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Background. The clinical significance of incidentally found RV abnormalities on low-risk
SPECT studies is not well-defined. The objective of this study was to determine the predictive
value of incidental right ventricular (RV) abnormalities identified on single photon emission
computed tomography (SPECT) scans for mortality and pulmonary hypertension (PH).

Methods. We retrospectively analyzed all low-risk SPECT studies in patients without
known coronary artery or pulmonary vascular disease, performed at our institution, from
2007-2020. Adjusted Cox proportional hazards models were used to evaluate the association
between incidental RV abnormalities on low-risk SPECT studies and outcomes.

Results. Of the 4761 patients included in the analysis, mortality events were present in 494,
and echocardiographic PH was present in 619. Incidental RV abnormalities on low-risk SPECT
studies were significantly and independently associated with all-cause mortality (HR = 1.41, CI
[1.07-1.86], P 5 0.0152) and echocardiographic PH (HR = 2.06, CI [1.64-2.60], P < 0.0001).

Conclusions. These data suggest incidental RV abnormalities found on low-risk SPECT
imaging studies are significantly and independently associated with increased mortality and
risk of developing echocardiographic PH, and could identify high-risk patients for closer
monitoring and additional diagnostic testing. (J Nucl Cardiol 2022;29:1903–14.)
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Abbreviations
EMERSE Electronic Medical Record Search

Engine

EMR Electronic Medical Record

ICD-10 International Classification of Diseases

Codes 10th Edition

NDI National Death Index

PH Pulmonary Hypertension

RV Right Ventricle

SPECT Single Photon Emission Computed

Tomography

TR Tricuspid Regurgitant

INTRODUCTION

Single photon emission computed tomography

(SPECT) imaging is a diagnostic tool to assess myocar-

dial perfusion and risk of coronary artery disease,

commonly used to identify patients presenting with

symptoms of chest discomfort who may benefit from

additional invasive diagnostic testing.1-4 Due to the

anatomy of the cardiac chamber and the positioning of

the camera system, the right ventricle (RV) is also

visualized during SPECT studies, and information can

be obtained regarding RV structure and function.5-9 In

patients with pre-existing coronary artery disease or

pulmonary vascular disease, the presence of RV abnor-

malities on SPECT imaging (including dilation and

hypertrophy) have been associated with both disease

severity and increased mortality, and may have prog-

nostic significance.7,10-13 However, in patients without

known coronary artery disease (as confirmed by low-risk

or negative SPECT imaging studies), who do not have

existing pulmonary vascular disease, the significance of

incidentally observed RV abnormalities has not been

defined. This scenario leads to a conundrum for the

referring physician in determining the clinical implica-

tions of this finding, and what, if any, follow-up is

needed for a patient with a low-risk study but evidence

of RV abnormalities.

In order to address this knowledge gap and answer

unresolved questions, we performed a large retrospec-

tive single center study to determine if there is an

association between incidental RV abnormalities and

mortality, hospital admission, and development of

echocardiographic pulmonary hypertension (PH) among

a cohort of patients with low-risk SPECT studies. We

hypothesized that incidental RV abnormalities would be

significantly and independently predictive of these

adverse clinical outcomes.

METHODS

Data Sources

We retrospectively analyzed all consecutive

patients undergoing resting and/or rest/stress myocardial

perfusion SPECT imaging studies at our center between

January 7th 2007 and January 7th 2020. This date range

was selected based on the earliest date (1/7/07) at which

our EMR began to capture information on clinical

imaging studies. All perfusion imaging was performed

using either Tc-99 m-tetrofosmin or Tc-99 m-sestamibi

radiotracers. Test protocols were approximately 87%

one-day rest followed by stress, 5% two-day stress

followed by rest, 5% stress only, and 3% rest only.

Pharmacological stress was performed with intravenous

dipyridamole 0.56 mg/kg over four minutes until 2009,

and subsequently with regadenoson 0.4 mg intra-

venously, with adjunctive exercise where possible.

