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ABSTRACT
Aims/Introduction: Several cross-sectional studies have shown that delayed heart rate
recovery (HRR) after exercise is associated with the development of metabolic syndrome
(MetS). However, there has been a lack of comprehensively designed longitudinal studies.
Therefore, our aim was to evaluate the longitudinal association of delayed HRR following
a graded exercise treadmill test (GTX) with incident MetS.
Materials and Methods: This was a retrospective longitudinal cohort study of partici-
pants without MetS, diabetes, or cardiovascular diseases. The HRR was calculated as the
peak heart rate minus the resting heart rate after a 1 min rest (HRR1), a 2 min rest (HRR2),
and a 3 min rest (HRR3). Multivariate Cox proportional hazards analysis was performed to
investigate the association between HRR and development of MetS.
Results: There were 676 (31.2%) incident cases of MetS identified during the follow-up
period (9,683 person-years). The only statistically significant relationship was between HRR3
and the development of MetS. The hazard ratios (HRs) (95% confidence interval [CI]) of inci-
dent MetS comparing the first and second tertiles to the third tertile of HRR3 were 1.492
(1.146–1.943) and 1.277 (1.004–1.624) with P = 0.003 after adjustment for multiple risk factors.
As a continuous variable, the HR (95% CI) of incident MetS associated with each one-beat
decrease in HRR3 was 1.015 (1.005–1.026) with P = 0.004 after full adjustments. An HRR3
value ≤45 beats per minute (bpm) was associated with a higher risk of incident MetS com-
pared with values >45 bpm, with an HR (95% CI) of 1.304 (1.061–1.602) and P = 0.001.
Conclusions: The slow phase of HRR, particularly HRR3, might be more sensitive at
predicting the risk of MetS.

INTRODUCTION
Metabolic syndrome (MetS) includes conditions characterized
by central obesity, elevated blood pressure (BP), dyslipidemia,
and an elevated fasting plasma glucose (FPG) level1 MetS is
closely related with an increased risk of type 2 diabetes mellitus
and cardiovascular disease (CVD)2 Since the prevalence of
MetS is increasing rapidly, it has become an emerging public
health issue worldwide.

Delayed heart rate recovery (HRR) after exercise has clinical
significance because it is associated with cardiovascular events
and all-cause mortality3,4 The HRR has been calculated as the
difference between the peak heart rate during exercise and the
heart rate at a specific time interval following the onset of
recovery5 In practice, this value is calculated as the peak heart
rate minus resting heart rate after a 1 min rest (HRR1), a 2
min rest (HRR2), and a 3 min rest (HRR3). MetS is associated
with dysfunction of the autonomic nervous system (ANS),
including impaired parasympathetic reactivation and sympa-
thetic overactivation6 The ANS plays a critical role in HRR5
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Thus, there could be a link between MetS and delayed HRR
after exercise via autonomic dysfunction.
A meta-analysis including our study showed an increased

risk for type 2 diabetes mellitus in patients with delayed HRR7

We previously reported an association between delayed HRR1
and incident type 2 diabetes mellitus8 Delayed HRR1 might
reflect parasympathetic dysfunction, which could potentially be
associated with insulin secretory dysfunction and glucose intol-
erance. Therefore, autonomic dysfunction might be a cause or
a risk factor for type 2 diabetes mellitus, although it is a com-
plication of diabetes mellitus as well. Likewise, dysfunction of
the ANS might precede MetS and eventually lead to MetS.
Previous studies have reported that delayed HRR after exer-

cise is associated with MetS in a cross-sectional setting9–12 but
there has been a lack of comprehensively designed longitudinal
studies. Thus, the causal relationship between delayed HRR and
the development of MetS remains unclear. In addition, some
medications influence these values; for example, beta-blockers
can affect maximum heart rate and lower HRR after exercise13

by reducing sympathetic activity. Nevertheless, few studies of
HRR have excluded participants currently taking beta-blockers
or have considered beta-blockers as a confounding factor.
Excluding participants who have taken this class of medication
will be required to make the results more reliable.
We explored how the longitudinal effects of HRR after exer-

cise could influence the development of MetS after adjusting
for metabolic parameters and excluding beta-blocker effects in
a general population for the first time. In addition, we mea-
sured all three HRR values of HRR1, HRR2, and HRR3.

