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Background. Coronary microvascular dysfunction (CMD) may precede clinically overt
coronary artery disease (CAD). Overall and central obesity (CO) are major risk factors for
CAD. This study sought to investigate the subclinical significance of body adiposity patterns
based on the CMD risk.

Methods. A total of 128 patients with non-obstructive CAD were prospectively enrolled.
Patients were categorized into 4 anthropometric groups: normal weight and non-CO (NWNCO,
n 5 41), normal weight and CO (NWCO, n 5 20), excess weight and non-CO (EWNCO,
n 5 26), and excess weight and CO (EWCO, n 5 41). Patients underwent rest/stress electro-
cardiography-gated 13N-ammonia positron emission tomography to measure absolute
myocardial blood flow (MBF), myocardial flow reserve (MFR), hemodynamic parameters, and
cardiac function.
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Results. Resting MBF did not differ between groups (P = .36). Compared with the
NWNCO group, hyperemic MBF and MFR were significantly lower in the NWCO and EWCO
groups. Notably, patients with NWCO presented the lowest hyperemic MBF and MFR and the
highest incidence of CMD. Waist circumference was an independent risk factor for CMD (OR
1.05, 95% CI 1.01 to 1.10, P = .02).

Conclusion. In patients with non-obstructive CAD, CO may be associated with an
increased risk of CMD to better fit the study findings which did not assess management or
monitoring of MBF and MFR. (J Nucl Cardiol 2022;29:2434–45.)
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Abbreviations
BMI Body mass index

CAD Coronary artery disease

CMD Coronary microvascular dysfunction

CO Central obesity

MBF Myocardial blood flow

MFR Myocardial flow reserve

MPI Myocardial perfusion imaging

PET Positron emission tomography

WC Waist circumference

INTRODUCTION

Obesity is a global epidemic resulting in an increase

in cardiovascular disease (CVD). Obesity can be divided

into two types—overall obesity measured by body mass

index (BMI) and central obesity (CO) measured by waist

circumference (WC). CO has been associated with

increased cardiometabolic risk and impaired cardiac

function and is predictive of subclinical atherosclerosis

and cardiovascular disease.1–3 CO is also strongly

correlated with mental stress, inadequate sleep, and an

unhealthy lifestyle,4 all of which are related to a higher

prevalence of adverse cardiac events.5–7

Angina pectoris affects approximately 112 million

people globally; however, a large proportion of these

patients (up to 70%) do not present with obstructive

coronary artery disease (CAD).8 Coronary microvascu-

lar dysfunction (CMD) occurs early in the progression of

atherosclerosis among patients with non-obstructive

CAD and may precede obstructive plaque formation

and significant angiographic stenosis.9 Pioneering posi-

tron emission tomography (PET) studies have

demonstrated an association between overall obesity

and impairment of coronary circulatory or microvascular

function.10–12 However, at present, there are no reports

documenting the impact of different adiposity patterns

in CMD.

Conventional non-invasive testing for cardiac risk

assessment in CAD includes measuring the angiographic

stenosis or obstruction severity and quantification of left

ventricular function. However, these approaches do not

effectively account for CMD, especially in subclinical

high-risk subgroups. Electrocardiography (ECG)-gated

myocardial perfusion imaging (MPI) with 13N-ammonia

PET has demonstrated excellent diagnostic accuracy of

CMD through evaluating myocardial blood flow (MBF)

as well as myocardial flow reserve (MFR) and offers the

added value of measuring hemodynamic parameters and

cardiac function.13,14 In this study, we sought to inves-

tigate the associations between CMD and patterns of

body adiposity based on BMI and WC among patients

with non-obstructive CAD through ECG-gated 13N-

ammonia PET-MPI.

METHODS

Study Population and Design

Patients were prospectively enrolled in our study

between March 2017 and January 2021. The study

population included consecutive patients who underwent

ECG-gated 13N-ammonia PET-MPI for evaluation of

suspected CMD based on clinical symptoms, but not

obstructive CAD (defined as C 50% luminal stenosis)

confirmed by clinically indicated invasive coronary

arteriography or coronary computed tomography

angiography within 3 months prior to the PET study.

