
Low coronary flow relative to myocardial

mass predicts heart failure in symptomatic

hypertensive patients with no obstructive

coronary artery disease

Jenifer M. Brown 1,2†, Wunan Zhou 2,3†, Brittany Weber 1,2,

Sanjay Divakaran 1,2, Leanne Barrett 2, Courtney F. Bibbo2, Jon Hainer 2,

Viviany R. Taqueti 2, Sharmila Dorbala1,2, Ron Blankstein1,2, and

Marcelo F. Di Carli1,2*

1Heart and Vascular Center, Division of Cardiovascular Medicine, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, 75 Francis Street, Boston,
MA 02115, USA; 2Cardiovascular Imaging Program, Division of Nuclear Medicine and Molecular Imaging, Department of Radiology, Brigham and Women’s Hospital, Harvard
Medical School, 75 Francis Street, Boston, MA 02115, USA; and 3Cardiology Branch, Division of Intramural Research, National Heart, Lung, and Blood Institute, National
Institutes of Health, 10 Center Drive, Bethesda, MD 20892, USA

Aims The transition from hypertension to heart failure (HF) remains poorly understood. We hypothesized that insuffi-
cient perfusion to match global metabolic demand, reflected by a low ratio of myocardial blood flow to global
myocardial mass, may be a HF risk marker.

...................................................................................................................................................................................................
Methods
and results

A retrospective cohort (n = 346) of patients with hypertension who underwent clinical positron emission tomog-
raphy (PET) myocardial perfusion imaging for chest pain and/or dyspnoea at Brigham and Women’s Hospital
(Boston, MA, USA) were studied. Patients without obstructive coronary artery disease by history or PET perfusion
(summed stress score <3), HF, cardiomyopathy, or ejection fraction (EF) <40% were followed for HF hospitaliza-
tion (primary outcome), all-cause death, and their composite. Myocardial blood flow, left ventricular (LV) mass, vol-
umes, and EF were obtained from PET, and a ‘flow/mass ratio’ was determined as hyperaemic myocardial blood
flow over LV mass indexed to body surface area. A lower flow/mass ratio was independently associated with larger
end-diastolic (b = -0.44, P < 0.001) and end-systolic volume (b = -0.48, P < 0.001) and lower EF (b = 0.33,
P < 0.001). A flow/mass ratio below the median was associated with an adjusted hazard ratio of 2.47 [95% confi-
dence interval (CI) 1.24–4.93; P = 0.01] for HF hospitalization, 1.95 (95% CI 1.12–3.41; P = 0.02) for death, and 2.20
(95% CI 1.39–3.49; P < 0.001) for the composite.

...................................................................................................................................................................................................
Conclusion An integrated physiological measure of insufficient myocardial perfusion to match global metabolic demand identi-

fies subclinical hypertensive heart disease and elevated risk of HF and death in symptomatic patients with hyperten-
sion but without flow-limiting coronary artery disease.
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Introduction

Beyond its role as an atherosclerotic risk factor, hypertension con-
tributes an estimated 40% to heart failure (HF) risk,1 making it a sig-
nificant public health burden.2 While adverse left ventricular (LV)
remodelling and LV hypertrophy (LVH) are well-recognized inter-
mediate phenotypes for HF,3,4 overt myocardial structural changes
are late-stage findings that are not universally present in all patients
with hypertensive heart disease, thus highlighting the need for
improved understanding of the pathophysiological mechanisms of
hypertensive heart disease-associated HF.

Myocardial perfusion, even in the absence of obstructive epicardial
coronary artery disease (CAD), has long been recognized as a central
mechanism for the development of adverse myocardial remodelling
and hypertensive heart disease-associated HF.5 Prior studies in
hypertension have shown reduced coronary blood flow after adjust-
ing for LV mass. In addition, there was a strong inverse relationship
between coronary flow and LV mass, suggesting increased risk for
myocardial ischaemia in this population.6 In hypertension, after
hypertrophic adaptation to increased afterload, flow per gram of tis-
sue can be normalized while global flow to the ventricle must in-
crease to keep pace with demand.7,8 Myocardial blood flow that is
inadequate to meet globally increased metabolic demand, especially
in the vulnerable subendocardium, may lead to a cascade of altera-
tions including subendocardial ischaemia, injury, diastolic dysfunction,

fibrosis, and ultimately clinical HF. Recent studies in trained athletes
with physiological LVH and hypertensive patients with pathological
LVH demonstrated different patterns of myocardial blood flow when
normalized to global LV mass to estimate whole organ perfusion.9

Unappreciated heterogeneity in the transmural distribution of myo-
cardial blood flow or failure of myocardial perfusion to meet global
changes in myocardial oxygen demand in pathological states of LV
remodelling may be a potential explanation for why patients with
symptoms in the absence of angiographically confirmed obstructive
CAD still experience adverse cardiovascular outcomes.10,11

Whether imbalance between global myocardial perfusion and de-
mand can be identified before the development of frank myocardial
structural changes remains unknown.

