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Prognostic value of coronary vascular dysfunction assessed
by rubidium-82 PET/CT imaging in patients with resistant
hypertension without overt coronary artery disease
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Abstract
Purpose The identification of coronary vascular dysfunction may enhance risk stratification in patients with resistant hyperten-
sion (RH). We evaluated if impaired coronary vascular function, assessed by rubidium-82 (82Rb) positron emission tomography/
computed tomography (PET/CT) imaging, is associated with increased cardiovascular risk in patients with hypertension without
overt coronary artery disease (CAD).
Methods We studied 517 hypertensive subjects, 26% with RH, without overt CAD, and with normal stress-rest myocardial
perfusion imaging at 82Rb PET/CT. The outcome end points were cardiac death, nonfatal myocardial infarction, coronary
revascularization, and admission for heart failure.
Results Over a median of 38 months (interquartile range 26 to 50), 21 cardiac events (4.1% cumulative event rate) occurred.
Patients with RHwere older (p < 0.05) and had a higher prevalence of left ventricular hypertrophy (p < 0.001), a lower hyperemic
myocardial blood flow (MBF), and myocardial perfusion reserve (MPR) (both p < 0.001) compared to those without.
Conversely, coronary artery calcium content and baseline MBF were not different between patients with and without RH. At
univariable Cox regression analysis, age, RH, left ventricular ejection fraction, coronary artery calcium score, and reduced MPR
were significant predictors of events. At multivariable analysis, age, RH, and reduced MPR (all p < 0.05) were independent
predictors of events. Patients with RH and reduced MPR had the highest risk of events and the major risk acceleration over time.
Conclusion The findings suggest that the assessment of coronary vascular function may enhance risk stratification in patients
with hypertension.

Keywords PET/CT .Myocardial perfusion reserve . Resistant hypertension . Prognosis

Introduction

Hypertension is the leading risk factor for stroke, cardiovas-
cular disease, and premature death [1]. Patients with
treatment-resistant hypertension (RH) have a higher risk of
hypertension-mediated organ damage and a Framingham 10-
year coronary risk score > 20% [1]. Moreover, RH patients
present more severe alterations of vascular function compared
to patients with controlled hypertension (CH), as supported by
the high rates of peripheral atherosclerosis, reduced endothe-
lial function, impaired arterial compliance, and elevated sys-
temic vascular resistance [2]. Rubidium-82 (82Rb) positron
emission tomography (PET)/computed tomography (CT) al-
lows the quantification of myocardial blood flow (MBF) at
rest and during vasodilator stress, providing a non-invasive
evaluation of myocardial perfusion reserve (MPR) [3, 4]. By
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integrating epicardial and microvascular circulations, MPR
depicts the vasodilator capacity of the coronary circulation.
The added value of MBF and MPR has been demonstrated
in the identification of impaired coronary vascular function
and also as an indicator of therapeutic interventions effective-
ness [5] and in the prognostic assessment of the patient with
suspected and known coronary artery disease (CAD) [6–8].
Previous studies demonstrated that patients with RH com-
pared with patients with CH have a lower value of coronary
flow reserve assessed by transthoracic Doppler echocardiog-
raphy [9] and lower hyperemic MBF and MPR evaluated by
82Rb PET/CT [10]. However, in patients with RH, the prog-
nostic value of the coronary vascular function in predicting
cardiovascular events has been never investigated. This study
was designed to evaluate whether measurement of coronary
vascular function by 82Rb PET/CT helps in predicting out-
come in patients with hypertension and without overt CAD.

