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Myocardial flow reserve (MFR), derived from quantitative measure-
ments of myocardial blood flow during PET imaging, provides prog-
nostic information on patients with coronary artery disease (CAD), but
it is not known if this also applies to cancer patients with a competing
risk for mortality.Methods: To determine the prognostic value of MFR
in patients with cancer, we designed a retrospective cohort study
comprising 221 patients with known or suspected CAD (median age,
71 y; range, 41–92 y) enrolled between June 2009 and January 2011.
Most patients were referred for perioperative risk assessment. Patients
underwent measurement of myocardial blood flow at rest and during
pharmacologic stress, using quantitative 82Rb PET imaging. They were
divided into early-stage versus advanced-stage cancer groups based
on cancer histopathology and clinical state and were further stratified
by myocardial perfusion summed stress score, summed difference
score, and calculated MFR. Overall survival (OS) was assessed using
the Kaplan–Meier estimator, and Cox proportional-hazards regression
helped identify independent predictors for OS. Results: During a
follow-up of 85.6 mo, 120 deaths occurred. MFR, summed difference
score, and cancer stage were significantly associated with OS. In the
age-adjusted Cox hazard multivariable analysis, MFR and cancer stage
remained independent prognostic factors. MFR combined with cancer
stage enhanced OS discrimination. The groups had significantly dif-
ferent outcomes (P , 0.001), with 5-y OS of 88% (MFR $ 1.97 and
early-stage), 53% (MFR , 1.97 and early-stage), 33% (MFR $ 1.97
and advanced-stage), and 13% (MFR , 1.97 and advanced-stage).
Conclusion: Independent of cancer stage, MFR derived from quanti-
tative PET was prognostic of OS in our cohort of cancer patients with
known or suspected CAD. Combining these 2 parameters enhanced
discrimination of OS, suggesting that MFR improves risk stratification
and may serve as a treatment target to increase survival in cancer
patients.
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An increasing number of adults with cancer also have coronary
artery disease (CAD) (1). Therefore, it is important to monitor the

cardiovascular health of cancer patients with risk factors for CAD or
documented cardiovascular events. Cancer itself creates an immuno-
compromised and hypercoagulable milieu, which, in combination
with potentially cardiotoxic cancer therapies, renders patients increas-
ingly vulnerable to cardiac morbidity and mortality (2,3). Cardiotoxic
culprits include mediastinal irradiation, fluoropyrimidines, alkylating
agents, androgen deprivation therapy, and targeted therapies such as
tyrosine kinase inhibitors.
Whereas SPECT and SPECT/CT myocardial perfusion imaging

(MPI) is widely available and well established for evaluating car-
diac risk in the general population (4), PET/CT MPI offers 2 major
advantages (5–7): superior diagnostic accuracy and the ability to
quantify myocardial blood flow at rest and during vasodilator stress
and hence derive myocardial flow reserve (MFR). Although PET/CT
MPI has prognostic value beyond routine clinical predictors for all-
cause mortality and major adverse cardiovascular events (8,9), its
prognostic value in patients with cancer (a major competing risk
for death) is unclear. Therefore, we set out to evaluate the prognos-
tic value of myocardial blood flow and MFR in patients with can-
cer and a suspected or known CAD comorbidity.

MATERIALS AND METHODS

Study Population
This was a retrospective investigation of consecutive patients with