Patients unable to achieve 85% of maximum predicted

heart rate with treadmill exercise were converted to

pharmacological stress studies. Most imaging studies

beginning in 2013 were performed on a cadmium-zinc-

telluride solid state camera system (D-SPECT, Spectrum

Dynamics MEDICAL Inc) with routine acquisition in

the upright and supine positions and no attenuation

correction. Images were processed by iterative recon-

struction using Spectrum Dynamics Cedar View and

post-processed imaging reviewed on Corridor 4DM

software using a dedicated normal file generated on the

D-SPECT camera. Studies prior to 2013 were performed

on a conventional SPECT camera and were processed

with and without attenuation correction on Siemens

Symbia Software, and reviewed on Corridor 4DM

software (Invia Medical Imaging Solutions, Ann Arbor,

Michigan). The majority of studies were interpreted by

one of two nuclear cardiology board-certified physi-

cians. There was excellent consistency between readers,

with a random sample of 16 studies re-read blinded by

each reviewer demonstrating 93.8% agreement (15 of

16) on identifying the RV as abnormal, 86.7% agree-

ment on identifying RV dilation (13 of 15), and 100%

agreement on identifying RV hypertrophy (9 of 9).

SPECT studies were identified by EPIC procedure codes

(IMG417, IMG418, IMG1964, and IMG6075), and

procedure reports were interrogated using the Electronic

Medical Record Search Engine (EMERSE) text mining

tool.14 This study was found to be exempt from

informed consent, reviewed, and approved by our

Institutional Review Board (IRB 2019-1282).

See related editorial, pp. 1915–1918
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Study Population

All SPECT studies that were negative for evidence

of myocardial ischemia and classified as low-risk, based

on our institution’s standard SPECT reporting template

for risk classification (low, medium/moderate, or high),

validated using EMERSE to identify the absence of key

phrases (‘‘abnormal study’’, ‘‘critical finding’’, ‘‘mod-

erate cardiac risk’’, ‘‘medium cardiac risk’’, ‘‘high

cardiac risk’’, ‘‘elevated cardiac risk’’, ‘‘decreased

perfusion’’) and the presence of key phrases (‘‘normal

left ventricular perfusion’’, ‘‘normal myocardial perfu-

sion’’), were included in the final analysis. By definition,

these criteria excluded any studies with reversible

defects, and studies with transient stress dilatation, from

the final analysis. For subjects with multiple SPECT

studies performed, only the first set of tests was included

in the final analysis. Subjects with cardiac or pulmonary

conditions present prior to the date of initial SPECT

study that could affect the presence of RV abnormalities

on SPECT were excluded.10 These conditions, identified

using the 10th iteration of the International Classifica-

tion of Diseases Codes (ICD-10), were heart failure

(ICD-10 I50), pulmonary hypertension (ICD-10 I27),

previous myocardial infarction (ICD-10 I20-I25), and

valvular heart disease (ICD-10 I34-I37). Duplicate

medical records were excluded. This study was

reviewed and approved by our Institutional Review

Board (IRB 2019-1282).

Exposure

The main exposure was the presence or absence

abnormalities of the RV on SPECT imaging (Fig-

ure 1). Our institution’s SPECT reporting template

requires assessment of RV as normal or abnormal.

Abnormal RV findings are then routinely categorized

as dilation and/or hypertrophy. Right ventricular size

is defined as large if the RV appears visually larger

than the left ventricle. Right ventricular hypertrophy

was defined as uptake intensity of 50% or greater

compared to the uptake intensity of the left ventricle,

with an RV thickness visually comparable to the

thickness of the left ventricle.8,9 Using EMERSE,

studies were classified as either positive or negative

for abnormalities of the right ventricle, based on

containing one of the following key phrases: ‘‘right

ventricular hypertrophy’’, ‘‘right ventricular dilation’’,

or ‘‘increased right ventricular uptake’’. Low risk

SPECT studies reported normal left ventricular perfu-

sion, had no evidence of myocardial ischemia, and did

not have any of those phrases regarding the right

ventricle in the study report.

Covariates

Demographic information at the time of SPECT

study (age, gender, race, and body mass index (BMI)

was obtained from the EMR. Racial categories included

White, Black, Asian, Hispanic, American Indian/Alas-

kan, or Other. Using ICD-10 codes, information on

potentially confounding comorbid diagnoses associated

with both mortality and either cardiac chamber hyper-

trophy or dilation at the time of the initial SPECT study

was also obtained. These comorbidities including Dia-

betes Mellitus (DM, ICD-10 E8-E13) or Kidney Disease

(CKD, ICD-10 N17-N19), Hypertension (HTN, ICD-10

I10-I16), and Sleep Apnea (OSA, ICD-10 G47.3) and

Chronic Obstructive Pulmonary Disease (COPD, ICD-

10 J40-J44.15-19

Outcome

The primary outcome of this study was time to all-

cause mortality, obtained from review of the EMR.