Materials and methods

Patients

From March 2012 and March 2014, 2075 hypertensive pa-
tients underwent stress-rest 82Rb PET/CT as part of their di-
agnostic workup. For the purpose of the present investigation,
1237 hypertensive patients with known CAD, 166 with ab-
normal myocardial perfusion imaging, and 120 with heart
failure were excluded. Follow-up data were not available in
35 (6%) of the remaining 552 patients, leaving 517 subjects
for the analysis. For each patient, the presence of coronary risk
factors was noted. Arterial hypertension was defined as re-
peated blood pressure (BP) measurements of ≥ 140 mmHg
systolic and/or ≥ 90 mmHg diastolic and/or intake of antihy-
pertensive medications [1]. Resistant hypertension (RH) was
defined as hypertension that remains uncontrolled with three
antihypertensive (including one diuretic) drugs, administered
at maximum or maximally tolerated daily doses, or BP con-
trolled on four medications [2]. Diabetes was defined when
the patients had any one of the criteria as follows: fasting
blood glucose ≥ 126 mg/dL, random blood glucose ≥
200 mg/dL, blood glucose ≥ 200 mg/dL 2 h after a 75 g oral
glucose tolerance test within the past 3 months, currently tak-
ing drugs to treat hyperglycemia, or prior medical diagnosis of
diabetes. Hypercholesterolemia was defined as a total choles-
terol level > 6.2 mmol/L or treatment with cholesterol-
lowering medication. A positive family history of CAD was
defined by the presence of disease in first-degree relatives
younger than 55 years in men or 65 years in women.
Patients were defined as symptomatic if they reported atypical
angina and/or shortness of breath. The review committee of
our institution approved this study and all patients gave

informed consent (“Comitato Etico, Università Federico II”,
protocol number 110/17).

PET/CT imaging

As a routine preparation for 82Rb cardiac PET/CT, patients
were asked to discontinue taking methylxanthine containing
foods or beverages for 24 hours. In all patients, anti-
hypertensive medications were not discontinued before imag-
ing studies. Scans were acquired using Biograph mCT 64-slice
scanners (Siemens Healthcare). Rest and stress cardiac PET/
CT images were acquired as follows: scout CT was performed
to check patient position and low-dose CT (0.4 mSv; 120 kVp;
effective tube current, 26 mA [11-mAs quality reference];
3.3 s) was performed for attenuation correction, during normal
breathing before and after PET acquisitions. For both rest and
stress imaging, 1110 MBq of 82Rb was injected intravenously
with a 7-min list-mode PET acquisition. Dynamic PET acqui-
sition was started at rest followed by an adenosine pharmaco-
logic stress test (140 μg × kg−1 ×min−1 for 4.5 min, with tracer
injection between 2 and 2.5 min). Both rest and stress dynamic
images were reconstructed into 26-time frames (12 × 5 s, 6 ×
10 s, 4 × 20 s, and 4 × 40 s; total, 6 min) using the vendor
standard ordered-subsets expectation maximization 3D recon-
struction (2 iterations, 24 subsets) with 6.5-mm Gaussian post-
processing filter. In addition, the images were corrected for
attenuation using the low-dose CT. The heart rate, systemic
BP, and 12-lead ECGwere recorded at baseline and throughout
the infusion of adenosine. External cardiac work was estimated
as a rate-pressure product and was calculated as heart rate ×
systolic arterial BP. Myocardial perfusion, LV volumes, and
EF were calculated using an automated software (QPS and
QGS, Cedars-Sinai Medical Center, Los Angeles, CA, USA).
LVEF reserve was computed as stress EF-rest EF [11].
Regional myocardial perfusion was evaluated, using standard-
ized segmentation of 17 myocardial regions [12]. Each myo-
cardial segment was scored from normal (score = 0) to absent
perfusion (score = 4). The summed stress score was obtained
by adding the scores of the 17 segments of the stress images. A
similar procedure was applied to the resting images to calculate
the summed rest score. The summed difference score was de-
fined as the difference between the stress and rest scores.
Myocardial perfusion finding was considered normal when
summed stress score was < 3 and/or LVEF ≥ 45%.

Absolute MBF (in mL ×min−1×g−1) was computed from
the dynamic rest and stress imaging series with commercially
available software (Siemens Syngo Dynamic PET) [13]. MPR
was defined as the ratio of hyperemic to baseline MBF
and was considered reduced when < 2 [14]. The MPR
values were calculated using baseline MBF corrected for
a rate-pressure product.

Coronary calcification was defined as a plaque with an area
of 1.03mm2 and a density ≥ 130 HU. Coronary artery calcium
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(CAC) score was calculated according to the method de-
scribed by Agatston et al. [15]. Experienced nuclear medicine
physicians analyzed the CT studies, blinded to the PET re-
sults. CAC score was calculated separately for the left anterior
descending, left circumflex, and right coronary arteries, and
summed to provide a total CAC score. CAC score was also
categorized into 4 groups (0; 0.1–99.9; 100–399; and ≥ 400).