To understand how myocardial perfusion as a function of global
myocardial mass may be an early subclinical marker of HF risk, we
leveraged a patient cohort with hypertension who underwent clinical
stress testing with positron emission tomography (PET) myocardial
perfusion imaging for anginal symptoms but had no obstructive epi-
cardial CAD by history or by PET perfusion to generate a novel index
of peak hyperaemic myocardial blood flow divided by LV mass,
termed the ‘flow/mass ratio’. We hypothesized that the flow/mass
ratio, accounting for global myocardial mass, would be associated
with abnormal ventricular structure and function and with future HF
risk, thus identifying a potential pathophysiological mechanism
through which patients develop symptoms and hypertensive HF.

Graphical Abstract

Insufficient myocardial perfusion to match global metabolic demand, as measured by a myocardial perfusion to global left ventricular mass ratio, character-
izes symptomatic patients with hypertension at risk of future heart failure and may help to understand the progression from hypertension to hypertensive

...................................................................................................................................................................................................
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heart disease. CAD, coronary artery disease; CI, confidence interval; LV, left ventricle; HR, hazard ratio.
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Methods

Study population
All patients referred for rest/stress myocardial PET imaging at the
Brigham and Women’s Hospital (Boston, MA, USA) between 1 January
2006 and 31 October 2018 are included in an Institutional Review Board-
approved clinical PET registry, from which the present cohort was gener-
ated (Figure 1). Patient medical history and medication use were obtained
at the time of PET imaging by direct patient interview and review of elec-
tronic medical records. Blood pressure was measured with an automatic
oscillometric cuff (GE Healthcare, Chicago, IL, USA) at rest and again at
the time of vasodilator and radiotracer injection (peak stress) and serially
in recovery. To isolate a population with symptoms potentially referable
to hypertensive heart disease and at risk for future HF events, patients
were included if they had a clinical history of hypertension and presented
for evaluation of chest pain and/or dyspnoea. Patients were excluded for
flow-limiting epicardial CAD, defined by (i) a clinical history of known
CAD, prior myocardial infarction, percutaneous coronary intervention,
or coronary artery bypass grafting, or (ii) the presence of abnormal myo-
cardial perfusion by PET (summed stress score >_ 3 consistent with is-
chaemia or scar). Patients with a clinical history of prevalent HF or
cardiomyopathy, significant (>2þ) valvular disease, or heart transplant
were excluded, as were those with an LV ejection fraction (LVEF) < 40%
by PET. In the case of repeat PET scans, only the earliest study was used.
To enrich the study population for the risk of cardiovascular events,
patients were required to have undergone clinical measurement of a cir-
culating cardiac biomarker within 90 days of the PET study date (Figure 1).
The study was approved by the Mass General Brigham Institutional
Review Board and conducted in accordance with institutional guidelines.

Circulating biomarker assessment
Serum creatinine and estimated glomerular filtration rate drawn within
90 days before or after the date of the PET study were obtained from the
clinical medical record. To be included in the study cohort, all patients
had either troponin T, troponin I, B-type natriuretic peptide, or N-ter-
minal pro-B-type natriuretic peptide measured under clinical conditions
within 90 days before or after PET. Cardiac biomarker assay details have
been described previously.12

Quantification of myocardial blood flow and

flow/mass ratio
Patients were imaged with a whole-body PET/computed tomography
(CT) scanner (GE Discovery STE or DRX, Waukesha, WI, USA) with the
CT being used for attenuation correction. Patients were imaged with
rubidium-82 or ammonia-13, as described previously,13,14 at rest and after
standard intravenous vasodilator infusion to achieve maximal coronary
hyperaemia. Semiquantitative 17-segment visual assessment with a stand-
ard 5-point scoring system was used to evaluate myocardial scar and is-
chaemia. Global absolute myocardial blood flow was quantified at rest
and at peak hyperaemia using a validated two-compartment kinetic
model15 and is highly reproducible, with an intraclass correlation coeffi-
cient of 0.94 [95% confidence interval (CI) 0.88–0.98] in our laboratory.
Left ventricular mass was determined from gated myocardial perfusion
images with commercially available software (Corridor4DM, INVIA
Medical Imaging Solutions, Ann Arbor, MI, USA) and indexed to body sur-
face area (BSA). A ‘flow/mass ratio’ was determined for each patient as
the ratio of hyperaemic myocardial blood flow divided by global LV mass
index; thus, all references to the ‘flow/mass ratio’ herein are indexed to
BSA. The median flow/mass ratio was established on a sex-specific basis,
given the known sex differences in the typical distribution of LV mass:
median flow/mass ratio = 0.0243 mL/g/min per g/m2 in men and

0.0352 mL/g/min per g/m2 in women, with values below the median
termed ‘low’ and those above termed ‘preserved’. Myocardial flow re-
serve (MFR), an established metric of coronary vasodilatory capacity that
does not account for total LV mass, was calculated as the ratio of hyper-
aemic to resting myocardial blood flow, as described previously.13

Coronary artery calcium scoring based on CT acquisition is described in
the Supplementary material online.