Time zero was the date of the index SPECT test, and

patients were followed until either an event occurred or

the study period ended (February 1st, 2020). Vital status,

hospitalizations, and echocardiographic testing outside

of the study institution were routinely assessed from

each clinical encounter using documentation in the

patient chart.

Secondary outcomes included time to all-cause

hospital admission and time to an echocardiographic

diagnosis of PH following initial SPECT study. Admis-

sion was defined as a hospital encounter which included

an admission history and physical, a discharge summary,

Figure 1. Representative Images of Right Ventricular Dila-
tion and Hypertrophy. Representative images of right
ventricular dilation (left) and hypertrophy (right). Right
ventricular dilation demonstrates enlargement of the right
ventricle with loss of the normal semilunar shape. Right
ventricular hypertrophy demonstrates wall thickening with
increased right ventricular and septal uptake, as well as septal
flattening.
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and was billed as an admission (as compared to hospital

observation) in the EMR. PH on echocardiogram was

defined as a tricuspid regurgitant (TR) jet velocity of

greater than 2.8 meters per second, as based on the

cutoff used to identify intermediate or high echocardio-

graphic probability of PH from the most recent

guidelines for the screening and diagnosis of pulmonary

hypertension.20,21 All PH patients were required to have

normal pulmonary pressures by echocardiography at the

time of SPECT imaging, and a diagnosis of echocar-

diographic PH was confirmed by the progression of

echocardiographic pulmonary pressures and an increase

in the TR jet velocity to above 2.8 meters per second

over the course of the study. Patients without PH were

required to demonstrate a normal TR jet velocity B 2.8

m/s (with normal estimated echocardiographic pul-

monary pressures) at all echocardiographic studies

following the initial SPECT study. Patients with a pre-

existing diagnosis of PH, or those without baseline

echocardiographic testing prior to SPECT imaging to

rule-out pre-existing PH, were excluded from the study.

All diagnoses of PH were reviewed and validated by a

pulmonary vascular disease specialist (A Jose).

Statistical Analyses

Differences in demographic and clinical character-

istics between groups were compared using the Mann-

Whitney-Wilcoxon test for continuous variables and

Fisher’s Exact test for categorical variables, respec-

tively. Time to event data for the outcome measures of

all-cause mortality, all-cause hospitalization, and

echocardiographic diagnosis of PH, were modeled using

a Cox proportional hazards model.22 All univariable

models were adjusted for demographics (age, gender,

race), BMI, and comorbidities (DM, HTN, CKD, OSA,

COPD). The proportional hazards assumption was

examined for all models using scaled Schoenfeld resid-

uals. A two-tailed P-value B 0.05 was significant.

Missing data were subject to pairwise deletion. Analyses

were performed using R version 3.6.1 (R Foundation for

Statistical Computing, Vienna, Austria).

RESULTS

Study Population Characteristics

A total of 12,883 unique SPECT imaging reports

were identified by our EMR between 1/7/2007 and 1/7/

2020. Of these, 4761 met study criteria and were

included in the final analysis (Figure 2). The majority of

SPECT studies were ordered on patients in the emer-

gency department setting (3241, 68.1%). A total of 36

patients were excluded from the final analysis due to

developing echocardiographic PH over the course of the

study, but no normal echocardiogram without PH at the

time of SPECT imaging to confirm they did not have

pre-existing PH. The cohort was evenly split between

males (50.8%) and females (49.2%), with a median age

of 50 years old and a median BMI of 30.3 kg/m2

(Table 1). The median time of follow-up until death or

censoring was 95.5 months. RV abnormalities were

present in 410 subjects (8.6%), with the majority (288,

70.2%) exhibiting RV hypertrophy. Those with RV

abnormalities were significantly more likely to be older,

male, and significantly less likely to have comorbid

HTN. Mortality events were present in 494 subjects

(10.4%). A slight majority (57.3%) of our cohort had

complete vital status documented at the time of censor-

ing. Patients with RV abnormalities were significantly

more likely to have a mortality event as compared to

those without RV abnormalities on SPECT imaging

(18.5% versus 9.6%, P\ 0.0001), and develop echocar-

diographic PH (25.9% versus 11.8%, P\ 0.0001), but

there was no significant difference in hospital admission

following initial SPECT study between the groups

(56.6% versus 51.8%, P = 0.0702).

