurs because of rheumatic
heart disease, uncommon in developed countries but an
important cause in developing nations and in major cities
with significant immigrant populations (Figure 2). Congenital
mitral stenosis due to parachute mitral valve is rare, and
uncommonly seen in adult patients without prior repair. Heart
failure symptoms related to mitral stenosis may appear when
the mitral valve orifice area is reduced to < 2 cm? (27). The
increased stroke volume and cardiac output of pregnancy may
unmask previously asymptomatic mitral valve disease (24, 28).
The increasing transmitral valve gradient during pregnancy
may lead to pulmonary vascular congestion and pulmonary
hypertension. Moreover, the increased heart rate associated
with pregnancy limits diastolic filling which further worsens
pulmonary edema (29).

Preconception Planning

A multidisciplinary team consisting of an obstetrician (preferably
a high-risk specialist), cardiologist, and anesthesiologist should
be involved in the initial evaluation of women with mitral
valve stenosis and should follow her closely throughout
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FIGURE 2 | Mitral stenosis: Representative parasternal long axis view during
showing mitral stenosis in a woman with rheumatic heart disease. Both
leaflets are affected with thickening and also restriction of their movement.

pregnancy and the post-partum period. The clinical evaluation
should include an echocardiogram ideally performed at 6 to
12 months prior to pregnancy. Exercise stress echocardiography
may provide additional hemodynamic information in patients
without significant symptoms or questionable severity of mitral
stenosis (16, 21).

Women should be counseled on the maternal and fetal
adverse outcomes associated with mitral stenosis. Left heart
obstruction that results from severe mitral stenosis results
in uteroplacental insufficiency which consequently leads to
increased fetal morbidity and mortality including intrauterine
growth retardation (IUGR), low birth weight, preterm delivery
and fetal death (30).

The adverse effects in women with mitral stenosis are related
to the severity of mitral stenosis and the patients NYHA class
(27). Increased cardiovascular demand during pregnancy is very
poorly tolerated in women with severe mitral stenosis and may
result in rapid deterioration of NYHA class (31). More severe
stenosis, NYHA III-IV symptoms, LVEF < 40%, and prior
cardiac all events are all predictors of adverse cardiac events
during pregnancy (28). According to The American College of
Cardiology/American Heart Association (ACC/AHA) guidelines,
pregnant women who have symptomatic moderate to severe
mitral stenosis defined as mitral valve area (MVA) < 1.5 cm? or
mean gradient > 5 mmHg are advised to undergo percutaneous
balloon mitral valvuloplasty prior to planning conception
(16). Women with mitral stenosis on anticoagulation present
significant issues during pregnancy. Pregnancy is associated with
hypercoagulability and therfore increases the risk of thrombosis
which persists up to 12 weeks into the postpartum period.
Therefore, it is strongly advised that anticoagulation with heparin
bridge to warfarin be resumed in the immediate postpartum
period after assessment of bleeding risk and it can be generally
started at 6-8 h after uncomplicated vaginal delivery and at
24-36 h after a Cesarean section (32, 33).

During Pregnancy

Valve gradients in mitral stenosis increase with increased
stroke volume and cardiac output. Thus, for any severity of
mitral stenosis, the increased cardiac output occurring during
pregnancy results in increased gradients and may cause the
severity of mitral stenosis to be overestimated. Therefore, mitral
valve assessment should include measurement of mitral valve
area, preferably using a method that involves measuring the
increased stroke volume (28, 34). Echocardiography once every
trimester is generally adequate although consideration must be
given to changes in clinical status or symptoms (13). The role of
MRI and CT is limited. Mitral valve area can also be obtained by
planimetry on cardiac MR or CT, but in general these modalities
have limited utility for valve assessment in pregnancy.