cancer who underwent rest–stress 82Rb-chloride PET/CT MPI over a
20-mo period between June 2009 and January 2011. During this time,
1,233 patients were referred for MPI, including 236 who underwent
82Rb-chloride PET MPI (19%) and 997 (81%) who underwent SPECT/
CT MPI. MPI modality (PET vs. SPECT) was generally determined by
logistic factors (e.g., availability of 82Rb-chloride generator) rather than
clinical criteria. Exclusion criteria for pharmacologic cardiac stress testing
included acute myocardial infarction, unstable angina, overt heart failure,
a history of severe asthma, or contraindications to vasodilation with aden-
osine, dipyridamole, or regadenoson (10). Fifteen patients were excluded
because dynamic PET/CT datasets were not available for analysis. The
final study population comprised 221 patients, most of whom were
referred for perioperative risk assessment (Fig. 1). A detailed history was
obtained from the patient, the referring clinician, and the center’s elec-
tronic medical record before MPI PET/CT to define the cardiac risk fac-
tor profile. Lipid profiles were not available for all patients, as these are
not a part of routine diagnostic evaluation. Clinical risk factors were
scored and summed according to the risk assessment of Morise et al.
for predicting cardiac events (11). The electronic medical record was
reviewed to identify the incidence of cardiac catheterization, percutane-
ous revascularization, coronary artery bypass grafting, or cardiac death
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within 90 d after 82Rb-chloride PET/CT. Patient survival was accurately
determined by scrupulous review of the electronic medical record. The
institutional review board approved this retrospective, Health Insurance
Portability and Accountability Act–compliant, single-institution study
(institutional review board approval 11-150) and waived the requirement
for informed consent. Data collection was finalized in December 2021.
Details of the 82Rb-chloride PET/CT rest–stress protocol, as well as
details on image analysis, are shown in the supplemental materials
(available at http://jnm.snmjournals.org) (12–17).

Cancer Status
The patients had a variety of primary cancers and disease stages

(Supplemental Table 1). We divided the population into 2 groups,
advanced-stage versus early-stage cancer, using an estimated cancer
life expectancy based on historical 5-y survival rates at the time of
82Rb PET/CT imaging. The advanced-stage cancer group was defined
as patients with an expected 5-y survival rate of less than 50%,
unknown primary cancer, or confirmed local recurrence or distant
metastases within 3 mo after the 82Rb PET/CT scan. The remaining
patients were assigned to the early-stage cancer group. If patients had
multiple primary cancers, staging was determined by the cancer with
the lowest expected 5-y survival rate. Expected 5-y survival rates were
based on the seventh edition of the AJCC Cancer Staging Manual (18).
Lymphomas were staged according to the Ann Arbor classification.

Statistical Analysis
Data are expressed as mean 6 SD, median and range, or frequency

and percentage. The Welch 2-sample t test was used for comparison of
normally distributed continuous variables between groups, whereas the
Wilcoxon rank sum test was used for nonnormal variables. The Pearson
x2 or Fisher exact test were used to compare categoric variables.

The Kaplan–Meier estimator was used to determine whether there
was an association between clinical parameters or PET MPI and over-
all survival (OS), which was defined as the time from 82Rb PET/CT
until death from any cause. Patients who remained alive were censored
at the last follow-up. The median follow-up time was calculated using
the reverse Kaplan–Meier method (19). The dates of death and last
follow-up were obtained from the electronic medical record. A log-
rank test was performed to test for differences between survival
curves. Hazard ratios and 95% CIs were calculated using univariable
and multivariable Cox proportional-hazards regression models. To
assess potential confounding effects on survival due to the retrospec-
tive nature of the study, multivariable analyses were performed as
stepwise backward regression, with an entry probability for each
variable set at 0.05. The final model was defined as the model after

variable selection, that is, after exclusion of variables that were not
significant after adjustment. A sensitivity analysis was conducted by
repeating the analysis on patients with both a normal summed stress
score (SSS) (,4) and a normal summed difference score (SDS) (,3)
only. Only a few missing values were observed, and a complete case
analysis was conducted. Reported P values were 2-tailed; a P value of
0.05 or less was considered to indicate statistical significance. Statisti-
cal analysis was performed using SPSS (version 25) and R (version
6.3.0).

RESULTS

Patient Characteristics and Qualitative Assessment of
Regional Perfusion
A flowchart summarizing patient selection is shown in Figure 1.

Patient characteristics are detailed in Table 1. In total, 221 patients
were included in the study. Most had at least an intermediate pretest
probability for CAD (96.4%); 178 patients were referred for risk
assessment before cancer surgery, 9 patients for risk assessment
before undergoing chemotherapy or bone marrow transplantation,
and 34 patients for evaluation of symptoms or signs attributable to
coronary disease.