The most common indication for testing was the

evaluation of new or worsening symptoms, including

typical and atypical angina, dyspnea, or a decrease in

general performance. Patients younger than 18 years,

having coronary revascularization, or with contraindi-

cations against adenosine/dipyridamole or PET were

excluded.15 Contraindications for the use of adenosine/

dipyridamole were second- or third-degree atrioventric-

ular block, hypotension, bradyarrhythmias, asthma, or

hypersensitivity to dipyridamole/adenosine. This study

was approved by the Ethics Review Committee of the

First Hospital of Shanxi Medical University and a

written informed consent was obtained from all patients

prior to study participation.

Patients’ clinical history, BMI, WC, and current

medication use were ascertained at the time of PET

imaging. Patients with a BMI\ 25 kg/m2 were
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classified as having a normal weight, while those with a

BMI C 25 kg/m2 were categorized as having excess

weight (i.e., overweight/obese).16 WC was measured by

a trained examiner using a measuring tape positioned at

the midpoint between the lower costal margin and iliac

crest. The presence of CO was defined as WC[ 95 cm

for men or WC[ 90 cm for women.17 Patients were

subcategorized into the following four anthropometric

groups: normal weight and non-CO (NWNCO), normal

weight and CO (NWCO), excess weight and non-CO

(EWNCO), and excess weight and CO (EWCO).

13N-Ammonia PET-MPI Protocol

A 1-day rest-stress protocol was used for 13N-

ammonia PET-MPI. All patients were asked not to drink

alcohol, tea, or coffee for 24 hours before each PET

scan. Vasoactive medications or theophylline-containing

medications were withheld for at least two half-lives

prior to testing. All patients were examined in the fasting

state. PET was performed using the GE Discovery VCT

with 64-slice computed tomography (GE Healthcare,

Waukesha, Wisconsin) in two-dimensional mode. A

transmission scan was performed for attenuation cor-

rection before each PET acquisition. Myocardial

perfusion was measured at rest and during maximal

hyperemia by a standard intravenous infusion of

adenosine or dipyridamole using 13N-ammonia as the

flow tracer, as described previously.13,18 There was no

statistically significant difference in the measured MPI

or quantitative MBF when comparing the two agents in

previous reports.19,20 Heart rate, blood pressure, and

patients’ electrocardiogram readings were recorded at

baseline, throughout the infusion of the pharmacologic

agents, and during recovery. Heart rate response (HRR)

was defined as %HRR through the following equation

(HRR, [(peak effect HR—baseline HR)/baseline

HR] 9 100).

Data Reconstruction and Image Analysis

Images were reconstructed using a filtered back-

projection algorithm and were resliced in short axis and

in vertical and horizontal long-axis orientation. The

summed stress score, summed rest score, and summed

difference score were calculated (20-segment scoring);

A scan was considered normal if the summed stress

score was\ 4.13 As previously reported,18,21,22 absolute

myocardial perfusion was quantified through HeartSee

software (University of Texas-Houston, Houston, Texas,

FDA 150(k) K171303). The software used arterial inputs

personalized for each PET from among five aortic and

left atrium locations and automatically calculated abso-

lute myocardial perfusion. MBF (mL/min/g) was

analyzed for the global left ventricle. MFR was calcu-

lated as the ratio of stress to rest (absolute) MBF for the

left ventricle. Hyperemic MBF\ 2.3 mL/min/g or

MFR\ 2.5 was considered indicative of CMD accord-

ing to previous studies.23–26 Left ventricle ejection

fraction (LVEF) was automatically calculated through

Myovation software (GE Healthcare, Xeleris) based on

PET-gated data.

Statistical Analysis

Data are presented as mean±SD or medians and

interquartile ranges for continuous variables. Categori-

cal variables are presented as frequencies and

percentages. Differences between the four groups were

assessed using one-way analysis of variance, Kruskal–

Wallis test, chi-squared test, and Fisher’s exact test as

appropriate, with Bonferroni correction to account for

multiple testing. Univariate and multivariate logistic

regression analyses were performed to ascertain the

factors associated with CMD. Values are expressed as

odds ratio (OR) with 95% confidence interval (CI). No

statistically significant interactions were found in the

logistic regression models and no multicollinearity was

present. A two-tailed P value\ .05 was considered to be

statistically significant. Statistical analyses were per-

formed with IBM SPSS Version 22 (IBM Corporation,

Armonk, NY, USA).