MATERIALS AND METHODS
Study population and design
We designed a longitudinal, retrospective cohort study to inves-
tigate the association between HRR after exercise and incident
MetS. We used the medical information collected from an

annual check-up program at the Health Promotion Center of
Samsung Medical Center, Sungkyunkwan University School of
Medicine, Seoul, Republic of Korea. The study methods have
previously been described in detail14

Figure 1 shows the process of participant selection. From
January 2006 to December 2012, a total of 24,185 participants
attended four or more health check-ups. Among these, we
included participants aged ≥20 who had HRR values after a
graded exercise treadmill test (GTX) (n = 2,975). We excluded
participants with baseline MetS (n = 467), type 2 diabetes mel-
litus (n = 281), or CVD (myocardial infarction, stroke, or
bypass surgery; n = 100); those taking beta-blockers (n = 86);
those with a low estimated glomerular filtration rate (<60 mL/
min/1.73 m2, n = 28); and those with an abnormal electrocar-
diogram (left bundle branch block, atrial fibrillation, or Wolff-
Parkinson-White syndrome; n = 13). Because the mean BP of
the participants was not high enough to affect the primary
outcome, we did not exclude those with hypertension. After
all exclusions, 2,167 participants (1,820 men and 347 women)
were selected for this study. The observation period was
defined as the elapsed time until the participant was first diag-
nosed with MetS; if there was no diagnosis of MetS, the
observation period was defined as the time until the last
follow-up visit. The Institutional Review Board (IRB) of Sam-
sung Medical Center approved this study (IRB No. SMC
2015-01-003-001).

Clinical and biochemical measurements
The clinical measurements have been described in detail8

Height, weight, waist circumference (WC), systolic BP, and
diastolic BP were obtained at every visit. The biochemical mea-
surements have been described in detail8 Venous blood samples
were obtained after an overnight fast at each visit, and the sam-
ples were analyzed at the certified clinical laboratory at Sam-
sung Medical Center.

2,975 subjects were assessed for
eligibility

Exclusion criteria (n = 808)
Baseline metabolic syndrome (n = 467)
Baseline Type 2 diabetes (n = 281)
History of CVD (n = 100)
Using beta – blockers (n = 86)
Abnormal RFT (n = 28)
Abnormal EKG (n = 13)
Missing data (n = 16)

Subjects at baseline (n = 2,167)

Incident metabolic syndrome
(n = 676)

No metabolic syndrome
(n = 1,491)

Figure 1 | Selection of study participants. CVD, cardiovascular disease; RFT, renal function test.
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Definition of MetS
The Joint Interim Statement of the International Diabetes Fed-
eration Task Force on Epidemiology and Prevention was used
for the definition of MetS15 The cutoff values for central obesity
were a WC ≥ 90 cm for men and ≥85 cm for women, which
was based on the recommendation of the Korean Society for
the Study of Obesity16 Participants who had three or more of
the following criteria were considered to have MetS:

1. Central obesity: A WC ≥ 90 cm in men or ≥ 85 cm in
women.

2. Elevated BP: A systolic BP ≥ 130 mmHg, a diastolic
BP ≥ 85 mmHg, or current treatment for hypertension.

3. Elevated triglycerides (TG): TG ≥ 150 mg/dL or current
treatment for elevated TG.

4. Reduced high-density lipoprotein cholesterol (HDL-C): An
HDL-C < 40 mg/dL in men or <50 mg/dL in women or
current treatment for low HDL-C.

5. Elevated FPG: An FPG (≥100 mg/dL) or current treatment
for type 2 diabetes mellitus.

Cardiopulmonary function testing
The methods of cardiopulmonary function testing have been
described in detail elsewhere8 According to the Bruce protocol
or the modified Bruce protocol, participants performed a stan-
dard symptom-limited GTX using a treadmill system (Quinton
Q-Stress TM65, Bothell, WA, USA). The resting heart rate was
obtained after at least 5 min of rest in the supine position. The
exercise was terminated for any of the following reasons: heart
rate >90% of the estimated maximum heart rate (220 – age),
respiratory exchange ratio >1.15, or rating of perceived exertion
>17. If the participant demanded test termination due to
exhaustion, the exercise was considered complete. The partici-
pants continued to walk for 30 s at a speed of 1.2 mph and
subsequently rested for 5 min with close monitoring (recovery
phase). The HRR was calculated as the difference between the
peak heart rate and the resting heart rate after a 1 min rest
(HRR1), a 2 min rest (HRR2), and a 3 min rest (HRR3).