Myocardial Perfusion and Function
Abnormal stress perfusion (SSS $ 4) was observed in 52 of

221 patients (23.5%). Regional ischemia (SDS $ 3) was found in
46 patients (20.8%). In patients referred for symptoms, 14 of 34
(41.2%) showed evidence of ischemia, with an SDS of at least 3.
Within 90 d after 82Rb PET/CT, 7 patients underwent percutaneous
coronary intervention, 1 patient underwent coronary artery bypass
grafting, and 1 patient experienced cardiac death after myocardial
infarction; all 9 patients had ischemia (SDS $ 3) on PET MPI.
A left ventricular ejection fraction of less than 50% was observed

at rest in 26 patients (11.8%) and at stress in 22 patients (10.0%).
An abnormal left ventricular ejection fraction reserve was observed
in 24 patients.

Myocardial Blood Flow and MFR
Mean rest MBF was 1.01mL/min/g (SD, 0.42), mean rest MBF

after adjusting for RPP was 0.88mL/min/g (SD, 0.32), and mean
stress MBF was 1.93mL/min/g (SD, 0.74). Mean MFR was 2.04
(SD, 0.74), and mean-adjusted MFR was 2.31 (SD, 0.85). Factors
correlating with a low MFR (defined as an MFR lower than the
median of 1.97) were a lower stress MBF (P , 0.001), a higher
rest MBF or adjusted rest MBF (P , 0.001), a higher rest heart
rate (P 5 0.006), a lower stress ejection fraction (P 5 0.002), and
a higher SSS (P 5 0.003) and SDS (P 5 0.021, Table 2). In addi-
tion, a lower hemoglobin level (P , 0.001), a history of CAD
(P , 0.001), an Agatston score classified as severe (score . 400,
P , 0.001), and older age (P , 0.001) were all associated with a
lower MFR (Table 2). However, stress heart rate, rest ejection
fraction, body mass index, and type of vasodilator were not signifi-
cantly associated with a low MFR.

Survival Outcome
The median follow-up time was 7.1 y (95% CI, 6.6–7.5 y). Median

OS was 5.1 y (range, 14 d–8.8 y). During follow-up, 120 patients
died. OS was significantly worse in patients with advanced-stage can-
cer than in those with early-stage cancer (adjusted hazard ratio, 4.06;
P , 0.001; Supplemental Table 2). A higher stress MBF and lower
rest MBF were both significantly associated with better OS in uni-
variable analysis (P 5 0.007 and 0.012, respectively). However,
they were not entered in the multivariable model because of

Eligible patients (n = 236)
• Consecutive patients undergoing 82Rb PET/CT rest 

& vasodilator stress myocardial perfusion imaging

Excluded patients (n = 15)
• Technically insufficient studies (e.g., dynamic 

images unavailable or corrupted; 
uninterpretable images due to artifacts)

Study population (n = 221)
• Pre-surgical cardiovascular risk assessment (n = 178)
• Pre-chemotherapy / pre-bone marrow transplant risk assessment (n = 9)
• Evaluation for symptoms / events attributable to coronary artery disease (n = 34)

FIGURE 1. Flowchart of study patients.
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collinearity with adjusted MFR. A lower adjusted MFR was sig-
nificantly associated with a higher risk of death (increased by 3%
for every 0.1-unit decrease in MFR); this translates to an increase
in the risk of death of 17% when MFR decreases by 0.5 (P 5
0.026). When stratifying MFR by quartiles, the 5-y survival rate
for patients with an MFR of less than 1.45 was 22%, whereas for
those with an MFR of more than 2.45 it was 73% (Supplemental
Fig. 1). Other independent predictors of OS were age, history of

CAD, hemoglobin, and obesity (Supplemental Table 2). Therefore,
MFR provided additional prognostic value to known clinical risk
factors. Four risk categories were defined by stratifying the patients
on MFR and cancer stage: patients with early-stage cancer and
MFR $ 1.97; those with early-stage cancer and MFR , 1.97;
those with advanced-stage cancer and MFR $ 1.97; and those with
advanced-stage cancer and MFR , 1.97. These groups had signifi-
cantly different outcomes, with 5-y OS of 88%, 53%, 33%, and