A total of 2142 patients (45%) did not have

echocardiographic testing following initial SPECT

imaging to evaluate for echocardiographic PH, and

Figure 2. Flow of Patients Through the Study. Flow of
patients through the study and determination of final groups
for analysis. RV, right ventricle; SPECT, single photon
emission computed tomography; ICD, International Classifi-
cation of Diseases coding.
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were not included in the PH secondary endpoint

analysis. Among those with echocardiographic PH, a

total of 81 (19.6%) had additional right heart catheter-

ization testing data available. Within these patients with

echocardiographic PH who underwent invasive hemo-

dynamics testing, the majority (N = 75, 92.5%) had

pulmonary hypertension confirmed hemodynamically,

with a median mean pulmonary arterial pressure of

32 mmHg. PH due to left heart disease, as evidenced by

a pulmonary capillary wedge pressure of [15 mmHg,

was the most common etiology of PH, occurring in 48 of

the patients (64%) with catheterization-confirmed PH.

Table 1. Baseline characteristics of study cohort

Clinical variable

Full cohort
(N 5 4761)

RV abnormality
present

(N 5 410)

RV abnormality
absent

(N 5 4351)

P value

Median (IQR)
or frequency

(%)
Median (IQR) or
frequency (%)

Median (IQR) or
frequency (%)

Age (years) 50 (43-58) 53 (47-59) 50 (43–58) \0.0001

Female gender 2345 (49.2%) 84 (20.5%) 2261 (51.9% \0.0001

Race 0.5259

White 2371 (49.8%) 216 (52.7%) 2155 (49.5%)

Black 2113 (44.4%) 169 (41.2%) 1944 (44.7%)

Asian 47 (1%) 5 (1.2%) 42 (0.9%)

Other 230 (4.8%) 20 (4.9%) 210 (4.8%)

BMI (kg/m2) 30.3 (26.0–35.5) 30.1 (25.8–35.0) 30.3 (26.0–35.5) 0.9204

HTN 277 (5.8%) 8 (2.0%) 269 (6.2%) 0.0001

DM or CKD 11 (0.2%) 0 (0%) 11 (0.3%) 0.6164

COPD or OSA 22 (0.5%) 0 (0%) 22 (0.5%) 0.2524

Follow-up Time (months) 95.5 (40.4-130.7) 90.5 (33.1-132.7) 95.8 (41.7-130.5) 0.2771

Mortality 494 (10.4%) 76 (18.5%) 418 (9.6%) \0.0001

Time to mortality (months) 69.8 (36.0–101.8) 73.4 (25.2–106.2) 69.4 (38.6–100.7) 0.4480

Admission 2487 (52.2%) 232 (56.6%) 2255 (51.8%) 0.0702

Time to admission (months) 27.7 (8.1–60.9) 23.8 (6.0–60.1) 28.0 (8.5–60.9) 0.1435

PH on echocardiogram 619 (13.0%) 106 (25.9%) 513 (11.8%) \0.0001

TR Jet velocity for those with

echocardiographic PH (m/

s)

3.08 (2.96–3.35) 3.08 (2.92–3.46) 3.08 (2.95–3.35) 0.7895

Time to PH diagnosis

(months)

37.6 (5.0 – 84.0) 20.0 (0.08–77.8) 41.8 (7.3–84.1) 0.0106

RV hypertrophy — 288 (70.2%) —

RV dilation — 146 (35.6%) —

Mean pulmonary arterial

pressure on RHC (mmHg)

— 32 (28-42) —

Pulmonary capillary wedge

pressure on RHC (mmHg)

— 20 13–25 —

Pulmonary vascular

resistance on RHC

(Woods Units)