Statistical analyses
Normally distributed continuous variables were reported as the
mean – standard deviation. Continuous variables without normal
distributions were reported as medians and interquartile ranges.
Categorical variables were expressed as frequencies (percentages).
For comparisons of the baseline characteristics of study par-

ticipants, either Student’s t-test or the Mann–Whitney U test
was used. To compare categorical variables between groups, the
Chi-square test was performed. For comparisons of participant
characteristics according to tertile of HRR after exercise, one-
way analysis of variance or the Kruskal–Wallis test for continu-
ous variables was used. The HRR after exercise was analyzed
using tertile groups and continuous variables.
The endpoint of this study was the development of MetS. A

multivariate Cox proportional hazards analysis was used to

yield the hazard ratio (HR) and 95% confidence interval (CI)
for evaluating the association between HRR after exercise and
incident MetS. A collinearity test for the variables used in the
multivariate Cox proportional hazards analysis was performed
using linear modeling of the outcome variables along with cal-
culation of the variance inflation factor (VIF) of the indepen-
dent predictors. A VIF < 5 was considered optimal to warrant
stability. We used intervals between the baseline visit and the
last available visit or the visit of the initial MetS diagnosis.
We verified the proportional hazards assumption using statis-

tical tests and graphical diagnostics based on the scaled Schoen-
feld residuals. In addition, we confirmed that the proportional
hazards assumption was satisfied for exposure variables in this
study.
Model 1 was the crude model. Model 2 was adjusted for age,

sex, smoking status, baseline heart rate, peak heart rate, peak
oxygen uptake, and high-sensitivity C-reactive protein (hs-
CRP). Additionally, to investigate potential mediation by meta-
bolic confounders, Model 3 was further adjusted for WC, sys-
tolic BP, TG, low-density lipoprotein (LDL) cholesterol, HDL-
C, FPG, the Homeostatic Model Assessment for Insulin Resis-
tance (HOMA-IR), and hemoglobin (Hb)A1c.
To evaluate the potential linear association between the con-

tinuous HRR3 variable and the development of MetS, we used
penalized cubic splines in Cox proportional hazards models,
which can yield nonparametric estimates for the HR of HRR3.
This model was adjusted for confounders as well (as in Model
3). A cutoff for HRR3 values was selected to classify partici-
pants into high- and low-risk groups by exploring the HR plot.
For each value of HRR3, the HR was compared with the aver-
age of the HRR3 (57.67) and displayed in the HR plot.
In addition, we performed subgroup analyses defined by sex,

age (≤50 years vs >50 years), body mass index (BMI; ≤25 kg/
m2 vs >25 kg/m2), or HOMA-IR (≤2.5 vs >2.5). All P values
were two-sided, and the level of significance was set at 0.05.
We used the Statistical Package for the Social Sciences (version
21.0) for statistical analyses. The penalized cubic spline model
was carried out using the coxph and pspline functions in R
(version 3.4.3).

RESULTS
Clinical characteristics and parameters of cardiopulmonary
function
The clinical characteristics and parameters of cardiopulmonary
function regarding the development of MetS are shown in
Table 1. The HRR3 was lower in participants who developed
MetS (56.1 – 11.4 beats per minute [bpm]) compared with
those who did not (58.3 – 11.3 bpm, P < 0.001). Participants
who subsequently developed MetS had a higher baseline BMI,
WC, systolic BP, diastolic BP, hs-CRP, total cholesterol, TG,
LDL-C, FPG, fasting plasma insulin, HOMA-IR, HbA1c, and
resting heart rate values but lower HDL-C, peak oxygen uptake,
and exercise capacity (expressed in metabolic equivalents
[METs]) than those who did not develop MetS.
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Table 2 shows the clinical characteristics and parameters of
cardiopulmonary function according to the HRR3 tertile. There
were negative relationships between the HRR3 tertile and age,
WC, systolic BP, diastolic BP, hs-CRP, TG, fasting plasma insu-
lin, HOMA-IR, HbA1c, and resting heart rate. However, posi-
tive relationships were noted between HRR3 tertile and HDL-C
level, peak heart rate, and exercise capacity (METs). In addi-
tion, a decreased incidence of MetS was observed across the
HRR3 tertiles (P < 0.001). The clinical characteristics and
parameters of cardiopulmonary function according to the
HRR1 tertile are shown in Table S4.