TABLE 1
Demographics and Characteristics of Study Cohort (n 5 221)

Characteristic Data Characteristic Data

Age (y) 71 (41–92) Vasodilator

Age, binary Dipyridamole 93 (42.1%)

,65 y 73 (33.0%) Regadenoson 128 (57.9%)

$65 y 148 (67.0%) Heart rate (rest) 70.05 6 13.15

Sex Heart rate (stress) 87.44 6 16.56 (2*)

Female 97 (43.9%) Rest systolic blood pressure 140.60 6 20.55

Male 124 (56.1%) Stress systolic blood pressure 131.53 6 22.53 (3*)

Height (cm) 168 (132–193) Transient ischemic dilatation ratio 1.06 6 0.15 (1*)

Weight (kg) 79 (36–161) Stress MBF (mg/mL/min) 1.93 6 0.74

Body mass index 27.82 (16.00–68.78) Rest MBF (mg/mL/min) 1.01 6 0.42

Body mass index, binary Adjusted rest MBF (mg/mL/min) 0.88 6 0.32

,30 136 (61.5%) MFR 2.04 6 0.74

$30 85 (38.5%) Adjusted MFR 2.31 6 0.85

Stress LVEF (%) 71 (18–90) (1*) Morise risk assessment

Stress LVEF (%), binary 1* Low (0–8) 8 (3.6%)

$50 198 (90.0%) Intermediate (9–15) 93 (42.1%)

,50 22 (10.0%) High (.15) 120 (54.3%)

Rest LVEF (%) 66 (21–90) (1*) SSS

Rest LVEF (%), binary 1* Normal (0–3) 169 (76.5%)

$50 194 (88.2%) Mild (4–7) 26 (11.8%)

,50 26 (11.8%) Moderate (8–11) 8 (3.6%)

LVEF reserve 5 (-22–21) (1*) Severe ($12) 18 (8.1%)

Abnormal LVEF reserve 1* Ischemia (SDS $ 3)

Normal 196 (89.1%) Abnormal 46 (20.8%)

Abnormal 24 (10.9%) Normal 175 (79.2%)

Hemoglobin (g/dL) 12.40 (7.60–16.70) (4*) Coronary calcium (Agatston score) 5*

Hemoglobin, binary 4* None/minimal (0–10) 47 (21.8%)

$10 g/dL 189 (87.1%) Mild (11–100) 37 (17.1%)

,10 g/dL 28 (12.9%) Moderate (101–400) 46 (21.3%)

Diabetes Severe (.400) 68 (31.5%)

No 143 (64.7%) Stent 9 (4.2%)

Yes 78 (35.3%) Coronary artery bypass graft 9 (4.2%)

Dyslipidemia 157 (71.0%) eGFR (mL/min/1.73 m2) 64 (22–109)

Hypertension 172 (77.8%) eGFR, binary

Smoker/former smoker 159 (71.9%) #60 96 (43.4%)

History of CAD 82 (37.1%) .60 125 (56.6%)

*Unknown.
LVEF 5 left ventricular ejection fraction; MBF 5 myocardial blood flow; eGFR 5 estimated glomerular filtration rate.
Qualitative data are number and percentage; continuous data are median and range or mean 6 SD.
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13%, respectively (Fig. 2). Additional analyses classified by cancer
staging and MFR are shown in Supplemental Table 3. When analy-
sis was restricted to the 163 patients without regional perfusion
abnormalities (SSS , 4 and SDS , 3), MFR still provided addi-
tional prognostic value for OS (Supplemental Fig. 2), with 5-y
OS of 88%, 55%, 36%, and 15%, for patients with early-stage
cancer and MFR $ 1.97; those with early-stage cancer and MFR
, 1.97; those with advanced-stage cancer and MFR $ 1.97; and
those with advanced-stage cancer and MFR , 1.97, respectively.
Factors associated with OS in this restricted analysis of patients
without regional perfusion abnormalities are listed in Supplemental
Table 4.