Outcome

The follow-up was obtained by the use of a questionnaire that
was assessed by a phone call to all patients and by the review
of hospital or physicians’ records by individuals blinded to the
patient’s test results. The outcome was a composite endpoint
of cardiac death, nonfatal myocardial infarction, coronary re-
vascularization, or admission for heart failure whichever oc-
curred first. The cause of death was confirmed by a review of
the death certificate, hospital chart, or physician’s records.
Death was considered to be of cardiac origin if the primary
cause was defined as acute myocardial infarction, congestive
heart failure, valvular heart disease, sudden cardiac death, and
cardiac interventional/surgical procedure related. Myocardial
infarction was defined when > 2 of the following 3 criteria
weremet: chest pain or equivalent symptom complex, positive
cardiac biomarkers, or typical electrocardiographic changes
[16]. All hospitalization events occurred more than 30 days
following imaging. The date of the last examination or con-
sultation was used to determine the length of follow-up.

Statistical analysis

Continuous data are expressed as mean ± standard deviation
and categorical data as a percentage. A student two-sample t
test and χ2 test were used to compare the differences in con-
tinuous and categorical variables, respectively. A p value <
0.05 (two-sided) was considered statistically significant.
Hazard ratios (HR) with 95% confidence intervals (CI) were
calculated by univariable and multivariable Cox regression
analysis. Variables showing a p value < 0.05 at univariable
analysis were considered for multivariable analysis. Event-
free survival curves were obtained by the Kaplan-Meier meth-
od and compared using the log-rank test. Annualized event
rates (AER) were calculated as the cumulative number of
events divided by person-time and expressed as events per
100 person-years. A parametric survival model was used to
identify which variables influenced time to event and to esti-
mate risk-adjusted event rates during follow-up [17, 18].
Based on the distribution of survival times in our cohort, a
Weibull distribution was selected for parametric survival, and
a good fit was found. In this distribution, if the shape param-
eter > 1, the hazard rate increases with time; if < 1, the hazard
rate decreases with time; and if = 1, the hazard rate is constant.
All the analyses were performed using STATA version 14.0

for Windows (StataCorp LP, College Station, TX) and JMP
(SAS Institute, Cary, North Carolina).

Results

Patient characteristics and imaging findings

Of the 517 patients enrolled, 136 (26%) had RH and 381
(74%) CH. Baseline patient characteristics and imaging find-
ings according to hypertensive status are shown in Table 1.
Patients with RH were slightly older and, as expected, had a
higher prevalence of LV hypertrophy. Compared to patients
with CH, those with RH had lower values of heart rate at peak
of the stress test and higher values of systolic and diastolic BP
both at rest and at peak of the stress test. A significant response
to the stress test was observed in both hypertensive groups
with a significant decrease in diastolic and systolic BP and a
significant increase in heart rate. Yet, patients with RH had
lower values of hyperemic MBF and MPR.

Outcome and predictors of events

Over a median follow-up of 38 months (interquartile range 26
to 50 months), 21 cardiac events (4.1% cumulative event rate)
occurred: 3 cardiac deaths (14%), 4 myocardial infarctions
(19%), 4 revascularization procedures (19%), and 10 admis-
sions for heart failure (48%). Patients’ characteristics and im-
aging findings according to the occurrence of events are re-
ported in Table 2. Patients with events, compared to those
without, were older and had a higher prevalence of RH. A
significant lower heart rate response to pharmacological stress
test and LVEF reserve were observed in patients experiencing
events. Patients with events also had a lower prevalence of
CAC score 0 and lower values of hyperemic MBF and MPR.

Univariable and multivariable Cox regression analyses are
reported in Table 3. At univariable analysis, age, RH, LVEF
reserve, CAC score categories, hyperemic MBF andMPR < 2
were significant predictors of events. At multivariable analy-
sis, age, RH, and MPR < 2 were independent predictors of
events. Event-free survival curves and AER according to hy-
pertensive andMPR status are reported in Fig. 1. Patients with
RH and reduced MPR had a lower event-free survival com-
pared with those with CH and reduced MPR (p < 0.05).
Interestingly, the event-free survival was similar in patients
with RH and normal MPR and those with CH and reduced
MPR (p = 0.47). The best outcome was observed in patients
with CH and MPR ≥ 2. CH patients with reduced MPR
showed no difference in AER as compared to those with nor-
mal MPR. Differently, RH patients with reduced MPR
showed an AER significantly higher compared to those with
normalMPR and compared to CH patients with reducedMPR
(both p < 0.05).
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Change risk in time