— 2.98 (1.73-5.04) —

Baseline characteristics of study cohort, separated into those with incidental RV abnormalities and those without. Right-hand
column is Mann-Whitney-Wilcoxon or Fisher’s Exact Test P-value, for continuous or categorical data, respectively.
RV, Right ventricle; BMI, Body Mass Index; HTN, hypertension; DM, Diabetes Mellitus; CKD, chronic kidney disease, OSA,
Obstructive Sleep Apnea; COPD, Chronic Obstructive Pulmonary Disease; PH, pulmonary hypertension; TR Tricuspid Regurgitant;
RHC, Right Heart Catheterization
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Association of RV Abnormalities on SPECT
with Adverse Outcomes

Compared with the reference group, those with RV

abnormalities present on SPECT imaging had a signif-

icantly higher hazard ratio mortality (Hazard Ratio 1.41,

95% Confidence Interval 1.07-1.86) (Table 2, Figure 3).

This association between RV abnormalities on SPECT

imaging and adverse outcomes persisted even after

adjustment for age, gender, race, BMI, and clinical

comorbidities (HTN, CKD, DM, COPD, and OSA). In

the adjusted model, higher age was also associated with

increased mortality (Hazard Ratio 1.06, P\ 0.0001),

and both female gender (Hazard Ratio 0.61,

P\ 0.0001) and BMI (Hazard Ratio 0.98,

P = 0.0024) were protective. After stratification of

BMI by quartiles with comparison to a reference

quartile (reference quartile median BMI 29.2 kg/m2)

and multivariable adjustment, a significant association

with mortality was observed for both the lowest (Hazard

Ratio 1.47, P = 0.001) and highest (Hazard Ratio 1.91,

P\ 0.0001) BMI quartiles (Table 3).

RV abnormalities on SPECT imaging were also

significantly associated with development of echocar-

diographic PH (Hazard Ratio 2.06, 95% Confidence

Interval 1.64-2.60). Increased age (Hazard Ratio 1.04,

P\ 0.0001) and Black race (Hazard Ratio 1.34,

P = 0.0009) were also significantly associated with

the development of echocardiographic PH in the

adjusted model. There was no significant association

between RV abnormalities on SPECT imaging and

hospital admission, and only increased age was signif-

icantly associated with admission in the adjusted model

(Hazard Ratio 1.01, 95% Confidence Interval 1.01-1.02).

RV hypertrophy was both independently and sig-

nificantly associated with both mortality and

development of echocardiographic PH, even after

adjustment for demographics and comorbid conditions

(Table 4). RV dilation was only associated with risk of

developing echocardiographic PH after adjustment.

Among those with RV abnormalities present on SPECT

imaging, there was no association between the individ-

ual abnormalities present (RV dilation or hypertrophy)

Figure 3. Time to Event Plot for Unadjusted Mortality Stratified by RV Abnormalities on SPECT.
Time to event plot for unadjusted mortality stratified for presence or absence of RV abnormalities
on SPECT imaging. Log-rank test P\ 0.0001. Time is displayed in months. RV, Right ventricle;
SPECT, single photon emission computed tomography.
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Table 3. Hazard Ratio for Mortality in Patients with RV Abnormalities on SPECT Stratified by BMI
Quartiles

Multivariable Cox Proportional Hazards Model for Mortality

Clinical variable
BMI (kg/

m2)
Adjusted Hazard

ratio*
P value (multivariable adjusted

model)

Age (years) 1.06 (1.06–1.07) \0.0001

Female gender 0.56 (0.46–0.67) \0.0001

RV abnormality

present

1.50 (1.67–1.93) 0.0016

BMI quartile

Reference 29.2 (28.0-

30.5)

– –

Low 23.9 (21.7-

25.5)

1.47 (1.17–1.85) 0.001

High 34.9 (33.2–

37.2)

0.99 (0.78–1.29) 0.933

Very High 45.0 (42.3–

49.3)

1.91 (1.45-2.52) \0.0001

Cox proportional hazards models for association between clinical variables and outcome of mortality. Multivariable models (*)
are adjusted for age, gender, race, and comorbidities (HTN, DM or CKD, COPD or OSA). BMI is grouped into quartiles, with
median BMI of 29.2 as reference. Hazard Ratios are presented with 95% confidence intervals, and only significant variables are
displayed
RV, Right ventricle; BMI, Body Mass Index; HTN, hypertension; DM, Diabetes Mellitus; CKD, chronic kidney disease; OSA,
Obstructive Sleep Apnea; COPD, Chronic Obstructive Pulmonary Disease