Management

Pregnancy is generally well tolerated in women with mild or
moderate mitral valve stenosis. Women with severe MS should
decrease their physical activity and are advised to bedrest
during the latter stages of pregnancy (35). Heart failure and
pulmonary edema tend to appear during the second or third
trimester at the peak increase in cardiac output. In addition
to bedrest, management of symptomatic patients should always
start with conventional medical therapy for mitral stenosis,
including diuretics for volume management and beta-blockade
to decrease heart rate and improve diastolic filling. Beta blockers
that are safe in pregnancy include propranolol and metoprolol
as they do not pose significant fetal adverse effects (36) while
atenolol is associated with more fetal growth retardation (28).
Diuretics should be used with caution to avoid placental
hypoperfusion. All women with mitral stenosis, regardless of
severity, should be evaluated for atrial fibrillation. Cardioversion
of atrial fibrillation is safe in pregnancy if needed to prevent
systemic embolization and to improve left ventricular filling
(29). Either warfarin < 5 mg daily and/or low molecular weight
heparin can be used for anticoagulation (37).

If intervention is deemed necessary in women with refractory
symptoms, the second trimester is the preferred timing. In
women without significant mitral regurgitation, percutaneous
balloon mitral valvuloplasty results in substantial decrease
in valve gradient and increased valve area (38). Open
commissurotomy has similar success rate to percutaneous
balloon valvuloplasty but poses a high, 8 times greater, risk of
fetal loss. Mitral valve replacement is usually the last resort in
severe cases in which the valve is not amenable to percutaneous
intervention due to heavy calcification or if a mural thrombus is
present. Surgical mitral valve replacement carries 1.5-5% risk of
maternal mortality and 16-33% risk of fetal loss (29).

Labor and Delivery

Vaginal delivery under epidural anesthesia is generally
recommended unless otherwise obstetrically contraindicated.
Epidural anesthesia reduces tachycardia secondary to labor
pain and therefore reduces left atrial pressure and the risk of
pulmonary edema during labor. For women in NYHA classes
III or IV, invasive hemodynamic monitoring during labor
and delivery is helpful in guiding fluid and drug therapy (29).
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The goal is to allow for uterine contraction while minimizing
maternal Valsalva maneuver during expulsive effort. The use of
epidural boluses in incremental doses allows for supplemental
instrumentation in the second stage of labor to shorten this
stage, and most importantly, the slow anesthetic onset allows for
maternal compensation to prevent profound hypotension (39).
In addition, epidural anesthesia provides segmental blockade
which preserves the lower extremity muscle tone, decreasing the
incidence of deep venous thrombosis (40).

Post-Partum Period

There is a sudden increase in preload during and immediately
after delivery due both to relief of pressure of the uterus
on the venous circulation and to autotransfusion from the
placenta to the maternal central circulation. This may lead
to severe pulmonary edema in women with mitral stenosis,
and consequently the risk of maternal death is highest during
labor and the immediate post-partum period. The increased risk
may persist for 24-72 h after delivery until stabilization of the
maternal hemodynamic shift (29).

Mitral Valve Regurgitation

Mitral regurgitation is most commonly due to mitral valve
prolapse (Figure 3). Indeed, primary mitral valve prolapse
(MVP) due to myxomatous valve disease is the most common
valvular disease in pregnancy (41). MVP is usually suspected
or diagnosed with clinical findings of systolic click and mitral
regurgitant murmur, but these findings may not be classical in
pregnancy because of the volume increases and lower systemic
resistance that occur in pregnancy (42, 43). The diagnosis is
confirmed and the severity of mitral regurgitation ascertained by
echocardiography (Figure 3).

In the absence of other cardiovascular pathology, the majority
of pregnant women with MVP and mild or moderate mitral
regurgitation have an uneventful pregnancy. Asymptomatic
women with mitral valve prolapse and chronic, severe
regurgitation usually tolerate pregnancy without significant
complication although the increased cardiac volume may be
associated with signs and symptoms of volume overload and
atrial fibrillation. This can generally be managed with careful
diuresis and beta blockers (16, 42, 44). Metoprolol can be safely
used in pregnancy but may be associated with fetal bradycardia
so should be used judiciously.