The cumulative hazard and the median survival time
predicted by Weibull analysis are illustrated in Fig. 2.
The survival model including hypertensive status and
MPR as covariates revealed that the highest risk of car-
diac events and the major risk acceleration were

observed in patients with RH and reduced MPR. The
probability of events was initially comparable in patients
with RH and normal MPR and patients with CH and
reduced MPR, but with a major risk acceleration for
patients with RH over time. Patients with CH and nor-
mal MPR had the lowest probability of events. Yet, the
predicted event-free survival time decreased with

Table 1 Patient characteristics,
medical treatment, hemodynamic
data, and imaging findings
according to hypertensive status

All patients (n=517) RH (n=136) CH (n=381) p value

Age (years) 61 (12) 63 (13) 60 (12) < 0.05

Male gender, n (%) 250 (48) 75 (55) 175 (46) 0.07

BMI (kg/m2) 31 (6) 30 (6) 31 (7) 0.25

Diabetes, n (%) 140 (27) 31 (23) 109 (28) 0.19

Hypercholesterolemia, n (%) 374 (72) 107 (79) 267 (70) 0.06

Smoking history, n (%) 155 (30) 30 (22) 125 (33) < 0.05

Family history of CAD, n (%) 248 (48) 58 (43) 190 (50) 0.15

Symptoms, n (%) 313 (60) 70 (52) 243 (64) < 0.05

LV hypertrophy, n (%) 207 (40) 77 (57) 193 (30) < 0.001

Beta-blockers, n (%) 253 (49) 95 (70) 158 (42) < 0.001

Calcium channel blockers, n (%) 222 (43) 113 (83) 109 (29) < 0.001

Renin-angiotensin blockers, n (%) 330 (64) 126 (93) 204 (54) < 0.001

Diuretics, n (%) 200 (39) 131 (96) 69 (18) < 0.001

Rest HR (bpm) 70 (13) 69 (13) 71 (13) 0.25

Peak stress HR (bpm) 83 (16)* 81 (15)* 84 (16)* < 0.05

Rest SBP (mmHg) 145 (20) 156 (22) 141 (19) < 0.001

Peak stress SBP (mmHg) 133 (19)* 142 (20)* 130 (18)* < 0.001

Rest DBP (mmHg) 85 (13) 91 (13) 83 (12) < 0.001

Peak stress DBP (mmHg) 78 (12)* 82 (13)* 76 (11)* < 0.001

Rest EDV (mL) 98 (34) 106 (34) 95 (34) < 0.05

Peak stress EDV (mL) 107 (35) 114 (36) 105 (35) < 0.05

Rest ESV (mL) 47 (23) 51 (24) 45 (23) < 0.05

Peak stress ESV (mL) 48 (24) 53 (24) 47 (24) 0.06

Rest LVEF (%) 55 (8) 56 (8) 55 (8) 0.75

Peak stress LVEF (%) 57 (8) 56 (8) 57 (9) 0.54

LVEF reserve (%) 1.86 (3.68) 1.64 (3.82) 1.93 (3.63) 0.49

Baseline MBF (mL/min/g) 1.03 (0.27) 1.02 (0.26) 1.03 (0.27) 0.74

Hyperemic MBF (mL/min/g) 2.57 (0.82)* 2.18 (0.81)* 2.71 (0.77)* < 0.001

MPR 2.56 (0.71) 2.16 (0.65) 2.71 (0.68) < 0.001

MPR < 2, n (%) 111 (21) 63 (46) 48 (13) < 0.001

CAC score categories 0.08
0, n (%) 280 (54) 61 (45) 219 (57)

0.1–99.9, n (%) 73 (14) 24 (17) 49 (13)

100–399.9, n (%) 65 (13) 19 (14) 46 (12)

≥ 400, n (%) 99 (19) 32 (24) 67 (18)

Values are expressed as mean value ± standard deviation or as number (percentage)

RH resistant hypertension, CH controlled hypertension, BMI body mass index, CAD coronary artery disease, LV
left ventricular, HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, EDV end-diastolic
volume, ESV end-systolic volume, EF ejection fraction,MBFmyocardial blood flow,MPRmyocardial perfusion
reserve, CAC coronary artery calcium

*p < 0.001 vs. baseline
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increasing age in all groups (Fig. 2b). For each age, the
lowest value are detectable in RH patients with reduced
MPR. However, the impact of reduced MPR decreases
with advancing age.