Assessment of left ventricular structure and

function
Left ventricular end-diastolic volume (EDV), end-systolic volume (ESV),
and LVEF were determined from gated myocardial perfusion images at
rest and peak hyperaemic stress during routine post-processing. Rest
EDV and ESV were indexed to BSA. Left ventricular ejection fraction re-
serve was calculated as the difference between stress and rest LVEF.
Transient ischaemic dilation was considered to be present if the ratio of
stress to rest EDV was >1.13.16

Clinical outcomes
The primary outcome in longitudinal analyses was first incident HF hospi-
talization, which was determined by blinded two-physician review and ad-
judication of records of all hospitalizations from 30 days after the PET
study through the end of study follow-up on 11 May 2020. On review,
patients who were found to be admitted with HF at or within 30 days of
PET were excluded. The secondary outcomes were all-cause death and
the composite of HF hospitalization and all-cause death. Vital status was
ascertained from the Social Security Death Index, National Death Index,
and Partners Healthcare Research Patient Data Registry and verified by
blinded two-physician review. Patients without clinical events were cen-
sored on the date of last contact in the electronic medical record after
the date of the PET scan.

628 symptoma�c* pa�ents with 
hypertension and without flow-limi�ng 

CAD** who underwent Myocardial 
Perfusion PET Scan

Excluded those with a clinical history of:
- HF, cardiomyopathy, transplant (n=40)
- Moderate or greater valvular disease (n=12)
- HCM, sarcoidosis/inflammatory CMP, restric�ve CMP (n=23)

525 Pa�ents with Myocardial 
Perfusion PET Scans

Final Study Popula�on (n=346)

Required at least one cardiac biomarker 
measurement within 90 days of PET Scan

553 Pa�ents with Myocardial 
Perfusion PET Scans

Excluded PET EF < 40% (n=28)

Figure 1 Patient flow diagram. *Study indications were limited to
symptoms of chest pain and/dyspnoea. **Flow-limiting coronary ar-
tery disease was defined by either (i) a clinical history of known cor-
onary artery disease, myocardial infarction, percutaneous coronary
intervention, or coronary artery bypass grafting or (ii) the presence
of abnormal perfusion defined by summed stress score >_3. CAD,
coronary artery disease; CMP, cardiomyopathy; EF, ejection frac-
tion; HCM, hypertrophy cardiomyopathy; HF, heart failure; PET,
positron emission tomography.
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Statistical analysis
Continuous variables are reported as mean ± standard deviation or me-
dian (interquartile range), as appropriate. Demographic, medical history,
haemodynamic, and imaging parameters were compared between those
with flow/mass ratio above vs. below the median using Student’s t-test,
Wilcoxon rank sum, and v2, as appropriate.

The continuous cross-sectional relationship between continuous flow/
mass ratio and PET-derived markers of LV structure and function was
evaluated using linear regression with a series of three models: Model 1
comprised the unadjusted univariate association; Model 2 included adjust-
ment for sex, age, and body mass index (BMI); and Model 3 further incor-
porated radiotracer, history of diabetes mellitus, estimated glomerular
filtration rate, and number of antihypertensive medications at the time of
the PET study, as a proxy for hypertension severity. Covariates were
selected based on univariate screening and established biological
relationships.

The relationship between dichotomized flow/mass ratio and clinical
outcomes was assessed using Cox proportional hazards modelling, using
the same three models as above with the addition of LVEF to Model 3.
Proportional hazards assumptions were verified using graphical methods
and Schoenfeld residuals. Poisson regression was used to compute
adjusted annualized rates of HF hospitalization, all-cause death, and their
composite, adjusted for all Model 3 covariates as above. We performed a
sensitivity analysis using quintiles of flow/mass ratio rather than dichoto-
mization at the median to evaluate the risk for clinical outcomes across
the spectrum of flow/mass ratio.

Given the known association between HF risk and coronary micro-
vascular dysfunction, defined by a reduction in MFR in the absence of epi-
cardial obstruction, exploratory analyses examined whether flow/mass
ratio could further risk stratify patients with preserved MFR. Cox propor-
tional hazards modelling was used to compare the risk of HF hospitaliza-
tion based on the presence of reduced MFR vs. preserved or reduced
flow/mass ratio in the absence of reduced MFR.

Additional exploratory analyses aimed to identify whether the flow/
mass ratio could further inform understanding of HF risk in the clinically
ambiguous entity of ‘mid-range’ LVEF, which is known to encompass a
range of heterogeneous pathogenesis and prognosis.17 Using Cox and
Poisson regression models as above, we evaluated the association be-
tween flow/mass ratio, mid-range LVEF, and HF hospitalization.