Women with mitral regurgitation, depressed LV function,
and pulmonary hypertension with pulmonary artery systolic
pressure > 50 mm Hg are at high risk for development of
heart failure during pregnancy. It is highly recommended that
those patients be referred to a specialized valve center for
consideration of surgical intervention. Similarly, patients with
severe regurgitation and refractory heart failure should also be
referred to a specialized valve center (16).

Right-Sided Valvular Heart Disease

Disease affecting the right-sided cardiac valves occurs much
less commonly than left-sided cardiac valves. Involvement
of the tricuspid and pulmonic valves in complex congenital
heart disease is beyond the scope of this review. Acquired

FIGURE 3 | Mitral valve prolapse: Still images with and without color Doppler
in a woman with mitral valve prolapse affecting the posterior leaflet. The
posterior leaflet bows beyond the mitral annular plane and produces an
anteriorly-directed jet of mitral regurgitation.

forms of tricuspid valve disease include tricuspid stenosis,
a rare complication of rheumatic heart disease, and nearly
always occurs with mitral and/or aortic valve involvement.
Tricuspid stenosis is usually well tolerated in pregnancy, and the
coexistent left sided disease (most commonly mitral stenosis)
presents the major issues as discussed above (45). Significant
tricuspid regurgitation is also quite uncommon in the absence of
congenital heart disease or pulmonary hypertension. The latter
poses a particularly high risk to the mother and fetus, and severe
pulmonary hypertension should be considered a contraindication
to pregnancy. In general, isolated tricuspid regurgitation does
not impose clinically significant hemodynamic burden during
pregnancy (24).

Isolated pulmonic stenosis is rare and if present is it usually
due to branch pulmonary artery stenosis which in turn increases
pressure gradient across the pulmonic valve (46). Pulmonic
stenosis of mild or even moderate severity may be undetected
until adulthood. Severe pulmonic stenosis most commonly
occurs in the setting of complex congenital heart disease,
typically Tetralogy of Fallot and is beyond the scope of this
paper. Pulmonic valve regurgitation without coexistent complex
congenital heart disease or pulmonary hypertension is also very
uncommon. In general, pulmonic regurgitation with normal
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right ventricular function is also very well tolerated in pregnancy
but is largely influenced by coexistent structural disease (47).

Mechanical Heart Valves

Mechanical heart valves that necessitate the use of
anticoagulation present additional challenges in managing
valvular disease in pregnant women. The hypercoagulability
associated with pregnancy poses added risk of valve thrombosis.
The goal of adequate anticoagulation to prevent valve thrombosis
must be balanced with avoiding fetal adverse outcomes.
Echocardiography provides important information about
prosthetic valve anatomy and function (21). As previously
discussed, the increased stroke volume and cardiac output
associated with pregnancy can be expected to cause increased
transvalvular gradients that should not be misinterpreted as valve
dysfunction. Cardiac CT, when performed with retrospective
gating, can be used to assess valve motion, though at the cost
of radiation (48). Fluoroscopy is another tool for assessment of
mechanical valve motion (21). Cardiac MRI has limited use for
valve assessment due to magnetic artifact (49).

Warfarin continued throughout pregnancy provides the best
protection to the pregnant woman but carries a risk of fetal
teratogenicity demonstrated by studies showing that warfarin
leads to fetal birth defects if used in the first trimester
particularly between weeks 6-12 (50). Current American College
of Cardiology/American Heart Association (ACC/AHA) valvular
heart disease guidelines recommend the use of warfarin at a
daily dose of < 5 mg/day throughout pregnancy, provided
adequate anticoagulation is achieved (16). Warfarin at this low
dose has been associated with better fetal outcomes and is
comparable to low molecular weight heparin (LMWH) (32).
Pregnant women who require higher warfarin dosage to maintain
a therapeutic anticoagulation are recommended to be switched to
low molecular weight heparin given subcutaneously every 12 h,
and Anti-Xa levels monitored 4-6 h after a dose (goal range: 0.8-
1.2 U/ml) (33). In women on anticoagulation, Cesarean delivery
is recommended due to increased risks of neonatal intracranial
bleeding during vaginal delivery (21).