RESULTS

Patient Characteristics

Table 1 summarizes the demographic and clinical

characteristics of the 128 participating patients. Of

these, 61 (47.66%) patients were categorized into the

normal weight group (BMI\ 25 kg/m2); 67 (52.34%)

were categorized into the excess weight group

(BMI C 25 kg/m2), where 13 patients (10.16%) had a

BMI C 30 kg/m2. Of all patients, 61 (47.66%) were

categorized into the centrally obese group. Notably, all

patients with overall obesity also had CO. Thus, the

patients with a BMI C 30 kg/m2 were included in the

EWCO group. An increased prevalence of hyperlipi-

demia was observed among the patients with CO.

However, there were no significant differences in other

cardiovascular risk factors (sex, diabetes, smoking, and

family history of CAD) between the four groups.

Hemodynamic Parameters

At baseline, there was no significant difference with

regard to heart rate and blood pressure among the four

groups. Pharmacologic vasodilation produced significant
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increases in heart rate, which did not differ between the

study groups. Although HRR was lower in patients with

CO, these differences were not statistically significant.

Blood pressure did not differ at the level of statistical

significance among the four groups after pharmacologic

vasodilation (Table 2).

Table 1. Demographic and clinical characteristics of the study patients

Characteristic
Total

(n 5 128)
NWNCO
(n 5 41)

NWCO
(n 5 20)

EWNCO
(n 5 26)

EWCO
(n 5 41)

P
value

Males, n (%) 55 (43.0) 15 (36.6) 9 (45.0) 9 (34.6) 22 (53.7) .349

Age (years) 54 ± 9 56 ± 9 57 ± 5 52 ± 8* 51 ± 9*/ .028

BMI (kg/m2) 25.62

(23.58–

27.51)

22.59 (20.95–

24.01)

24.06

(23.46–

24.43)

26.32 (25.63–

26.82)*/
28.05 (26.76–

30.11)*/
.001

WC (cm) 91 (84.25–

97)

82 (78.88–86) 95 (90.25–

96.75)*

88.5 (86–

90.25)

98 (94.25–

102)*C
.001

Major clinical symptoms, n (%)

Typical angina 48 (37.5) 17 (41.5) 7 (35) 14 (53.8) 10 (24.4) .098

Atypical angina 60 (46.9) 20 (48.8) 10 (50) 9 (34.6) 21 (51.2) .569

Dyspnea 20 (15.6) 4 (9.8) 3 (15) 3 (11.5) 10 (24.4) .284

Risk factors, n (%)

Diabetes 40 (31.3) 9 (22) 7 (35) 7 (26.9) 17 (41.5) .271

Hypertension 70 (54.7) 13 (31.7) 11 (55.0) 15 (57.7)* 31 (75.6)* .001

Hyperlipidemia 73 (57.0) 15 (36.6) 15 (75.0)* 15 (60.0) 28 (68.3)* .007

Smoking 44 (34.4) 12 (29.3) 10 (50) 7 (26.9) 15 (36.6) .352

Family history of

CAD

28 (21.9) 8 (19.5) 4 (20) 5 (19.2) 11 (26.8) .86

Medications, n (%)

Statin 50 (39.1) 8 (19.5) 11 (55.0)* 13 (50.0)* 18 (43.9)* .015

Antiplatelet agent 27 (21.1) 2 (4.9) 7 (35.0)* 8 (30.8)* 10 (24.4)* .013

Beta–blocker 22 (17.2) 7 (17.1) 3 (15.0) 4 (15.4) 8 (19.5) .975

ACE inhibitor or

ARB

31 (24.2) 7 (17.1) 7 (35.0) 5 (19.2) 12 (29.3) .358

Calcium–channel

blocker

35 (27.3) 5 (12.2) 6 (30.0) 7 (26.9) 17 (41.5)* .03

Diuretic 4 (3.1) 0 (0) 0 (0) 1 (3.8) 3 (7.3) .222

Fasting glucose

values (mmol/L)

5.21 (4.74–

5.93)

4.73 (4.5–

5.43)

5.38 (4.81–

7.38)

5.7 (4.99–6.71) 5.27 (4.97–

6.27)

.107

Number of vessels diseased, n (%) .155

0-vessel disease 60 (46.9) 21 (51.2) 9 (45) 16 (61.5) 14 (34.1)

1-vessel disease 40 (31.3) 13 (31.7) 5 (25) 8 (30.8) 14 (34.1)

2-vessel disease 14 (10.9) 4 (9.8) 1 (5) 1 (3.8) 8 (19.5)