Correlations between HRR3 and other parameters
The correlations between the HRR3 and multiple variables are
shown in Table S1 and Table 3. In Pearson’s correlation analy-
sis, HRR3 was positively correlated with HDL-C, peak heart

rate, and peak oxygen uptake, but negatively correlated with
age, WC, systolic BP, diastolic BP, hs-CRP, TG, FPG, fasting
plasma insulin, HOMA-IR, HbA1c, and resting heart rate
(Table S1). Upon multiple regression analysis, HRR3 was posi-
tively correlated with peak heart rate and peak oxygen uptake
and negatively correlated with age, WC, hs-CRP, TG, and
HOMA-IR, which are well-known parameters associated with
insulin resistance and sympathetic overactivity17-20 (Table 3).
The correlations between HRR1 and multiple variables are
shown in Tables S5 and S6.

Association between HRR3 and development of MetS
There were 676 (31.2%) incident cases of MetS during 9,683
person-years of follow-up. The HRs and 95% CIs for incident
MetS according to tertile of HRR3 and to HRR3 as a continu-
ous variable are shown in Table 4.

Table 1 | Baseline clinical and biochemical characteristics of study participants with respect to development of metabolic syndrome

Variable Incident metabolic syndrome [no. (%)] P-value

No
1,491 (68.8)

Yes
676 (31.2)

Total

Age (years) 52.2 – 6.4 52.1 – 6.3 52.2 – 6.4 0.676
Men [no. (%)] 1,239 (83.1) 581 (85.9) 1,820 (84.0) 0.013
BMI (kg/m2) 23.4 – 2.2 25.3 – 2.2 24.0 – 2.3 <0.001
Waist circumference (cm) 82.7 – 6.9 88.0 – 6.6 84.2 – 7.2 <0.001
Systolic blood pressure (mmHg) 110.3 – 14.3 114.6 – 13.8 111.6 – 14.3 <0.001
Diastolic blood pressure (mmHg) 68.8 – 10.1 71.8 – 9.3 69.7 – 9.9 <0.001
Smoking status
Current smoker [no. (%)] 296 (19.6) 174 (26.0) 470 (21.5) 0.002
Ex-smoker [no. (%)] 619 (40.6) 268 (40.0) 883 (40.4)
Non-smoker [no. (%)] 602 (39.8) 228 (34.0) 830 (38.0)

eGFR (mL/min/1.73 m2) 87.4 – 11.0 86.9 – 11.2 87.2 – 11.1 0.339
hs-CRP (mg/L) 0.1 (0.0-0.1) 0.1 (0.0-0.1) 0.1 (0.0-0.1) <0.001
Total cholesterol (mg/dL) 190.0 – 30.4 193.9 – 31.8 191.2 – 30.9 0.006
Triglyceride (mg/dL) 189 (169-209) 194 (173-216) 191 (170-212) <0.001
LDL cholesterol (mg/dL) 123.6 – 27.3 129.6 – 28.1 125.4 – 27.7 <0.001
HDL-cholesterol (mg/dL) 59.0 – 13.1 50.8 – 10.7 56.5 – 13.0 <0.001
Fasting plasma glucose (mg/dL) 87.3 – 8.6 91.3 – 9.6 88.5 – 9.1 <0.001
Fasting plasma insulin (lU/mL) 7.8 (6.0-10.0) 9.1 (7.1-11.7) 8.1 (6.3-10.4) <0.001
HOMA-IR 1.7 (1.3-2.1) 2.0 (1.6-2.7) 1.8 (1.4-2.3) <0.001
HOMA-b (%) 120.0 (86.1-162.9) 121.9 (87.4-164.2) 120.5 (86.4-163.5) 0.177
HbA1c (%) 5.28 – 0.35 5.43 – 0.37 5.33 – 0.36 <0.001
Resting heart rate (beats/min) 62.2 – 8.4 63.3 – 8.5 62.6 – 8.4 0.004
Peak heart rate (beats/min) 152.9 – 12.2 151.9 – 12.4 152.6 – 12.3 0.070
Peak oxygen uptake (mL/kg/min) 32.8 – 5.2 32.3 – 5.4 32.7 – 5.2 0.022
Exercise capacity (METs) 9.3 – 1.5 9.2 – 1.4 9.3 – 1.5 0.008
HRR1 (beats) 23.8 – 8.2 22.5 – 7.7 23.4 – 8.1 0.001
HRR2 (beats) 47.4 – 10.9 45.0 – 10.4 46.7 – 10.8 <0.001
HRR3 (beats) 58.3 – 11.3 56.1 – 11.4 57.6 – 11.4 <0.001