DISCUSSION

This study demonstrated that MFR is an independent predictor
of OS in a population of patients with active cancer, even after
stratifying for cancer stage and regardless of the presence or
absence of visual perfusion defects, suggesting that cardiovascular
risk assessment and appropriate care remain paramount even in a
population with significant competing morbidity.
PET-derived MFR is an established prognostic biomarker for

the risk of major adverse cardiovascular events in the general pop-
ulation (5). In our cohort, we chose to focus on overall outcome

TABLE 2
Factors Contributing to Low MFR (All Patients)

Characteristic MFR $ 1.97, n 5 111 MFR , 1.97, n 5 110 P†

Stress MBF (mg/mL/min) 2.14 (0.85–4.64) 1.57 (0.39–3.64) ,0.001

Rest MBF (mg/mL/min) 0.81 (0.40–2.25) 1.01 (0.48–2.61) ,0.001

Adjusted rest MBF (mg/mL/min) 0.77 (0.31–1.40) 0.88 (0.39–2.60) ,0.001

Heart rate (stress) 87 (52–126) (2*) 84 (51–141) 0.33

Heart rate (rest) 66 (44–102) 71 (42–112) 0.006

Ejection fraction (stress, %) 73 (40–90) 67 (18–90) (1*) 0.002

Ejection fraction (rest, %) 67 (27–90) 64 (21–86) (1*) 0.084

SSS 0.0 (0.0–21.0) 1.0 (0.0–40.0) 0.003

SDS 0.0 (0.0–9.0) 0.0 (0.0–26.0) 0.021

Hemoglobin (g/dL) 12.85 (7.60–16.70) (1*) 11.80 (7.60–15.60) (3*) ,0.001

Body mass index 28 (19–51) 27 (16–69) 0.26

Vasodilator 0.64

Dipyridamole 45 (41%) 48 (44%)

Regadenoson 66 (59%) 62 (56%)

History of CAD 29 (26%) 53 (48%) ,0.001

Coronary calcium (Agatston score) (2*) (3*) ,0.001

None/minimal (0–10) 32 (29%) 15 (14%)

Mild (11–100) 25 (23%) 12 (11%)

Moderate (101–400) 25 (23%) 21 (20%)

Severe (.400) 25 (23%) 43 (40%)

Stent 1 (1%) 8 (7%)

Coronary artery bypass graft 1 (1%) 8 (7%)

Age (y) 67 (44–92) 75 (41–90) ,0.001

*Unknown.
†Welch 2-sample t test, Wilcoxon rank sum test, Pearson x2 test; Fisher exact test.
MBF 5 myocardial blood flow.
Qualitative data are number and percentage; continuous data are median and range.

FIGURE 2. Kaplan–Meier overall survival analysis stratified by MFR (,1.97
versus$1.97) and cancer stage (early versus advanced) in the overall cohort
(n5 221).

794 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 64 � No. 5 � May 2023



rather than limiting our investigation to these adverse events and
cardiac-specific death. Given the complex nature of cancer care
and follow-up, cardiac symptoms and events may be underesti-
mated and erroneously ascribed to the underlying oncologic dis-
ease or therapy. On the other hand, OS is a robust and reliable
outcome measure (20) and may indicate a holistic significance of
impaired MFR beyond its association with cardiac health.
In a large study of over 4,000 patients (21), an MFR of less

than 2.0 was an independent prognostic factor of all-cause mortal-
ity (hazard ratio, 1.72), with an average mortality of 4.4% per year
during a median follow-up of 5.6 y (total mortality, 24.9%). In
comparison, our patients had a higher all-cause mortality of 7.6%
per year during a median follow-up of 7.1y (total mortality, 54.3%).
Although patient populations differ, MFR as an independent prognos-
tic factor and the median values for MFR (1.97 vs. 2.0, respectively)
were quite similar. In a study of 87 patients with breast cancer, those
with an MFR in the lowest tertile had a higher cumulative incidence
of MACE than those with an MFR in the highest tertile (22). In
another study (23), an abnormal MFR remained predictive of cardio-
vascular death in patients with chronic kidney disease. Similarly, in
a retrospective study of 198 patients with systemic inflammatory dis-
orders, those in the lowest tertile of MFRs (defined as ,1.65) expe-
rienced higher all-cause mortality than those in the highest tertile
(hazard ratio, 2.4), regardless of other variables (24). In aggregate,
these data suggest that a reduced MFR is a useful prognostic indica-
tor even in the presence of significant noncardiac comorbidities.
Accordingly, cardiac risk stratification should be performed in cancer
patients with known or suspected CAD, and primary and secondary
prevention strategies should be implemented to improve outcomes,
similar to current practice in nonselected populations (25–28).
Previous epidemiologic studies have demonstrated that cardio-