In women with mechanical valves, combined hormonal
contraception such as pills, patches and vaginal rings carry an
increased risk of thrombosis and their use should be discouraged.
In contrast, copper intrauterine devices and subcutaneous
implants which contain single etonogestrel hormone are safe
and are long acting to prevent unintended pregnancy for cardiac
patients (51).

Hypertrophic Cardiomyopathy

Preconception Planning

Women with hypertrophic cardiomyopathy should be
carefully counseled regarding the risk of HCM in the baby.
Nonetheless, pregnancy is generally well-tolerated in patients
with hypertrophic cardiomyopathy (52). One study evaluating a
cohort of 100 women noted two deaths during pregnancy, both
of whom were known to be high risk. One woman had sudden
death four days post-partum and was known to have massive
left ventricular hypertrophy (i.e., wall thickness 30 mm) with a
resting left ventricular outflow gradient of 115 mmHg. The other

patient with a particularly malignant family history with eight
deaths in young relatives died of ventricular arrhythmia during
pregnancy (53). This study illustrates the importance of risk
stratification of women with HCM before pregnancy to identify
features such as extreme left ventricular hypertrophy, strong
family or personal history of sudden cardiac death, syncope, or
identified arrhythmias on cardiac monitoring. Echocardiography
is recommended in the current guidelines for managing HCM,
particularly when new symptoms develop during pregnancy.
Patients known to be high risk should also undergo regular
echocardiograms while pregnant to assess for significant changes
in outflow gradients or left ventricular function (21, 54).

Cardiac MR is not specifically recommended by current
HCM guidelines for pregnant women or women who may
become pregnant. However, CMR does offer advantages over
echocardiography, for example by visualizing maximal wall
thickness, detection of apical aneurysms, and identification of
late gadolinium enhancement (Figure 4) (55). Each of these
features has been associated with adverse outcomes in the
general HCM population and may plausibly be associated with
higher risk during pregnancy. CT has limited recommendations
in the guidelines and essentially is considered appropriate for
patients who cannot undergo CMR but require imaging beyond
echocardiography (56).

During Pregnancy, Labor, Delivery, and Post-Partum
Period

The increased blood volume occurring in pregnancy is often
associated with reduced left ventricular outflow gradient. On the
other hand, the increased volume may also result in heart failure
in women with severe diastolic dysfunction (57). Diuretics can be
used judiciously in women with evidence of vascular congestion
(58). Echocardiography may be helpful in management to
distinguish symptoms occurring as a normal consequence of
pregnancy (for example, dyspnea) and those occurring due to
HCM. Thus, evaluation of left ventricular outflow gradient and
detection of mitral regurgitation due to systolic anterior motion
of the mitral leaflet provide important management adjuncts (59).
Most women can undergo uncomplicated vaginal delivery and
Cesarean section is reserved for high-risk patients (54).

Aortopathy

Aortopathy is common in women with bicuspid aortic
valve, Marfan’s syndrome, Ehlers—-Danlos type IV, Loeys-Dietz
syndrome and Turner’s syndrome. The risk of aortic dissection
may be significant and related to the degree of aortic dilation
(60-62). The risk of dissection appears to be highest during
the third trimester, labor and delivery and during the early
postpartum period (63). Cardiovascular imaging screening plays
a particularly important role in management of these women
to assure early identification, need for elective treatment, and
avoidance of complications (Figure 1) (64).

Preconception Planning

Identification of aortopathy and assessment of severity of aortic
dilation is crucial in preconception planning. Bicuspid aortic
valve is the most common congenital heart disease (aside
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FIGURE 4 | Late gadolinium enhancement (LGE) image from a cardiac magnetic resonance image in the three-chamber view showing significant fibrosis in the
anteroseptum of a patient with hypertrophic cardiomyopathy. Image courtesy Arlene Sirajuddin, MD.