Continuous variables with normal distributions are expressed as mean – standard deviation, whereas continuous variables with non-normal distribu-
tions are expressed as median (interquartile range). Categorical variables are expressed as percent (%). BMI, body mass index; eGFR, estimated
glomerular filtration rate; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-b, homeostasis model assessment of beta-cell; HRR1,
peak heart rate minus heart rate after a 1 min rest; HRR2, peak heart rate minus heart rate after a 2-min rest; HRR3, peak heart rate minus heart rate
after a 3 min rest; hs-CRP, high-sensitivity C-reactive protein; METs, metabolic equivalents.
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In Model 1, the HRs (95% CI) of incident MetS comparing
the first and second tertiles with the third tertile of HRR3 were
1.502 (1.246–1.810) and 1.190 (0.982–1.442), respectively
(P < 0.001). These associations maintained statistical signifi-
cance after adjustment for multiple confounders in Model 2. In
Model 3, the HRs (95% CI) of incident MetS comparing the
first and second tertiles with the third tertile of HRR3 were
1.492 (1.146–1.943) and 1.277 (1.004–1.624), respectively
(P = 0.003) after adjusting for age, sex, smoking status, baseline
heart rate, peak heart rate, peak oxygen uptake, hs-CRP, WC,
systolic BP, TG, LDL-C, HDL-C, FPG, HOMA-IR, and HbA1c.
In the lower tertiles of HRR3, a significantly increased risk of
incident MetS was observed.
HRR3 was negatively associated with the risk of incident

MetS as a continuous variable as well. In Model 1, the HR
(95% CI) of incident MetS associated with a one-beat decrease
in HRR3 was 1.227 (1.117–1.348) (P < 0.001). This association

was significant after adjustment for all confounders in Model 3,
with an HR (95% CI) of 1.015 (1.005–1.026) and P = 0.004.
However, there were no statistically significant relationships of
HRR1 and HRR2 with the development of MetS (Table 5).
The association between HRR3 and the development of MetS

was inverse and linear between HRR3 values from 40–70 bpm
(Figure 2), and an HRR3 value ≤45 bpm was associated with a
significantly higher risk of incident MetS compared with values
>45 bpm, with an HR (95% CI) of 1.304 (1.061–1.602) and
P = 0.001. The baseline clinical characteristics and parameters
of cardiopulmonary function based on HRR3 of 45 bpm are
shown in Table S2.
The participants with an HRR3 value <53 showed a signifi-

cantly higher risk than those with an average HRR3 (HR > 1,
P < 0.05). To ensure clinical significance, we selected an HRR3
value of 45 as a cutoff since the HRs for HRR3 values <45
were >1.2.

Table 2 | Baseline clinical and biochemical characteristics of study participants based on tertiles of heart rate recovery after a 3 min rest

Tertiles of HRR3 (beats)

Tertile 1
(≤52)

Tertile 2
(53–62)

Tertile 3
(≥63)

P-value

n = 705 n = 736 n = 726

Age (years) 54.4 – 6.8 51.8 – 6.0 50.3 – 5.5 <0.001
Men [no. (%)] 623 (88.4) 645 (87.6) 552 (76.0) <0.001
BMI (kg/m2) 24.0 – 2.4 24.0 – 2.2 23.9 – 2.4 0.155
Waist circumference (cm) 85.3 – 7.0 84.6 – 6.6 83.0 – 7.8 <0.001
Systolic blood pressure (mmHg) 112.4 – 14.3 112.1 – 14.2 110.6 – 14.4 0.014
Diastolic blood pressure (mmHg) 70.7 – 9.8 69.8 – 9.9 68.7 – 10.0 <0.001
Smoking status
Current smoker [no. (%)] 165 (23.4) 174 (23.6) 128 (17.6) 0.009
Ex-smoker [no. (%)] 285 (40.4) 298 (40.5) 290 (39.9)
Non-smoker [no. (%)] 255 (36.2) 264 (35.9) 308 (42.4)