Table 4. Hazard ratio for mortality and echocardiographic PH stratified by RV abnormality

Clinical variable Hazard Ratio* 95% Confidence interval P value

Multivariable Cox Proportional Hazards Models for Mortality

Full cohort of patients (N = 4761)

RV hypertrophy 1.49 1.10–2.03 0.011

RV dilation 1.01 0.62–1.63 0.977

RV abnormality present (N = 410)

RV hypertrophy 1.10 0.65–1.84 0.733

RV dilation 1.00 0.62–1.62 0.992

Multivariable Cox proportional Hazards models for echocardiographic PH

Full cohort of patients (N = 4761)

RV hypertrophy 1.90 1.46–2.47 \0.001

RV dilation 1.59 1.09–2.32 0.016

RV abnormality present (N = 410)

RV hypertrophy 0.90 0.59–1.38 0.641

RV dilation 1.07 0.72–1.60 0.745

Cox proportional hazards model for association between clinical variables and mortality as an outcome. Multivariable models (*)
in full cohort are adjusted for age, gender, race, BMI, and comorbidities (HTN, DM or CKD, COPD or OSA)
RV, Right ventricle; PH, pulmonary hypertension
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and either mortality or development of echocardio-

graphic PH in our cohort.

DISCUSSION

This analysis demonstrates an association between

incidental RV abnormalities on SPECT imaging and an

increased risk of both all-cause mortality and the

development of echocardiographic PH. This association

persisted even after adjustment for demographics and

potentially confounding clinical comorbidities. To our

knowledge this is the first reported association between

incidental RV abnormalities on SPECT imaging and

clinical outcomes in patients without known cardiopul-

monary disease, and identifies a potential role for

SPECT imaging as a risk stratification tool and screen-

ing modality for pulmonary vascular disease in these

patients. Furthermore, the findings support the routine

reporting of RV findings on myocardial perfusion

SPECT imaging.

In our adjusted Cox proportional hazards model, we

observed mortality was significantly associated with

incidental RV abnormalities on SPECT imaging in

patients without known coronary artery or pulmonary

vascular disease. Although our study was not designed

to evaluate mechanisms, we hypothesize this association

may partly reflect underlying sub-clinical or undiag-

nosed pulmonary vascular disease in these patients, as

patients with incidental RV abnormalities also demon-

strated a significant association with risk of

echocardiographic PH. The link between incidental

RV abnormalities and echocardiographic PH does not

fully explain the mortality association we observed, as

incidental RV abnormalities were an independent mor-

tality risk factor ever after adjustment for degree of

echocardiographic PH (as measured by the TR jet

velocity) (Table S1). Abnormalities of the RV and

pulmonary vasculature have previously been shown to

predict mortality, adverse clinical outcomes, and risk of

echocardiographic PH in patients with underlying coro-

nary artery disease undergoing SPECT imaging. The

results of our work extend this prognostic value to

patients with low-risk SPECT studies.5,10,12,23 Addition-

ally, our work identifies incidental RV abnormalities on

SPECT imaging as a potential marker predicting devel-

opment of pulmonary vascular disease. Although this

association between PH and RV abnormalities on

SPECT has been observed previously in the literature,

our study is the first to link the risk of PH with mortality

as a clinical outcome in patients at low risk for coronary

artery disease, and suggests a role for SPECT imaging in

identifying at-risk patients who might benefit from

additional diagnostic evaluation or closer clinical mon-

itoring.7,13,24-26 Given the frequent and widespread use

of SPECT imaging to risk-stratify patients for coronary

artery disease, the use of SPECT imaging findings in this

fashion could potentially result in earlier diagnosis of

pulmonary vascular disease and improved clinical out-

comes in a significant number of patients.27,28

In our study we also observed a significant associ-

ation with Black race and risk of echocardiographic PH

among patients with low-risk SPECT studies. However,

after evaluating our model for the interaction between

race and incidental RV abnormalities on SPECT imag-

ing, no significant relationship was observed (Table 1).

Consequently, we are unable to draw further conclusions

regarding the relationship between race, incidental RV

abnormalities on SPECT imaging, and risk of echocar-

diographic PH.