Discussion

This study first demonstrates that the presence of coronary
vascular dysfunction, assessed by 82Rb PET/CT imaging, is

Table 2 Patient characteristics,
medical treatment, hemodynamic
data, and imaging findings
according to cardiac events

All patients (n=517) Cardiac events
(n=21)

No cardiac
events (n=496)

p value

Age (years) 61 (12) 70 (14) 61 (12) < 0.001

Male gender, n (%) 250 (48) 9 (43) 241 (49) 0.61

BMI (kg/m2) 31 (6) 32 (6) 31 (6) 0.4

Diabetes, n (%) 140 (27) 8 (38) 132 (27) 0.25

Hypercholesterolemia, n (%) 374 (72) 16 (76) 358 (72) 0.69

Smoking history, n (%) 155 (30) 7 (33) 148 (30) 0.73

Family history of CAD, n (%) 248 (48) 10 (48) 238 (48) 0.97

Symptoms, n (%) 313 (60) 14 (67) 299 (64) 0.56

Resistant hypertension, n (%) 136 (26) 13 (62) 123(25) < 0.001

LV hypertrophy, n (%) 207 (40) 12 (57) 193 (39) 0.1

Beta-blockers, n (%) 253 (49) 15 (71) 238 (48) < 0.05

Calcium channel blockers, n (%) 222 (43) 9 (43) 213 (43) 0.99

Renin-angiotensin blockers, n (%) 330 (64) 15 (71) 315 (63) 0.46

Diuretics, n (%) 200 (39) 15 (71) 185 (25) < 0.005

Rest HR (bpm) 70 (13) 68 (9) 70 (14) 0.69

Peak stress HR (bpm) 83 (16)* 77 (10)* 84 (16)* < 0.05

Rest SBP (mmHg) 145 (20) 151 (27) 144 (20) 0.14

Peak stress SBP (mmHg) 133 (19)* 136 (26)* 133 (19)* 0.47

Rest DBP (mmHg) 85 (13) 85 (18) 86 (13) 0.88

Peak stress DBP (mmHg) 78 (12)* 74 (16)* 78 (12)* 0.13

Rest EDV (mL) 98 (34) 104 (38) 98 (34) 0.43

Peak stress EDV (mL) 107 (35) 113 (38) 107 (35) 0.43

Rest ESV (mL) 47 (23) 51 (27) 47 (23) 0.45

Peak stress ESV (mL) 48 (24) 54 (26) 48 (24) 0.26

Rest LVEF (%) 55 (8) 54 (9) 55 (8) 0.42

Peak stress LVEF (%) 57 (8) 54 (9) 57 (8) 0.15

LVEF reserve (%) 1.86 (3.68) 0.2 (3.27) 1.95 (3.68) < 0.05

Baseline MBF (mL/min/g) 1.03 (0.27) 1.06 (0.29) 1.03 (0.27) 0.67

Hyperemic MBF (mL/min/g) 2.57 (0.82)* 2.2 (0.71)* 2.59 (0.82)* < 0.05

MPR 2.56 (0.71) 2.08 (0.66) 2.58 (0.7) < 0.005

MPR < 2, n (%) 111 (21) 10 (48) 101 (20) < 0.005

CAC score categories < 0.05
0, n (%) 280 (54) 5 (24) 275 (56)

0.1–99.9, n (%) 73 (14) 4 (19) 69 (14)

100–399.9, n (%) 65 (13) 4 (19) 61 (12)

≥ 400, n (%) 99 (19) 8 (38) 91 (18)

Values are expressed as mean value ± standard deviation or as number (percentage)

BMI body mass index, CAD coronary artery disease, LV left ventricular, HR heart rate, SBP systolic blood
pressure, DBP diastolic blood pressure, EDV end-diastolic volume, ESV end-systolic volume, EF ejection frac-
tion, MBF myocardial blood flow, MPR myocardial perfusion reserve, CAC coronary artery calcium

*p < 0.001 vs. baseline
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associated with an increased risk of an adverse cardiac event
in patients with RH [19]. Among cardiovascular risk factors,
uncontrolled hypertension is one of the most critical, entailing
an elevated risk of myocardial infarction, hemorrhagic or is-
chemic stroke, renal failure, and heart failure [19]. Regardless
of other clinical and demographic characteristics, patients with
RH have a higher risk of adverse cardiovascular events than
patients with controlled hypertension; therefore, in these pa-
tients, any efforts should be performed toward improving out-
comes [20]. Elevated BP is a well-established risk factor for
cardiovascular events and lowering elevated BP has been
demonstrated to reduce such risk [21, 22].