eGFR (mL/min/1.73 m2) 86.4 – 11.1 87.3 – 11.1 87.8 – 10.9 0.016
hs-CRP (mg/L) 0.1 (0.0-0.1) 0.1 (0.0-0.1) 0.1 (0.0-0.1) 0.004
Total cholesterol (mg/dL) 192.4 – 31.1 191.1 – 30.9 190.1 – 30.8 0.167
Triglyceride (mg/dL) 114.0 (84.0-152.5) 111.0 (83.5-149.0) 104.0 (78.0–139.0) <0.001
LDL cholesterol (mg/dL) 126.7 – 27.6 125.0 – 27.6 124.6 – 27.8 0.140
HDL cholesterol (mg/dL) 55.4 – 12.9 56.5 – 13.1 57.6 – 12.8 0.001
Fasting plasma glucose (mg/dL) 88.8 – 9.2 88.6 – 9.0 88.1 – 9.1 0.149
Fasting plasma insulin (lU/mL) 8.6 (6.6–11.1) 8.3 (6.3–10.4) 7.6 (6.1-9.8) <0.001
HOMA-IR 1.9 (1.4–2.5) 1.8 (1.4–2.3) 1.7 (1.3-2.1) <0.001
HOMA-b (%) 122.8 (89.1–173.0) 124.7 (91.2–161.4) 113.7 (82.2–156.0) 0.012
HbA1c (%) 5.36 – 0.37 5.31 – 0.35 5.31 – 0.36 0.012
Resting heart rate (beats/min) 66.0 – 9.1 62.8 – 7.5 59.0 – 7.1 <0.001
Peak heart rate (beats/min) 146.5 – 13.9 154.4 – 9.7 156.9 – 9.1 <0.001
Peak oxygen uptake (mL/kg/min) 31.3 – 5.5 33.2 – 5.0 33.5 – 4.9 <0.001
Exercise capacity (METs) 8.9 – 1.4 9.4 – 1.4 9.6 – 1.4 <0.001
HRR3 (beats) 45.2 – 6.2 57.5 – 2.8 70.0 – 6.4 <0.001
Incident metabolic syndrome [no. (%)] 258 (36.6) 225 (30.6) 193 (26.6) <0.001

Continuous variables with normal distributions are expressed as mean – standard deviation, whereas continuous variables with non-normal distribu-
tions are expressed as median (interquartile range). Categorical variables are expressed as percent (%). BMI, body mass index; eGFR, estimated
glomerular filtration rate; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-b, homeostasis model assessment of beta-cell; HRR3,
peak heart rate minus heart rate after a 3 min rest; hs-CRP, high-sensitivity C-reactive protein; METs, metabolic equivalents.
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Using 10,000 bootstrap datasets, we conducted internal vali-
dation for the selected HRR3 cutoff value of 45 bpm. The HR
of the selected cutoff against the average value of HRR3 was
1.216 with a 95% bootstrap CI (1.030–1.436). Compared with
the low-risk group, the high-risk group with HRR3 >45 bpm
showed an HR of 1.310 with a 95% bootstrap CI (1.066–1.609).
A significant association between the risk group and the devel-
opment of MetS was observed for all bootstrap datasets.
Upon stratified analyses, the positive association between

delayed HRR3 and incident MetS was consistent across all sub-
groups except that of women. There was no interaction in sub-
groups of sex, age, or HOMA-IR but was for that of BMI (P
for interaction <0.001; Table S3).

DISCUSSION
The important findings of this study were that delayed HRR
following a GTX was an independent predictor of MetS devel-
opment, and that HRR3 was a potent predictor of incident
MetS. Furthermore, we suggested a cutoff point of HRR3 for
incident MetS; an HRR3 value ≤45 bpm corresponds to a
1.304-fold higher risk of incident MetS compared with HRR3
values >45 bpm.
Previous cross-sectional studies have reported a relationship

between a delayed HRR after exercise and the presence of
MetS9-12 To the best of our knowledge, only one temporal
study has investigated the causal relationships between HRR
and the development of MetS. They reported delayed HRR
after the development of MetS but not before21. However, since
they only included young participants (mean age: 25 years),
only a few met the three MetS criteria, so only the effects of
two MetS components on HRR could be evaluated. In addition,
certain findings of the study were limited to HRR2. Hence,
these factors might have affected the different main outcomes
compared with those of our study.
In contrast, we designed a longitudinal cohort study in a

large general population to identify causal relationships between

HRR and incident MetS and assessed their HRR1, HRR2, and
HRR3 values. We also excluded all participants who were cur-
rently taking beta-blockers, which might have affected their
HRR. In addition, we adjusted for as many metabolic parame-
ters as possible.
We previously demonstrated that HRR1 is a potent predictor

of the development of type 2 diabetes mellitus in men, but
these results had no statistically significant associations with
HRR2 and HRR38 Interestingly, the meaningful time points for
HRR after exercise to predict the development of type 2 dia-
betes mellitus and MetS were different. In the present study,
HRR3 was the most potent predictor of incident MetS.
Certain underlying mechanisms might be responsible for the

difference in HRR values after exercise to predict the develop-
ment of type 2 diabetes mellitus or MetS. The natural course of
HRR after exercise has been established, and the heart rate
recovery phase can be divided into fast and slow phases22,23