Unexpectedly we observed a protective effect

between BMI and mortality in this cohort, and although

this effect was quite weak, it remained a significant

effect in our multivariable model even after adjustment.

This may be reflective of the so-called ‘‘obesity para-

dox’’ observed in epidemiologic disease studies, where

the paradoxically protective effect of an elevated BMI

results from an underlying mortality effect of extremely

low and high BMI measures.29,30 Indeed, after stratify-

ing our cohort by BMI quartiles, and after adjustment,

we found a significantly elevated risk of mortality in

both the lowest and highest BMI quartiles, with the

greatest hazard in the most obese patients, supporting an

association between mortality and extremes of BMI in

this cohort (Table 3).

We did not observe any association between inci-

dental RV abnormalities on SPECT imaging and

hospital admissions in our cohort, and the only signif-

icant predictor of admissions was age. This finding was

unexpected in light of the increased mortality seen in

those with incidental RV abnormalities on SPECT

imaging, and may be a result of the broad criteria used

to define hospital admission, with no distinctions made

for the diagnosis requiring hospitalization. As a result, a

cardiopulmonary diagnosis for admission (such as new-

onset heart failure) and a presumably unrelated diagno-

sis (such as psychiatric illness) would be

indistinguishable, as would an admission to a medical

floor versus an intensive care unit admission, and both

would qualify as a hospital admission event. We believe

this source of confounding may have limited our ability

to definitively associate incidental RV abnormalities on

SPECT imaging with risk of hospitalization.

Among patients with abnormal RV imaging studies,

RV hypertrophy was more strongly associated with

outcomes (mortality, echocardiographic PH develop-

ment) in our cohort as compared with RV dilation. This

was unexpected, as in pulmonary vascular disease

patients hypertrophy of the RV is more commonly
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accepted to be an adaptive response, and dilation a

maladaptive response, and we would have expected RV

dilation to show the stronger association.21 However,

given the higher number of patients who exhibited RV

hypertrophy in our cohort, and the reliance upon

subjective size criteria for RV dilation in our institu-

tional SPECT template, it is possible this stronger

association is secondary to selection bias, and we would

hesitate to draw definitive conclusions regarding the

relative prognostic value of individual RV abnormalities

on SPECT imaging with clinical outcomes. Addition-

ally, in our study we did not distinguish between

abnormalities of the RV observed at stress versus those

at rest, but it is well established, particularly for

pulmonary vascular disease, that physiologic stress

during cardiopulmonary testing often provides unique

prognostic information as compared to testing at

rest.31,32 Further investigation into specific patterns of

RV dysfunction, the potential difference in predictive

value between resting and stress abnormalities, and the

reliability of subjective SPECT findings such as RV

dilation are warranted, to better understand the prog-

nostic information offered by incidental RV

abnormalities identified on SPECT imaging.

Our study has several strengths, including combin-

ing electronic medical record results with individual

chart review of all patients to verify outcomes (mortal-

ity, echocardiographic PH, hospital admission), a large

and robust dataset, a standardized SPECT imaging

report template that included cardiac risk (low, medium,

or high) and required assessment of the RV and

avoidance of confounding signals for morbidity and

mortality by censoring our data prior to the emergence

of the SARS-CoV-2 pandemic in the United States.33

There are also a number of limitations that merit

discussion. This was a retrospective single center study

focused on patients with low-risk or negative SPECT

imaging studies, primarily 1-day D-SPECT studies, the

results should not be generalized to other patient

populations, imaging systems, or imaging protocols,

and will require further validation in a larger multicenter

prospective fashion. Although the majority of SPECT

studies in our cohort were 1-day rest-stress studies, we

cannot exclude a difference in physiologic effect of both

the presence and type of stress on the right ventricle, and

further investigation on the interaction between stress

and the right ventricle is needed to clarify this

relationship.

We relied upon ICD-10 coding to identify comorbid

medical conditions, which are known to be limited tools

to reflect clinical status, and may have under-reported

the true incidence of these conditions in our study.34

Additionally, comorbid medical conditions were only

captured at the time of initial SPECT imaging, and

would not have identified patients who carried undiag-

nosed medical comorbidities or later developed these

conditions. These two limitations could affect the

relationship between RV abnormalities on SPECT

imaging and clinic outcomes in our adjusted multivari-

able models.