Two-sided P-values <0.05 were considered statistically significant. All
statistical analyses were performed with SAS 9.4 (SAS Institute, Cary,
NC, USA).

Results

Baseline characteristics
Baseline characteristics of the total cohort (n = 346) and stratified by
median flow/mass ratio are shown in Table 1. The study cohort had a
mean age of 62.7 (12.4) years, had a mean BMI in the obese range at
33.1 (8.2) kg/m2, and included 38.2% patients with diabetes. Patients
with a low ratio of myocardial flow to global LV mass tended to
have higher BMI, more frequent diabetes, and a non-significant
trend towards a greater number of antihypertensive medications des-
pite comparable systolic and diastolic blood pressure at the time of
PET scan and similar utilization of cardiovascular medication classes
(Table 1).

Perfusion and myocardial parameters at rest and peak hyperaemic
stress are shown in Table 2. The study cohort had a mean resting

LVEF of 62.2 (8.6%). As expected based on the construction of the
flow/mass ratio, those with a low ratio of flow to global LV mass had
both lower measures of myocardial blood flow, lower MFR, and
larger LV mass. The proportion of patients with myocardial injury
indicated by detectable circulating troponin was greater in those with
a low flow/mass ratio; whereas the burden of non-obstructive calci-
fied coronary plaque was minimal overall and did not differ by flow/
mass ratio (Supplementary material online, Table S1).

Association between flow/mass ratio and
left ventricular structure and function
Left ventricular EDV, ESV, and rest and stress LVEF were all signifi-
cantly associated with the flow/mass ratio (Table 3). A lower flow/
mass ratio was associated with a more dilated ventricle at end-
diastole and with a larger ESV suggestive of more impaired or incom-
plete chamber emptying. A lower flow/mass ratio was also associated
with a lower LVEF. In addition, these measures of LV structure and
function than were more strongly associated with the integrated ratio
of flow to global LV mass than with either stress myocardial blood
flow or MFR (Supplementary material online, Table S2).

Association between flow/mass ratio and
cardiovascular outcomes
Given the association between the integrated flow/mass ratio and LV
volumes and systolic function, we then assessed the relationship be-
tween the flow/mass ratio and risk of incident HF hospitalization and
death. The primary outcome of HF hospitalization occurred in 44
patients with a median follow-up of 7.2 years. The secondary out-
come of all-cause death occurred in 61 patients. The composite out-
come of HF hospitalization or death occurred in 92 patients.
Compared to a preserved flow/mass ratio (above the median), a low
ratio of perfusion to total LV mass was associated with a greater cu-
mulative incidence of HF hospitalization (Figure 2A), all-cause death
(Figure 2B), and the composite of HF hospitalization and death (Figure
2C). Univariate and serial multivariable-adjusted hazard ratios (HRs)
for HF hospitalization and death are shown in Table 4. Relative to a
preserved ratio, a low flow/mass ratio was associated with an
adjusted HR of 2.47 (95% CI 1.24–4.93) for HF hospitalization, 1.95
(95% CI 1.12–3.41) for death, and 2.20 (95% CI 1.39–3.49) for the
composite outcome. Adjusted annualized event rates are shown in
Supplementary material online, Figure S1. Similarly, when the flow/
mass ratio was divided into quintiles (Supplementary material online,
Table S3), the lowest quintile was associated with the highest hazard
for HF hospitalization and death, although definitive conclusions
regarding risk in the intermediate quintiles are limited by group size.

Given previous evidence supporting an association of MFR, stress
myocardial blood flow, and LV mass with clinical outcomes, these
parameters were also dichotomized based on median value and eval-
uated in prediction of clinical outcomes but provided less effective
risk stratification than the flow/mass ratio in this population of symp-
tomatic hypertensive patients without epicardial CAD (Supplemen-
tary material online, Table S4 and Figure S2).

Furthermore, in an exploratory analysis to consider the potential
role of the flow/mass ratio in the risk stratification of patients with
normal MFR, a group typically thought to be at favourable prognostic
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..risk, a reduced flow/mass ratio conferred increased risk of HF hospi-
talization (adjusted HR 5.96, 95% CI 2.02–17.57) despite normal
MFR, comparable to the HF risk in those with low MFR, i.e. coronary
microvascular dysfunction (adjusted HR 3.43, 95% CI 1.39–8.46)
(Supplementary material online, Table S5 and Figures S3 and S4).