3-vessel disease 14 (10.9) 3 (7.3) 5 (25) 1 (3.8) 5 (12.2)

Degree of coronary artery stenosis, no (%) .707

0–24% 101 (78.9) 33 (80.5) 16 (80) 22 (84.6) 30 (73.2)

25–49% 27 (21.1) 8 (19.5) 4 (20) 4 (15.4) 11 (26.8)

Values are shown as n (%), mean ± SD or medians (interquartile ranges). The P values were obtained using the chi-squared test,
ANOVA, or Kruskal–Wallis test, as appropriate
*Compared with NWNCO, P\0.05; /Compared with NWCO, P\ .05; CCompared with EWNCO, P\0.05
NWNCO normal weight and non-central obesity, NWCO normal weight and central obesity, EWNCO excess weight and non-
central obesity, EWCO excess weight and central obesity, BMI body mass index, WC waist circumference, CAD coronary artery
disease, ACE angiotensin-converting enzyme, ARB angiotensin receptor blocker
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ECG-Gated 13N-Ammonia PET Results

At baseline, no statistically significant differences in

LVEF were observed between the four study groups.

Pharmacologic vasodilation produced statistically sig-

nificant increases in LVEF, although hyperemic LVEF

was comparable among the study groups. Consequently,

no difference was observed in the adenosine/dipyri-

damole-induced LVEF changes (LVEF reserve,

P = .16). There were no significant differences in the

semiquantitative perfusion variables between the four

groups (Table 2).

The mean global MBF and MFR of the four study

groups are presented in Table 2 and Figure 1. The

proportion of adenosine as a pharmacologic agent was

29.3%, 35%, 26.9%, and 19.5% in the NWNCO,

NWCO, EWNCO, and EWCO groups, respectively;

there were no significant differences between the four

groups (P = .587). At baseline, MBF did not differ

among the study groups (P = .36). Compared with the

NWNCO group, hyperemic MBF was significantly

lower in the CO groups (NWCO vs NWNCO,

P = .001; EWCO vs NWNCO, P = .001). In patients

with excess weight, hyperemic MBF was somewhat

lower in patients with CO, but this difference was not

statistically significant (P = .14). Hyperemic MBF was

comparable among the groups of patients with CO

(P = .60). Similarly, no statistically significant differ-

ences were found between the groups without CO

(P = .10). Notably, hyperemic MBF was lowest in the

Table 2. Patient hemodynamic and ECG-gated 13N-ammonia PET parameters

NWNCO
(n 5 41)

NWCO
(n 5 20)

EWNCO
(n 5 26)

EWCO
(n 5 41)

P
value

Heart rate (bpm)

Baseline 64.54 ± 9.07 65.25 ± 7.52 63.85 ± 11.49 68.51 ± 10.90 .20

Peak effect 90.95 ± 13.01 86.85 ± 10.66 90.73 ± 8.36 92.44 ± 13.87 .42

HRR (%) 41.73 ± 15.72 33.54 ± 13.33 44.68 ± 17.88 37.20 ± 26.31 .21

SBP (mmHg)

Baseline 126.68 ± 20.20 122.3 ± 16.09 135.54 ± 18.65 133.02 ± 19.87 .06

Peak effect 121.28 ± 16.28 125.35 ± 23.91 121.92 ± 13.91 126.22 ± 18.61 .59

DBP (mmHg)

Baseline 70.20 ± 11.03 73.0 ± 11.18 75.46 ± 10.59 75.32 ± 9.83 .12

Peak effect 65.80 ± 10.72 66.15 ± 11.34 68.12 ± 9.63 70.0 ± 9.81 .28

LVEF (%)

Rest 60.0 (54.25–

64.75)

60.0 (57.00–

66.00)

59.0 (54.50–

62.00)

61.0 (50.25–

65.75)

.74

Hyperemic 65.50 (57.75–

69.75)

70.0 (64.0–72.0) 66.0 (62.0–69.0) 65.5 (59.75–

68.75)

.17

LVEF reserve 5.5 (1.25–9.0) 6.0 (3.0–12.0) 7.0 (2.5–11.0) 4.0 (0–8.75) .16

Summed score

Summed stress score 4 (2.5–8) 4 (3–6) 6 (2.5–7.5) 4 (2–7) .75

Summed rest score 1 (0–3) 0 (0–1) 1 (0–4) 1 (0–2) .06

Summed difference

score

2 (1–4.5) 3 (2–4) 3 (2–4.5) 3 (2-5) .65

Baseline MBF (mL/min/

g)