The majority of SPECT imaging studies in our

cohort were ordered on patients in the emergency

department setting, and we observed a higher than

expected mortality rate in our cohort of 9.6% over an

observation period of approximately 8 years. We sus-

pect this may reflect the overall poor access to care

experienced by these patients, as reliance on the

emergency department for medical care (such as workup

of chest discomfort with SPECT imaging studies) is

known to be associated with increased mortality and

adverse outcomes.35,36 Our study was not designed to

study this association, and we are unable to draw further

conclusions on this potential relationship between

imaging study location and mortality rate, but the higher

than expected mortality rate further highlights the

potential benefit provided by early identification of

patients at high risk for mortality using incidental RV

abnormalities identified on SPECT imaging.

Although all patient records were individually

examined for mortality and hospital admission out-

comes, we only had access to those EMR records within

our Medical Center and associated hospitals, and were

unable to supplement this information with federal

mortality data, such as the National Death Index (NDI),

to more fully capture all mortality events.37 This could

have led to an under-estimation of the true mortality

rate, which could have affected our conclusions.

Although the NDI would capture all mortality events

and is considered the ‘‘gold standard’’ for vital status

capture, it is only updated annually without full records

beyond 2018, and EMR records alone are still effective

at capturing the majority of mortality events.38 Conse-

quently, as a minority of patients (2204, 46.3%) in our

cohort did not have full vital status information at the

time of censoring, including only 1621 (34%) patients

censored before 12/31/18, and the patients with incom-

plete vital status information had comparable clinical

and demographic characteristics to our full cohort

(Table S2), we do not anticipate this limitation to

significantly alter the conclusions of our work.

We chose to exclude patients who developed

echocardiographic PH, but did not have an earlier

echocardiogram without PH by TR jet criteria, to avoid

capturing prevalent PH patients diagnosed at our Center
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or another institution (Figure 2). Of the 36 patients

excluded, ten (28%) had evidence of incidental RV

abnormalities on SPECT imaging. Excluding these

patients, which would constitute less than 1% of our

total dataset, may have removed some new diagnoses of

echocardiographic PH from the final analysis, and

although unlikely it is possible this could have affected

our results.

We selected a secondary outcome of echocardio-

graphic PH, based on the TR jet velocity, but not all

echocardiographic studies are able to accurately capture

the tricuspid valve and measure the TR jet, and not all

patients with SPECT testing underwent a follow-up

echocardiogram, introducing some selection bias to this

outcome. We attempted to mitigate this limitation by

defining echocardiographic PH in a similar fashion to

the most recent guidelines for the screening and diag-

nosis of pulmonary hypertension.20,21 It should be noted

that, although right heart catheterization is required to

confirm PH, the presence of echocardiographic PH is

itself associated with mortality, making this a clinically

important outcome to study.39-41 Additionally, in the 81

patients who had both echocardiography and right heart

catheterization in our cohort, PH was present in the vast

majority (75 patients or 92.5%), with a median mean

pulmonary arterial pressure of 32 mmHg (interquartile

range 27-42 mmHg), and post-capillary hemodynamics

with a pulmonary capillary wedge pressure more than

15mmhg present in 48 patients (65%), confirming the

clinical significance of this outcome in our study.

In summary, we demonstrate that incidental RV

abnormalities found on low-risk SPECT imaging studies

are significantly and independently associated with both

all-cause mortality and risk of developing echocardio-

graphic pulmonary hypertension. This finding may

identify patients at higher risk of adverse clinical

outcomes, and supports future investigation into the

role of incidental RV abnormalities on SPECT imaging

studies as a screening tool for pulmonary vascular

disease and a marker of increased mortality risk in other

patient populations.

NEW KNOWLEDGE GAINED

Imaging cardiovascular biomarkers with diagnostic

and prognostic value are useful in guiding the clinical

management of patients undergoing SPECT imaging

studies. In this study, we identify incidental RV abnor-

malities on low-risk SPECT imaging studies as

significantly and independently associated with patient

mortality and risk of developing echocardiographic PH,

and describe how this finding can help identify high-risk

patients who may benefit from additional screening and

clinical follow-up.
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