The fast phase is approximately the first minute of recovery
and shows a rapid heart rate decrease caused largely by
parasympathetic reactivation. Then, the slow phase occurs after
approximately the first minute after exercise ceases and demon-
strates a more gradual heart rate decrease resulting from sym-
pathetic withdrawal. It might be that early dysfunction of the
parasympathetic system plays a role in triggering the develop-
ment of type 2 diabetes mellitus, whereas delayed recovery
from sympathetic system hyperactivity could contribute to the
development of MetS.
Sympathetic hyperactivity is related to hyperinsulinemia and/

or insulin resistance19,24 In addition, sympathetic abnormality
has been described for each component of MetS, including
hypertension25 WC26 impaired fasting glucose27 and elevated
TG28 For this reason, delayed slow phase of HRR (particularly
HRR3) might precede incident MetS and could represent a risk
factor for the development of MetS.
Insulin resistance is a key mechanism in the development of

MetS and can play a critical role in the delay of HRR after

Table 3 | Correlations between heart rate recovery after a 3 min rest and anthropometric and biochemical parameters (multivariate model)

Variable Heart rate recovery after a 3 min rest (beats)

b 95% CI P-value

Age (years) -0.16 – 0.05 -0.26 to -0.06 0.002
Waist circumference (cm) -0.08 – 0.04 -0.16 to -0.001 0.046
Systolic blood pressure (mmHg) 0.02 – 0.02 -0.06 to 0.02 0.315
hs-CRP (mg/L) -2.01 – 0.87 -3.71 to -0.31 0.021
Triglyceride (mg/dL) -0.01 – 0.004 -0.02 to -0.01 0.003
HDL cholesterol (mg/dL) 0.01 – 0.02 -0.03 to 0.05 0.697
Fasting plasma glucose (mg/dL) -0.01 – 0.03 -0.08 to 0.05 0.723
HOMA-IR -0.90 – 0.34 -1.58 to -0.24 0.008
HbA1c (%) 0.64 – 0.79 -0.90 to 2.18 0.417
Peak heart rate (beats/min) 0.32 – 0.03 0.27 to 0.37 <0.001
Peak oxygen uptake (mL/kg/min) 0.16 – 0.06 0.05 to 0.27 0.004

CI, confidence interval; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance.
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exercise via hyperinsulinemia and sympathetic hyperactivity.
Moreover, insulin resistance has been correlated with auto-
nomic neuropathy in previous studies29,30 We also observed
that factors that indicate insulin resistance (age, WC, hs-CRP,
TG, and HOMA-IR) were negatively correlated with HRR3 in
our multiple regression analysis. As a result, factors reflectingTa
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Table 5 | Hazard ratios and 95% confidence intervals of development
of metabolic syndrome according to each 1 beat decrease in heart
rate recovery after 1, 2, and 3 min rest as a continuous variable

Each 1 beat decrease as continuous variable
HR (95% CI)

P-value

HRR1 1.007 (0.995–1.019) 0.242
HRR2 1.010 (1.000-1.019) 0.073
HRR3 1.015 (1.005–1.026) 0.004

Data are expressed as HR (95% CI). These models were adjusted for
age, sex, smoking status, baseline heart rate, peak heart rate, peak oxy-
gen uptake, hs-CRP, waist circumference, systolic blood pressure, triglyc-
eride, LDL cholesterol, HDL cholesterol, fasting plasma glucose, HOMA-
IR and HbA1c. CI, confidence interval; HOMA-IR, homeostasis model of
insulin resistance; HR, hazard ratio; HRR1, peak heart rate minus heart
rate after a 1 min rest; HRR2, peak heart rate minus heart rate after a 2
min rest; HRR3, peak heart rate minus heart rate after a 3 min rest; hs-
CRP, high-sensitivity C-reactive protein.
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Figure 2 | Log hazard ratios (95% CI) for development of metabolic
syndrome by HRR3. This model was adjusted for age, sex, smoking
status, baseline heart rate, peak heart rate, peak oxygen uptake, hs-CRP,
WC, systolic BP, TG, LDL-C, HDL-C, FPG, HOMA-IR, and HbA1c. BP,
blood pressure; FPG, fasting plasma glucose; HDL-C, HDL cholesterol;
HOMA-IR, homeostatic model assessment of insulin resistance; HRR3,
peak heart rate minus heart rate after a 3 min rest; hs-CRP, high-
sensitivity C-reactive protein; LDL-C, LDL cholesterol; MetS, metabolic
syndrome; TG, triglycerides; WC, waist circumference.
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mitochondrial function (peak heart rate and peak oxygen
uptake) that are also associated with insulin resistance31 were
positively correlated with HRR3 (Table 3). Collectively, delayed
HRR3 could precede the development of MetS via insulin
resistance.
The other possible mechanism is impaired nitric oxide (NO)