1.08 ± 0.3 1.01 ± 0.32 1.03 ± 0.37 0.96 ± 0.23 .36

Hyperemic MBF (mL/

min/g)

3.52 ± 1.24 2.58 ± 0.76 3.1 ± 0.91 2.73 ± 0.91 .001

MFR 3.29 ± 0.8 2.7 ± 0.79 3.14 ± 0.77 2.88 ± 0.85 .03

Values are shown as mean ± SD or medians (interquartile ranges). The P values were obtained using the ANOVA or Kruskal–
Wallis test, as appropriate
*Statistically significant difference between groups, P\ .05
NWNCO normal weight and non-central obesity, NWCO normal weight and central obesity, EWNCO excess weight and non-
central obesity, EWCO excess weight and central obesity, SBP systolic blood pressure, DBP diastolic blood pressure, LVEF left
ventricle ejection fraction, HRR heart rate reserve, MBF myocardial blood flow, MFR myocardial flow reserve
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NWCO group (2.58 ± 0.76 mL/min/g). MFR was sig-

nificantly lower in the groups with CO compared to the

NWNCO group (NWCO vs NWNCO, P = .01; EWCO

vs NWNCO, P = .03). In patients with excess weight,

MFR was somewhat lower in patients with CO, but this

difference was not statistically significant (P = .21).

MFR did not differ between the groups with CO

(P = .40) or without CO (P = .47). Likewise, MFR

was lowest in the NWCO group (2.70 ± 0.79). Figure 2

shows the MBF and MFR of representative cases in the

NWNCO, NWCO, EWNCO, and EWCO groups with

non-obstructive CAD.

In patients with CO (n = 13) presenting a

BMI C 30 kg/m2, the mean global resting MBF was

Figure 1. MBF and MFR. The figure presents MBF at rest (A) and during hyperemic flow
stimulation (B), as well as the corresponding MFR (C) in the four study groups. Besides, the
figure also presents the distributions of hyperemic MBF and MFR by both BMI and WC as
continuous variables (D). Patients with CO had lower hyperemic MBF and MFR. Both hyperemic
MBF and MFR were lowest in the NWCO group. *Compared with NWNCO, P\ .05.
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0.91 ± 0.16 mL/min/g, the mean hyperemic MBF was

2.60 ± 0.75 mL/min/g, and the mean MFR was

2.90 ± 0.88.

Correlation of Risk Factors with CMD

We observed statistically significant differences

with regard to prevalence rate of CMD in patients with

different adiposity patterns (P = .015, Figure 3a). The

crude prevalence rate of CMD was maximal in patients

with NWCO (n = 11, 55%) and minimal among

patients with NWNCO (n = 9, 22%). In patients with

excess weight, 43.2% of patients without CO (n = 11)

and 53.7% of patients with CO (n = 22) presented with

CMD. In the EWCO group, the initial assessment

identified 7 out of 13 (53.8%) patients with obesity

having CMD. Correspondingly, compared with the

NWNCO group, NWCO (OR = 4.35, 95% CI 1.38 to

13.73, P = .01) and EWCO (OR = 4.12, 95% CI 1.58 to

10.76, P = .004) were significantly associated with a

higher risk of CMD within univariate analyses

(Figure 3b).

The impact of potential risk factors on the risk of

CMD was evaluated across subgroups through univari-

ate analyses (Figure 4). Univariate regression analysis

identified male sex, smoking, WC, and blunted HRR as

significant predictors of CMD. Factors with P\ .1 in

univariate analyses were included in the multivariate

analysis models. After multivariate adjustment, smoking

(OR = 2.30, 95% CI 1.03 to 5.13, P = .04) and WC

(OR = 1.05, 95% CI 1.01 to 1.10, P = .02) were

independent risk factors for CMD and HRR was an

independent protective factor with regard to CMD risk

(OR = 0.08, 95% CI 0.01 to 0.84, P = .04, Table 3).

The Hosmer–Lemeshow test of model fit showed a P
value of .766. The area under the receiver operating

characteristic curve was 0.74 (95% CI 0.653 to 0.826).