Prognostic value of flow/mass ratio in
mid-range ejection fraction
Even in the absence of frankly reduced LVEF, subclinical abnormalities
in systolic function have been demonstrated to confer HF risk13 and
mid-range ejection fraction (EF) (LVEF 40–50%) has been increasingly
recognized as a challenging clinical scenario of unclear prognostic and
mechanistic significance.17 To explore whether concurrent

abnormalities in global myocardial perfusion might further inform HF
risk in mid-range LVEF, we stratified the population into three groups:
those with preserved flow/mass ratio and LVEF >50%, an intermedi-
ate group with either low flow/mass ratio or LVEF 40–50%, and those
with a reduced flow/mass ratio and mid-range LVEF 40–50%.
The combination of mid-range LVEF and a low flow/mass ratio was
associated with a significantly greater cumulative incidence of HF
hospitalization (Figure 3) with an adjusted annualized rate of HF hospi
talization of 13.1% (95% CI 4.9–35.4%) compared to 1.8% (95% CI
1.1–3.0%) in those with either low flow/mass ratio or mid-range
LVEF and 1.0% (95% CI 0.5–1.8%) in those with preserved flow/mass
ratio and LVEF >50% (Supplementary material online, Figure S5).
Unadjusted and serially adjusted HR for HF hospitalization and all-
cause death are shown in Supplementary material online, Table S6.

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of the total cohort and by sex-specific mediana flow/mass ratio

Total cohort (n 5 346) Flow/mass ratio

< median (n 5 173)

Flow/mass ratio

�median (n 5 173)

P-value

Age (years) 62.7 (12.4) 62.5 (12.8) 63.0 (12.0) 0.69

Female sex 254 (73.4) 127 (73.4) 127 (73.4) 1.00

BMI (kg/m2) 33.1 (8.2) 34.5 (8.7) 31.6 (7.4) 0.001

Diabetes 132 (38.2) 77 (44.5) 55 (31.8) 0.01

Race

White 134 (38.7) 75 (43.4) 59 (34.1) 0.36

Black 118 (34.1) 54 (31.2) 64 (37.0)

Hispanic/Latino 63 (18.2) 30 (17.3) 33 (19.1)

Other/unknown 31 (9.0) 14 (8.1) 17 (9.8)

eGFR (mL/min/1.73 m2) 61 (56–62) 61 (54–61) 61 (57–65) 0.19b

Symptoms at PET

Chest pain 303 (87.6) 150 (86.7) 153 (88.4) 0.62

Dyspnoea 99 (28.6) 50 (28.9) 49 (28.3) 0.91

Medications

ACEi/ARB 116 (33.5) 63 (36.4) 53 (30.6) 0.25

CCB 103 (29.8) 57 (33.0) 46 (26.6) 0.20

Beta-blockers 183 (52.9) 94 (54.3) 89 (51.5) 0.59

Nitrates 20 (5.8) 10 (5.8) 10 (5.8) 1.00

Diuretics 136 (39.3) 75 (43.4) 61 (35.3) 0.12

Aspirin 213 (61.6) 111 (64.2) 102 (59.0) 0.32

Lipid-lowering therapies 184 (53.2) 101 (58.4) 83 (48.0) 0.05

Number of antihypertensives

0–1 185 (53.5) 85 (49.1) 100 (57.8) 0.19

2 102 (29.5) 52 (30.1) 50 (28.9)

3 49 (14.2) 31 (17.9) 18 (10.4)

4þ 10 (2.9) 5 (2.9) 5 (2.9)

Non-invasive resting haemodynamics

HR (b.p.m.) 70.5 (13.6) 68.2 (12.5) 72.7 (14.3) 0.002

Systolic BP (mmHg) 152.0 (27.4) 150.2 (28.5) 153.8 (26.2) 0.22

Diastolic BP (mmHg) 76.0 (13.1) 75.2 (13.3) 76.9 (12.9) 0.24

Rate pressure product 10 705 (2827) 10 230 (2611) 11 181 (2959) 0.002

Values are mean ± standard deviation, n (%), or median (interquartile range).
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel blocker; eGFR, estimated
glomerular filtration rate; HR, heart rate; PET, positron emission tomography.
aThe median flow/mass ratio was 0.0243 mL/g/min per g/m2 in men and 0.0352 mL/g/min per g/m2 in women.
bP-value reflects Wilcoxon test. All others are t-tests for continuous variables and v2 for categorical variables.
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Discussion

We have herein demonstrated that insufficient myocardial perfusion
to match global metabolic demand, as measured by a reduced myo-
cardial perfusion to global LV mass ratio, has functional and prognos-
tic importance in symptomatic patients with hypertension but no
obstructive epicardial CAD who presented for stress myocardial
PET (Graphical Abstract). Low myocardial blood flow relative to global
LV mass was associated with more adverse ventricular remodelling

including more dilated LV volumes and lower systolic function in the
form of EF, and with significantly greater risk of incident HF hospital-
ization. Interestingly, low myocardial blood flow relative to global LV
mass concurrent with mid-range LVEF conferred higher risk of HF
than either one alone. Given our prior findings that abnormalities in
perfusion can predict HF risk despite the absence of apparent mal-
adaptive remodelling,13 these findings extend our understanding of
how inadequate myocardial perfusion to supply the hypertensive
ventricle may promote the transition from symptomatic

....................................................................................................................................................................................................................