vascular disease has a major impact on the long-term survival of
cancer patients (29). Our study suggested that an impaired MFR
during periods of stress may be a significant contributing factor.
There are several potential ways in which cancer, by itself or by
virtue of cancer therapy, may affect the cardiovascular system and
control of vasomotion.
First, a recognized hallmark of cancer is the systemic inflamma-

tory state (30,31), which may contribute to coronary microvascular
dysfunction (32,33), akin to traditional cardiac risk factors (34).
Inflammation-induced microvascular dysfunction is proposed to
result from a reduction in microvascular nitric oxide bioavailability.
The principal mechanism for the effect of nitric oxide on vasomotion
is its binding to and activation of guanylate cyclase, increasing the
production of cyclic guanosine monophosphate, which through sec-
ond messengers promotes arterial smooth-muscle relaxation. Inter-
estingly, phosphodiesterase 5 inhibition, preventing the breakdown
of cyclic guanosine monophosphate, has recently gained interest as a
potential anticancer therapy (35) beyond its established role as a sys-
temic arterial vasodilator.
Another prevalent finding in cancer is autonomic dysfunction

(36–39), a recognized contributor to abnormal MFR (40,41).
The sympathetic nervous system can regulate the tumor micro-
environment in multiple ways (42,43), and chronic activation of
the sympathetic nervous system can promote cancer progression.
b-adrenergic signaling, for instance, stimulates the transcription of
proinflammatory cytokines and inhibits the transcription of interfer-
ons, thereby contributing to tumor progression and metastasis (42).
Conversely, experimental inhibition of the sympathetic nervous sys-
tem (44–46) has been shown to decrease tumor growth and improve
outcomes.

Thus, impaired MFR, as seen in our study, may signify cancer-
related coronary endothelial dysfunction or autonomic dysfunc-
tion. In contrast, cancer and CAD may simply coexist. Regardless
of a causal link, our data suggest that cardiovascular risk assess-
ment and appropriate care are important targets in the management
of cancer patients.
This study had some limitations. It was retrospective, with poten-

tial deficiencies in the documentation of cardiovascular risk factors.
It included only patients who were referred for MPI PET by their
oncologist or cardiologist, which may introduce a selection bias. Its
population was heterogeneous regarding age, cancer type, and treat-
ment applied. Also, 11.8% had a resting left ventricular ejection frac-
tion of less than 50%, and 31.5% had a coronary calcium score
above 400. Nevertheless, none of these factors proved significant in
the statistical analysis.

CONCLUSION

PET MFR is a strong, independent prognostic marker of OS,
irrespective of cancer stage. Therefore, MFR assessment may con-
tribute to better risk stratification and may serve as a treatment tar-
get to optimize cardiovascular care and improve survival in cancer
patients. Prospective studies are warranted to validate this concept.
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KEY POINTS

QUESTION: Are cancer patients with abnormal myocardial blood
flow and MFR, as derived from quantitative PET imaging, at higher
risk for mortality, independent of their underlying disease?

PERTINENT FINDINGS: In a retrospective cohort study of
221 patients, we found that an abnormal MFR provides
independent prognostic information; patients with an abnormal
MFR had shorter survival, regardless of cancer type and stage.

IMPLICATIONS FOR PATIENT CARE: MFR improves risk
stratification in cancer patients and may serve as a treatment
target to increase their survival, suggesting a need for dedicated
cardiac care in cancer patients, regardless of competing risk from
their underlying disease.
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