DISCUSSION

In this study, we investigated the integrated predic-

tive value of two independent anthropometric indices

(BMI and WC) on CMD risk in patients with non-

obstructive CAD. We demonstrated, to our knowledge,

for the first time that patients with CO showed lower

hyperemic MBF and MFR, as well as a higher preva-

lence of CMD. In particular, patients with NWCO

presented the lowest hyperemic MBF and MFR and the

highest incidence rates of CMD among patients with

non-obstructive CAD. Furthermore, we demonstrated

that being overweight or obese based on BMI criteria

does not lead to a higher risk of CMD in the absence of

CO. Thus, measurement of WC may complement the

use of BMI in CMD risk stratification, especially for

patients with a normal BMI.

We present several explanations for our findings.

First, patients with NWCO may have visceral fat

accumulation and less muscle mass. Increased visceral

adiposity has been associated with the development and

progression of atherosclerotic disease.11 Insufficient

muscle mass in a low BMI population would lead to

adverse health outcomes since muscle mass is associated

with a more favorable metabolic profile.27 Second,

patients with NWCO may have decreased subcutaneous

fat on their hips and legs. Gluteofemoral fat possesses an

atheroprotective effect and its elevation is considered as

a protective factor for CMD.11 A previous study found

that CO was associated with higher systemic vascular

resistance, whereas peripheral obesity showed the oppo-

site association.28 Thus, CO may also be associated with

high coronary microvascular resistance, a proxy for

CMD.8

Presenting results were in line with a pioneering

study using magnetic resonance imaging that showed

that visceral adiposity was a superior predictor than BMI

of reduced perfusion in women, suggesting that visceral

fat may contribute to CMD.29 A recent transthoracic

echocardiography study demonstrated that overall and

central obesity were associated with different patterns of

left ventricular structural and functional alterations,

stressing the importance of incorporating BMI and WC

measurements into assessing obesity-related left ven-

tricular alterations.30

CO plays a crucial role in metabolic syndrome.

Approximately 35% of the obese population are

metabolically healthy obese, showing lower visceral

adipose tissue and a predominantly lower body fat

deposition.31 These individuals have about half the risk

of developing CVD than metabolically unhealthy indi-

viduals with obesity, but they still have a higher risk

than metabolically healthy individuals without obesity.31

Interestingly, it seems that individuals with normal

weight are somewhat at higher risk of CVD associated

with the metabolic dysfunction than individuals with

obesity.31

Furthermore, chronic mental stress has been asso-

ciated with the accumulation of abdominal adiposity in

previous studies,4,32,33 and severe psychological stres-

sors could contribute to diverse pathophysiological

changes in CVD.33 Pioneering studies show that mental

stress has increased dramatically over the past half

century and that this stress may promote energy intake

as well as preferential abdominal fat deposition through

long-term activation of the hypothalamic–pituitary–

adrenal (HPA) axis.4 Stress could also increase central

sympathetic nervous system activity, which can con-

tribute to endothelial dysfunction, a key pathological

2440 Wang et al. Journal of Nuclear Cardiology�
Combining body mass index with waist circumference to assess coronary September/October 2022



mechanism for CMD.5 The amygdala is a key compo-

nent of the brain’s salience network involved in stress

pathways.5 Increasing neuropeptide Y neuron expres-

sion in the central amygdala can result in exaggerated

obesity,34 and elevations of resting glucose metabolism

in the amygdala could independently predict the devel-

opment of cardiovascular disease.5

Figure 2. MBF and MFR in four typical cases representative of the different adiposity patterns. A
A 53-year-old male patient with NWNCO, resting MBF = 1.08 mL/min/g, hyperemic
MBF = 4.78 mL/min/g, and MFR = 4.47. B A 43-year-old male patient with NWCO, resting
MBF =0.93 mL/min/g, hyperemic MBF = 2.08 mL/min/g, and MFR = 2.24. C A 55-year-old
male patient with EWNCO, resting MBF = 0.95 mL/min/g, hyperemic MBF = 3.20 mL/min/g,
and MFR = 3.36. D A 55-year-old male patient with EWCO, resting MBF = 0.82 mL/min/g,
hyperemic MBF = 2.26 mL/min/g, and MFR = 2.73.
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Poor sleep may also explain certain associations