function, which could affect sympathetic activity. Considering
that nitric oxide suppresses sympathetic tone32 dysfunctions in
nitric oxide metabolism in MetS33 might be associated with
delayed recovery from sympathetic hyperactivity.
Although a link between delayed HRR3 and the development

of MetS was observed in healthy participants in the present
study, the evidence supporting this association has remained
uncertain. One recent study suggested that resting heart rate
was correlated genetically with FPG, fasting plasma insulin, TG,
BMI, waist-hip ratio, and HDL-C34 implying a genetic relation-
ship between HRR3 and components of MetS. Thus, further
studies that include genetic investigations are warranted to
explore the mechanisms of the relationship.
Stratified analyses revealed an interaction in the subgroup of

BMI (P for interaction <0.001; Table S2). This finding showed
that BMI is an important factor in determining incident MetS.
BMI is significantly correlated with WC, which is a component
of MetS35 Therefore, as expected, participants with a higher
BMI (>25) were more likely to develop MetS.
There were some limitations of our study that must be con-

sidered. First, since this study was based on participants from a
single center, the results might not be generalizable to other
populations. Second, although we tried to adjust for as many
confounding factors as possible, the participants’ dietary habits
were not available to evaluate in this study. Third, >80% of the
participants were men (84%, n = 1,820). Therefore, we had to
consider this gender imbalance when interpreting the results.
Finally, participants who were taking drugs known to influence
the development of MetS were not excluded from this study,
which might have affected our results.
Nevertheless, the strengths of our study lie in its comprehen-

sive design with a large longitudinal sample and its broad bio-
chemical database that included FPG, fasting plasma insulin,
HOMA-IR, HOMA-b, and HbA1c, which enabled us to investi-
gate the association between HRR and the development of
MetS after adjustment for multiple metabolic risk factors.
Moreover, we evaluated HRR1, HRR2, and HRR3 using a stan-
dard exercise test methodology. These factors likely contributed
to the reliability of our results.
This is the first study to demonstrate a temporal relationship

between HRR and the development of MetS in a general popu-
lation, to the best of our knowledge. In addition, we have pro-
posed a clear HRR3 cutoff point for incident MetS. Therefore,
those with an HRR3 value ≤45 bpm should be cautious because
they are at high risk for developing MetS. HRR data can be
collected easily using a general GTX. Nevertheless, these results
are often neglected in primary care medical practice. Thus, we
would like to call attention to the importance of the HRR index

as a marker of risk for both MetS and type 2 diabetes mellitus.
In conclusion, the slow phase of HRR, particularly HRR3,
might be more sensitive for predicting the risk of MetS in a
general population, even after adjustment for FPG, HOMA-IR,
and HbA1c.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1 | Correlations between heart rate recovery after a 3 min rest and anthropometric and biochemical parameters (Univariate
Model)
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Table S2 | Baseline clinical and biochemical characteristics of study participants based on 45 beats of heart rate recovery after a 3
min rest
Table S3 | Hazard ratios and 95% confidence intervals of development of metabolic syndrome according to tertiles of heart rate
recovery after 3 min rest and each 1 beat decrease in heart rate recovery after 3 min rest as a continuous variable stratified by
specific parameters
Table S4 | Baseline clinical and biochemical characteristics of study participants based on tertiles of heart rate recovery after a 1
min rest
Table S5 | Correlations between heart rate recovery after a 1 min rest and anthropometric and biochemical parameters (Univariate
Model)
Table S6 | Correlations between heart rate recovery after a 1 min rest and anthropometric and biochemical parameters (Multivari-
ate Model)
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