Table 2 Left ventricular perfusion, structure, function, and injury stratified by mediana flow/mass ratio

Total cohort

(n 5 346)

Flow/mass ratio

< median (n 5 173)

Flow/mass ratio

�median (n 5 173)

P-value

Myocardial perfusion

Rest MBF (mL/min/g) 1.13 (0.49) 0.93 (0.27) 1.34 (0.57) <0.001

Stress MBF (mL/min/g) 2.24 (0.92) 1.62 (0.43) 2.86 (0.86) <0.001

MFR 2.09 (0.85) 1.84 (0.57) 2.35 (1.00) <0.001

Correctedb MFR 2.22 (1.03) 1.85 (0.68) 2.58 (1.18) <0.001

Myocardial structure and function

LV mass indexed to BSA (g/m2) 65.0 (10.9) 69.7 (11.2) 60.2 (8.3) <0.001

Rest EDV indexed to BSA (mL/m2) 46.0 (14.0) 51.4 (14.7) 40.5 (10.7) <0.001

Rest ESV indexed to BSA (mL/m2) 18.0 (8.3) 21.2 (8.9) 14.7 (6.2) <0.001

Rest LVEF (%) 62.2 (8.6) 59.8 (8.3) 64.5 (8.2) <0.001

Stress LVEF (%) 67.8 (8.8) 64.4 (8.5) 71.1 (7.8) <0.001

LVEF reservec (%) 5.6 (5.5) 4.6 (5.5) 6.5 (5.4) 0.001

TID, n (%) 130 (37.6%) 73 (42.2%) 57 (33.0%) 0.08

Myocardial injury, n (%)

Troponin detectedd 25/322 (7.8%) 17/155 (11.0%) 8/167 (4.8%) 0.04

Natriuretic peptide elevatione 15/115 (13.0%) 10/67 (14.9%) 5/48 (10.4%) 0.48

BSA, body surface area; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular; LVEF, left ventricular ejection fraction; MBF, myocardial blood flow; MFR, myo-
cardial flow reserve (stress MBF/rest MBF; unitless); TID, transient ischaemic dilation.
aThe median flow/mass ratio was 0.0243 mL/g/min per g/m2 in men and 0.0352 mL/g/min per g/m2 in women.
bCorrected MFR accounts for myocardial work as the ratio of stress MBF over rest MBF/rate pressure product� 10 000.
cLVEF reserve = stress LVEF - rest LVEF.
dTroponin values ascertained in a subset of 322 patients of the total cohort.
eNatriuretic peptide values ascertained in a subset of 115 patients of the total cohort.

.................................................. .................................................. ..................................................

....................................................................................................................................................................................................................

Table 3 Association of left ventricular structure and function with flow/mass ratio

Model 1 (unadjusted) Model 2a Model 3b

b (D per SD of

flow/mass ratio)

P-value b (D per SD of

flow/mass ratio)

P-value b (D per SD of

flow/mass ratio)

P-value

Rest EDVi (mL/m2) -0.471 <0.001 -0.480 <0.001 -0.442 <0.001

Rest ESVi (mL/m2) -0.517 <0.001 -0.519 <0.001 -0.481 <0.001

Rest LVEF (%) 0.434 <0.001 0.380 <0.001 0.329 <0.001

Stress LVEF (%) 0.518 <0.001 0.474 <0.001 0.430 <0.001

LVEF reservec (%) 0.148 0.006 0.146 0.004 0.078 0.14

EDVi, end-diastolic volume indexed to body surface area; ESVi, end-systolic volume indexed to body surface area; LVEF, left ventricular ejection fraction; SD, standard
deviation.
aAdjusted for age, sex, and body mass index.
bAdjusted for age, sex, body mass index, diabetes mellitus, estimated glomerular filtration rate, radiotracer, and number of antihypertensive medications.
cLVEF reserve = stress LVEF - rest LVEF.

J.M. Brown et al.3328
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..hypertension to clinical HF. Thus, this novel flow/mass ratio may
serve as a biomarker that identifies a hypertensive endotype prone
to the development of HF events.

Prior studies have demonstrated the critical importance of myo-
cardial perfusion and the imbalance between myocardial oxygen sup-
ply and demand in HF risk, in the absence of epicardial CAD or acute
myocardial infarction.18 Studies using cardiac CT angiography have
shown that epicardial coronary artery lumen volume indexed to LV
myocardial mass associates with impaired fractional flow reserve,
supporting the epicardial coronary artery structure–function rela-
tionship.19 Our results using PET-derived flow/mass ratio extend this
concept by measuring total blood supply of the epicardial and micro-
vascular coronary circulation indexed to LV mass. In the absence of
obstructive epicardial CAD, coronary microvascular dysfunction is

prevalent in hypertension and HF with preserved EF (HFpEF),12,20–22

and resulting subendocardial ischaemia has been implicated as one of
the central pathways in HFpEF pathogenesis. Patients with HFpEF
demonstrate higher troponin levels at rest and with exercise,23 and a
positive troponin in the context of coronary microvascular dysfunc-
tion identifies patients at especially high risk for adverse cardiovascu-
lar outcomes.24 Beyond evidence of myocardial injury, abnormalities
in myocardial perfusion have been linked to HF risk through associa-
tions with structural remodelling,14 diastolic dysfunction,12–14 and ab-
normal systolic mechanics13,14 in patients with hypertension, as well
as those with chronic kidney disease and other cardiometabolic risk
factors.