observed in this study. Inadequate sleep is extremely

common in the general population, and it may contribute

to the existing high prevalence of CO.35,36 Poor sleep

could be seen as a stressor itself because lack of sleep

increases the HPA-axis activation as a function of

mental stress.4,37 In addition, inadequate sleep promotes

low-level systemic inflammation that could in turn

promote the development of CMD and atherosclerotic

plaque formation.38 CO is also strongly correlated with

an unhealthy lifestyle: poor diet, smoking, alcohol

intake, and lack of physical activity.4 These lifestyle

factors are independent risk factors for cardiovascular

disease and may lead to CMD. Considered collectively,

patients with CO, especially those with a normal BMI,

Figure 3. Effect of different adiposity patterns on CMD. The figure presents the crude prevalence
rate of CMD in the four groups (A) as well as the connection of different adiposity patterns with
CMD risk (B). Patients with NWCO had the highest prevalence and risk of CMD.

Figure 4. Predictors of CMD in univariate regression analysis.

Table 3. Independent predictors of CMD
through multivariate analysis with forward
selection

Variables OR 95% CI P value

Smoking 2.30 1.03–5.13 .04

WC 1.05 1.01–1.10 .02

HRR 0.08 0.01–0.84 .04

Regression analysis was performed accounting for sex,
smoking, BMI, WC, and HRR. Only the variables retained in
the final model are shown here
CMD coronary microvascular dysfunction, OR odds ratio, CI
confidence interval, WC waist circumference, HRR heart rate
reserve
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may have an increased risk of CMD. Moreover, this

could partly explain the previous study results that

showed the association of NWCO with the highest risk

of mortality among patients with CAD.39

ECG-gated 13N-ammonia PET-MPI provides the

added value of information on hemodynamic parameters

and cardiac function. Our study found that HRR was a

protective factor for CMD, which was consistent with

previous findings.14 Moreover, blunted HRR can pro-

vide incremental prognostic value for long-term

cardiovascular outcomes.40 HRR may be taken into

consideration for risk stratification in obese patients with

non-obstructive CAD.

LVEF also had diagnostic and prognostic utility.13

Notably, supra-normal LVEF was associated with an

increased risk of major adverse cardiac events, and

CMD may account for this association.13 However, we

found that LVEF was not a powerful predictor of CMD.

We found that abnormal myocardial perfusion was also

not a powerful predictor of CMD, which was in keeping

with previous research.14 Although the traditional CAD

risk factors of hypertension, hyperlipidemia, and dia-

betes may all contribute to the pathology of CMD, the

association between these factors is not well estab-

lished.8 In our study, we could not conclude that CMD

was correlated with traditional CAD risk factors, with

the exception of smoking. We found that smoking,

which could lead to endothelial dysfunction, was

strongly associated with CMD, consistent with the

previous findings.8,41

LIMITATIONS

Our study had certain limitations. First, since this

was a single-center study, the findings may not be

generalizable to a broad population. Second, statistical

power could be limited owning to the relatively small

sample size of this study. Furthermore, we inadvertently

recruited an unbalanced subgroup based on the repre-

sentative distribution of participants of normal weight or

excess weight. Third, we did not collect information on

potentially confounding health behaviors such as disor-

dered eating and lack of exercise. We also did not

measure the patients’ body fat percentage, lean body

mass, or fat distribution. Fourth, we justified the cut-off

for CMD based on 15O–H2O rather than 13N-ammonia.

Although 13N-ammonia and 15O-water provide similar

absolute MBF information over a wide range of blood

flows in human, it remains uncertain how these thresh-

olds for hyperemic flows using 15O–H2O compare with
13N-ammonia. Moreover, we did not perform follow-up

surveillance for future cardiovascular events.

CONCLUSION

In this study, we report that CO may be associated

with decreased coronary microvascular function in

patients with non-obstructive CAD, with the highest

level of CMD risk observed among patients with

NWCO. Hence, hyperemic MBF and MFR could

facilitate the clinical management of non-obstructive

CAD patients. Future studies are warranted to investi-

gate the potential role of MBF or MFR regarding CVD

risk management, while considering a variety of body

fat indices.

NEW KNOWLEDGE GAINED

In patients with non-obstructive CAD, patients with

CO, especially those with normal weight, are more

likely to have CMD. On the contrary, being overweight

or obese based on BMI criteria does not lead to a higher

risk of CMD in the absence of CO. Thus, measurement

of WC may complement the use of BMI in CMD risk

stratification, especially for patients with a normal BMI.
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