The duration and the grade of hypertension may influence
the BP burden accumulated over time and this could explain
the different incidence of complications in patients with and
without RH [23]. However, published data advised that some
factors other than BP burden may be quickening cardiovascu-
lar disease progression in patients with RH. In general, elevat-
ed BP causes vascular and cardiac structural and functional
changes, such as the increased thickness of the carotid media
and intima, cardiac hypertrophy, and ventricular diastolic dys-
function [24–26], which increase the risk of cardiovascular
events.

It has been clearly reported that in absence of known CAD,
patients with normal perfusion and RH have an evidently im-
paired microvascular function compared with controlled hy-
pertension [9, 10] probably linked to the consequences of
microvascular remodeling due to persistent high BP values.
However, to our knowledge, this is the first study examining
the prognostic value of coronary vascular dysfunction,
assessed by 82Rb PET/CT, in patients with RH. Our results
indicated that, despite a normal myocardial perfusion, patients
with RH have a high risk of cardiovascular events. In partic-
ular, it also emerged that the inability to adequately increase
MBF in response to stress identify RH patients with a substan-
tially higher rate of events compared to those with normal
coronary vasodilator reserve and remaining at higher risk also
compared with CH patients with reduced MPR.

Previous studies demonstrated that the evaluation of coro-
nary vasodilator function improves the prognostic assessment
in different patients’ population [6–8]. Murthy et al. [6] dem-
onstrated that among patients with moderate and severe renal
impairment non-invasive assessment of vasodilator function
provides incremental value in risk stratification, beyond clin-
ical risk factors. Moreover, according to our findings, it has
been reported that a reduced MPR is associated with a higher

Table 3 Univariable and
multivariable analyses for
prediction of cardiac events

Univariable analysis Multivariable analysis

Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value

Age 1.08 (1.04-1.13) < 0.001 1.06 (1.02-1.11) < 0.05

Male gender 0.86 (0.36-2.04) 0.75

BMI 1.02 (0.96-1.09) 0.5

Diabetes 1.77 (0.73-4.27) 0.21

Hypercholesterolemia 1.18 (0.43-3.21) 0.75

Smoking history 1.21 (0.49-3.01) 0.67

Family history of CAD 1.05 (0.45-2.48) 0.91

Symptoms 1.36 (0.55-3.37) 0.51

LV hypertrophy 2.49 (0.81-7.61) 0.11

Resistant hypertension 4.7 (1.95-11.33) < 0.001 2.89 (1.06-7.57) < 0.05

Baseline heart rate 0.99 (0.97-1.02) 0.48

Peak stress heart rate 0.97 (0.93-1) 0.06

Baseline SBP 1.01 (0.99-1.04) 0.14

Peak stress SBP 1.01 (0.98-1.03) 0.48

Baseline DBP 1 (0.97-1.03) 0.99

Peak stress DBP 0.97 (0.93-1.01) 0.12

LVEF reserve 0.88 (0.79-0.99) < 0.05 0.91 (0.80-1.03) 0.14

CAC score categories 1.61 (1.15-2.26) < 0.01 1.11 (0.80-1.67) 0.68

Baseline MBF 1.20 (0.24-6.16) 0.81

Hyperemic MBF 0.49 (0.27-0.86) < 0.05 0.97 (0.43-2.18) 0.95

MPR <2 3.63 (1.54-8.56) < 0.005 2.58 (1.00-6.61) < 0.05

CI confidence interval, BMI body mass index, CAD coronary artery disease, LV left ventricular, SBP systolic
blood pressure, DBP diastolic blood pressure, EF ejection fraction, CAC coronary artery calcium,MBF myocar-
dial blood flow, MPR myocardial perfusion reserve
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annual event rate over 3 years compared with normal MPR
even in patients with normal perfusion [27]. Recently, Taqueti
et al. [28] found that in symptomatic patients without flow-
limiting epicardial CAD, impaired MPR is independently as-
sociatedwith diastolic dysfunction and adverse cardiovascular
events, suggesting that coronary microvascular ischemia, in
association with myocardial stiffness, may have an important
role in the pathophysiology of the events.