In systemic hypertension, chronic LV pressure overload induces
not only structural adaptation in the form of myocyte hypertrophy
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Figure 2 Kaplan–Meier survival curves are shown for heart failure hospitalization (A), all-cause death (B), and the composite of heart failure hospi-
talization and all-cause death (C), with patients categorized by preserved vs. low flow/mass ratio (>_ vs. <sex-specific median) over a median follow-
up of 7.2 years for heart failure hospitalization, 8.9 years for death, and 7.3 years for the composite outcome.

................................................ ................................................ ................................................

....................................................................................................................................................................................................................

Table 4 Association of flow/mass ratio and risk of heart failure hospitalization and all-cause mortality

Model 1 (unadjusted) Model 2a Model 3b

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

HF hospitalization (44 events)

Flow/mass ratio 2.94 (1.55–5.58) <0.001 2.91 (1.52–5.57) 0.001 2.47 (1.24–4.93) 0.01

All-cause death (61 events)

Flow/mass ratio 1.92 (1.15–3.22) 0.01 2.29 (1.35–3.88) 0.002 1.95 (1.12–3.41) 0.02

Composite of HF hospitalization and all-cause death (92 events)

Flow/mass ratio 2.35 (1.53–3.61) <0.001 2.49 (1.62–3.84) <0.001 2.20 (1.39–3.49) <0.001

Relative to a preserved flow/mass ratio, a low flow/mass ratio below the sex-specific median is associated with an increased risk of HF hospitalization, all-cause death, and their
composite. The median flow/mass ratio was 0.0243 mL/g/min per g/m2 in men and 0.0352 mL/g/min per g/m2 in women.
CI, confidence interval; HF, heart failure; HR, hazard ratio.
aAdjusted for age, sex, and body mass index.
bAdjusted for age, sex, body mass index, diabetes mellitus, estimated glomerular filtration rate, radiotracer, number of antihypertensive medications, and left ventricular ejection
fraction.

Low coronary flow relative to myocardial mass predicts HF 3329
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but also changes in capillary density, microvascular resistance, and
vascular stiffness due to vascular and interstitial remodelling and fi-
brosis,25 all of which contribute to abnormalities in myocardial perfu-
sion. In early mechanistic studies in experimental animal models,
changes in coronary artery luminal diameter were found not to in-
crease proportionately with increases in LV mass,26,27 which has
been attributed to increases in the coronary arteriolar wall-to-lumen
ratio due to vascular smooth muscle hypertrophy.28 In the context of
LVH, capillary density is reduced as a result of capillary rarefaction
and of inadequate angiogenesis to meet the increased demand of the
hypertrophying ventricle,29 a finding also present in patients with
HFpEF.30 Endothelial dysfunction, manifested by impaired vasodila-
tion and reduced nitric oxide availability, is found in patients with
hypertension, LVH, and HFpEF and represents another mechanism
of impairment in myocardial perfusion.31–33

Beyond the haemodynamic effects of chronically elevated blood
pressure on ventricular wall stress, myocyte hypertrophy, and coron-
ary vascular stiffening, non-haemodynamic factors may also contrib-
ute importantly to the development of impaired myocardial
perfusion and resultant hypertensive heart disease. Hypertension,
and its frequently associated constellation of cardiometabolic risk fac-
tors including obesity and diabetes, has been more recently under-
stood as a complex metabolic risk state with inflammation, reactive
oxygen species, and hormonal factors such as aldosterone implicated
in the development of interstitial fibroblast differentiation, collagen

accumulation, and perivascular fibrosis.25,31 Given the comparable
blood pressures and antihypertensive regimens between those
patients with preserved and impaired global myocardial flow/mass
ratio, it is possible that these non-haemodynamic pathways account
for differences in the adequacy of hyperaemic perfusion to meet glo-
bal metabolic demand, higher rates of detectable myocardial injury,
associated decrement in LV structure and systolic function, and
higher downstream risk of HF events.

Patients with hypertension and anginal symptoms without ob-
structive epicardial CAD represent a clinical challenge,34 especially in
the absence of overt structural remodelling or hypertrophy. By taking
advantage of quantitative PET as a unique mechanistic tool in a symp-
tomatic clinical cohort, we demonstrated a subclinical imbalance in
the myocardial oxygen supply/demand relationship with functional
and prognostic significance for hypertensive HF. While it would not
be feasible or advisable that myocardial PET perfusion imaging and
the flow/mass ratio be incorporated into routine clinical decision-
making algorithms for patients with hypertension, the ability to
simultaneously assess quantitative myocardial perfusion and structure
provides a unique opportunity to expand the understanding of hyper-
tensive HF pathogenesis.