from mitral valve prolapse) observed in adults, occurring
in 1-2% of the population. BAV can be associated with
coarctation of the aorta and aortic dilatation, even with
normal valve function. Less common abnormalities such
as Marfan’s syndrome, Ehlers-Danlos type IV, Loeys-Dietz
syndrome and Turner’s syndrome, are also associated with aortic
aneurysm and risk of dissection (63). Echocardiography
is recommended for evaluation of the aortic root and
proximal ascending aorta. Aortic dilatation involving the
distal ascending aorta, arch and descending thoracic is often
not well visualized by echocardiography. Therefore, a thorough
evaluation of the aorta with CT or MRI in patients with
possible aortopathy is strongly recommended for appropriate
pre-conception counseling (21). Imaging and prophylactic
aortic surgery for an aortic aneurysm can lead to better
outcomes and reduce the risk of aortic dissection later in
pregnancy. Pregnancy is not recommended in patients with
severe dilatation of the aorta in heritable thoracic aortic
disease such as Marfan syndrome > 45 mm, bicuspid aortic
valve > 50 mm or > 27 mm/m? BSA, or Turner syndrome
ASI > 25 mm/m?* BSA (21).

During Pregnancy
Women with aortic size < 4.0 cm are generally at low risk,
but body surface area must be considered (21). Given the

morbidity and possible mortality associated with aortic dilation
and dissection, radiation concerns should not deter clinicians
from proceeding with CT angiography. MRI with or without
contrast is also an option based on local availability and expertise.

Pregnant women with aortopathy should undergo serial
echocardiography. Echocardiography should be performed
monthly in women with significant aortic dilatation (4-4.5 cm
for Marfan’s syndrome, 4.5-5.0 cm for bicuspid aortic valve), but
is reasonable to be performed every 12 weeks in women with
mild aortic dilation. If necessary, because of poor visualization by
echocardiography (Figure 1), location of the aortic dilation, or
suspected progression, cardiac MRI without contrast can be used
for further assessment and follow up (21, 64).

Management

Close monitoring, strict blood pressure control, and beta blockers
are highly advised throughout pregnancy, particularly among
patients with high risk aortopathy (21, 65).

Surgical management is considered when progressive
dilatation is observed and in type A aortic dissection
and should be planned before fetal viability in the
second trimester (62). In cases when progressive
dilatation is seen after fetal viability, Cesarean section
is recommended followed by aortic reconstructive

surgery (63).
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Labor and Delivery/Post-Partum Period

The goal is to minimize cardiovascular stress, therefore women
are advised to continue beta blocker therapy in the peripartum
period. Vaginal delivery with expedited second-stage using
epidural anesthesia and instrumental delivery is advised in cases
with an ascending aorta diameter between 4.0-4.5 cm to prevent
abrupt increases in blood pressure and hence reduce risk of
dissection. On the other hand, Cesarean delivery is strongly
advocated when the aortic diameter exceeds 4.5 cm or in patients
with Ehlers-Danlos syndrome type IV due to the high risk
of dissection. The increased risk of dissection persists in the
postpartum period, and women are recommended to be followed
by echocardiography in the immediate post-partum period and
6 months after delivery (21).

CONCLUSION

Women with significant valvular heart disease, hypertrophic
cardiomyopathy, and aortopathy require careful monitoring that
becomes even more important during pregnancy. Careful clinical
and appropriate imaging are relevant for risk stratification and
surveillance during pregnancy and in the post-partum period.
Echocardiography is the foundation of cardiac imaging
during pregnancy. In the conditions described in this
review, echocardiography offers safe, readily-available, and
diagnostic information to aid in patient management. However,
echocardiography may be limited due to acoustic windows and

image quality. MR, including cardiac MRI, performed without
gadolinium, can safely offer important diagnostic information,
particularly in patients with aortopathy. Cardiac MRI may aid in
preconception management of patients with HCM by clarifying
anatomy and assisting with risk stratification. Finally, CT with
intravenous contrast can provide accurate evaluation of the entire
aorta, particularly when performed in an ECG-gated manner.
CT is ideally performed prior to conception for assessment
of risk in patients with known or suspected aortic disease. If
deemed necessary during pregnancy, prospective ECG-gating
can dramatically reduce the amount of radiation delivered to the
patient and fetus.
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