Hybrid PET/CT, in addition to the evaluation of absolute
MBF and MPR, is able to provide not only functional but also
morphological information for the assessment of coronary
status, such as quantification of the fat depot and CAC score
measurement [29, 30].

Assante et al. [8] in a patient population with suspected
CAD found that a high CAC score is associated with reduced
MPR and that both CAC score ≥ 400 and MPR are significant
predictors of cardiac events. When the two sides of the coin
are evaluated to establish their prognostic value in patients
with suspected CAD, it was observed that although both the
extent of CAC and the presence of coronary vascular dysfunc-
tion are associated with an adverse cardiac event, after adjust-
ment for clinical risk, only MPR improve risk assessment
[31]. Furthermore, for any level of CAC score, the presence
of reduced MPR is associated with adverse cardiovascular
events. In the present study performed in patients with RH
without any evidence of CAD according to normal perfusion

Fig. 1 Event-free survival curves
by Kaplan-Meyer analysis (a) and
annualized event rates (b) ac-
cording to hypertensive and cor-
onary vascular function status.
CH, controlled hypertension; RH,
resistant hypertension; MPR,
myocardial perfusion reserve
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imaging findings, CAC score even if resulted in a predictor of
event at follow-up did not show an independent association
with outcome in a multivariable model including clinical, he-
modynamic, and imaging data. These results are in agreement
with previous data demonstrating that CAC score is expres-
sion of macrocalcifications present in a more advanced stage
of atherosclerosis providing information only on epicardial
status. Whereas MPR reflects the integrity of both epicardial
and microvascular circulation and is a marker of coronary
dysfunction, the earliest step of atherosclerotic progression
[31]. Our results strengthen the concept that the assessment
of coronary vasodilator function, reflecting disease activity, is
a more powerful indicator of cardiac risk than the total burden
of calcified atherosclerosis. Between clinical variables, age
resulted an independent factor in determining cardiovascular
events. Age is already a recognized confounder as indepen-
dent predictor of events in multivariable prediction models
including all the traditional cardiovascular risk factors.
However, in our multivariate model MPR remains an inde-
pendent predictor of events despite such strong parameters as
RH and age.The survival model including, hypertension

status, MPR, and age as covariates showed that both CH and
RH patients had a decrease in the survival time according to
both age and MPR. The worst outcome was demonstrated in
all the age categories in RH patients compared to CH patients
and in the presence of reduced MPR. Moreover, the highest
risk of cardiac events and the major risk acceleration were
observed in patients with RH and reduced MPR. These results
indicate that MPR assessment may identify an earlier stage of
coronary dysfunction in the evolution of the atherosclerosis
process. In fact, despite RH is a strong predictor of events,
impaired MPR as assessed by perfusion PET even adds to the
discrimination of higher versus lower risk patients. Thus, the
functional evaluation of MPR in patients with RH could be a
powerful marker of adverse cardiac events, reflecting patho-
physiological changes, that could be corrected with an appro-
priate medical intervention. It has been suggested that hyper-
tension can determine microvascular abnormalities and, as
well, microvascular abnormalities can determine hyperten-
sion. Moreover, a kind of vicious circle may be determined
in which microvascular damage caused by hypertension could
help in sustaining or even exacerbating the rise in BP [32].

Our study could have clinical implications. First, consider-
ing that it remains unclear which are the processes involved in
the higher risk of events of patients with RH compared to
those with CH, evaluation of MPR could be useful to evaluate
the effects of BP on coronary function. Second, a non-
invasive measurement of coronary vascular function in pa-
tients with RH may help in identifying subjects with a higher
cardiac risk acceleration over time, for whom a different ther-
apeutic approach would be hypothesized. This study also has
some limitations. In particular, despite the study population
selected did not present a history of CAD and showed absence
of myocardial perfusion abnormalities, angiographic data
were not available. Thus, a possible role of coronary stenosis
on reduced MPR values cannot be excluded.

Conclusions

The highest risk of cardiovascular events is observed in sub-
jects with RH and coronary vascular dysfunction. The find-
ings suggest that the assessment of coronary vascular function
may enhance risk stratification in patients with hypertension.
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