Strengths and limitations
While this study incorporates an established technique for measuring
myocardial blood flow in a core laboratory, detailed clinical event ad-
judication, and multiple complementary findings in support of the hy-
pothesis, several limitations must be acknowledged. First, this is an
observational study in a clinical registry population and may be sub-
ject to residual, uncontrolled confounding. However, despite the
relatively small study population and few clinical events, there was ad-
equate power to demonstrate a significant increased risk for both HF
hospitalization and all-cause mortality among those patients with in-
adequate perfusion relative to LV mass. Second, while symptomatic,
hypertensive patients without epicardial CAD represent only a frac-
tion of the hypertensive population, this population may be enriched
for abnormalities in myocardial perfusion and be at increased risk of
remodelling and HF and thus represent a population in which early
pathophysiological abnormalities truly referable to hypertensive
heart disease can best be studied. Furthermore, patients with hyper-
tension often have multiple comorbid cardiovascular risk factors with
overlapping pathological mechanisms, such as inflammation, which
may contribute to HF risk. Though the presence of diabetes and
obesity was accounted for in the above adjusted analyses, dedicated
future study is warranted to delineate their relative contributions.
Third, while one could consider whether measurement of natriuretic
peptides in symptomatic patients with hypertension suggests a clinical
suspicion for HF, these measurements were almost all negative, vali-
dating that these patients were not already in subclinical HF at the
time of PET. Fourth, in this study, quantification of LV structure and
function parameters are confined to gated PET-CT images. However,
reproducibility and accuracy of LV mass and LVEF assessment by PET
have been previously reported,35–37 and the prognostic importance
of abnormalities in myocardial perfusion in hypertensive HF risk have
been demonstrated in patients without echocardiographic evidence
of adverse remodelling.13 Finally, hypothesized transmural and/or re-
gional heterogeneity in myocardial flow, including inadequate suben-
docardial perfusion and potential ischaemia and fibrosis, cannot be

EF > 50% and Preserved Flow/Mass Ra�o
Either EF 40-50% or Low Flow/Mass Ra�o
Both EF 40-50% and Low Flow/Mass Ra�o

Log-rank p <0.001
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Figure 3 Freedom from heart failure hospitalization based on the
integration of flow/mass ratio and mid-range ejection fraction (40–
50% vs. >_50%). Kaplan–Meier survival curves are shown for heart
failure hospitalization with patients characterized by preserved vs.
mid-range ejection fraction (ejection fraction > 50% vs. ejection
fraction 40–50%) and preserved vs. low Flow/Mass ratio (>_ vs.
<sex-specific median). Patients with both mid-range ejection frac-
tion and low flow/mass ratio have the worst heart failure hospital-
ization prognosis. The displayed hazard ratio is derived from the
Cox proportional hazards model, adjusted for age, sex, body mass
index, history of diabetes, radiotracer, estimated glomerular filtra-
tion rate, and number of antihypertensive medications. CI, confi-
dence interval; EF, ejection fraction; HF, heart failure; HR, hazard
ratio.

J.M. Brown et al.3330
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resolved by the current PET perfusion imaging technology. Future
studies evaluating transmural perfusion gradients and LV tissue com-
position by cardiac magnetic resonance imaging and/or pathology
would provide important complementary data to the current study.

Given the complex haemodynamic and metabolic pathways that
characterize the transition from hypertension to hypertensive heart
disease, further investigation that leverages detailed physiological and
anatomic assessment will be essential. Future studies will be import-
ant to better understand the utility of this flow/mass ratio in elucidat-
ing HF risk in other conditions prone to LVH and adverse structural
and functional changes, such as aortic stenosis, diabetes, and chronic
kidney disease, and in apparently physiological hypertrophy in ath-
letes. Extending the application of the flow/mass ratio to larger popu-
lations will also facilitate a more complete and nuanced
understanding of HF risk across the full range of flow/mass ratio,
which may provide further physiological insight into the HF
transition.

Conclusions

Despite being one of the most critical and remediable cardiovascular
risk factors, hypertension remains inadequately controlled and hyper-
tensive heart disease insufficiently understood. Applying a
physiology-oriented approach to integrate myocardial perfusion,
structure, and function characterized symptomatic hypertensive
patients with subclinical evidence of hypertensive heart disease and
at elevated risk for HF and death. Investigation into the mechanisms
by which ventricular perfusion adapts to meet metabolic demands
imposed by the hypertensive ventricle can facilitate targeted risk as-
sessment and intervention, with the aim of reducing the burden of
hypertensive HF.

Supplementary material

Supplementary material is available at European Heart Journal online.
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