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Abstract 

Background Type 2 diabetes mellitus (T2DM) is a frequently observed complication in patients with heart failure 
with preserved ejection fraction (HFpEF). Although a characteristic finding in such patients is a decrease in objective 
exercise capacity represented by peak oxygen uptake  (peakVO2), exercise capacity and its predictors in HFpEF with 
T2DM remain not clearly understood. This case–control study aimed to investigate the association between exercise 
capacity and hemodynamics indicators and T2DM comorbidity in patients with HFpEF aged 65–80 years.

Methods Ninety-nine stable outpatients with HFpEF and 50 age-and-sex-matched controls were enrolled. Patients 
with HFpEF were classified as HFpEF with T2DM (n = 51, median age, 76 years) or without T2DM (n = 48, median age, 
76 years). The  peakVO2 and ventilatory equivalent versus carbon dioxide output slope (VE vs  VCO2 slope) were meas-
ured by cardiopulmonary exercise testing. The peak heart rate (HR) and peak stroke volume index (SI) were measured 
using impedance cardiography, and the estimated arteriovenous oxygen difference (peak a-vO2 diff ) was calculated 
with Fick’s equation. The obtained data were compared among the three groups using analysis of covariance adjusted 
for the β-blocker medication, presence or absence of sarcopenia, and hemoglobin levels in order to determine the 
T2DM effects on exercise capacity and hemodynamics in patients with HFpEF.

Results In HFpEF with T2DM compared with HFpEF without T2DM and the controls, the prevalence of sarcopenia, 
chronotropic incompetence, and anemia were significantly higher (p < 0.001). The  peakVO2 (Controls 23.5 vs. without 
T2DM 15.1 vs. with T2DM 11.6 mL/min/kg), peak HR (Controls 164 vs. without T2DM 132 vs. with T2DM 120 bpm/min), 
peak a-vO2 (Controls 13.1 vs without T2DM 10.6 vs with T2DM 8.9 mL/100 mL), and VE vs  VCO2 slope (Controls 33.2 
vs without T2DM 35.0 vs with T2DM 38.2) were significantly worsened in patients with HFpEF with T2DM (median, 
p < 0.001). There was no significant difference in peak SI among the three groups.

Conclusions Our results suggested that comorbid T2DM in patients with HFpEF may reduce exercise capacity, HR 
response, peripheral oxygen extraction, and ventilation efficiency. These results may help identify cardiovascular phe-
notypes of HFpEF complicated with T2DM and intervention targets for improving exercise intolerance.
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Background
Heart failure (HF) cases have been increasing world-
wide, and the number of patients with HF is estimated 
to be 26 million [1–3]. In addition, type 2 diabetes mel-
litus (T2DM) is a global epidemic, with a continuous 
rise in the number of patients yearly [4]. Among patients 
with HF, HF with preserved ejection fraction (HFpEF) 
accounts for approximately 50% [5]. One-third of patients 
with HFpEF have DM-related complications [6], which 
are associated with high hospitalization rates and poor 
life prognosis [7, 8]. Therefore, elucidating the cardiovas-
cular phenotype of patients with HFpEF with T2DM may 
help identify intervention targets.

Exercise intolerance, such as decreased peak oxygen 
uptake  (peakVO2) objectively measured by cardiopul-
monary exercise testing, is a common clinical symptom 
of HFpEF and T2DM [9, 10]. In addition, patients with 
HFpEF with DM have significantly reduced exercise 
capacity compared to those with HFpEF without DM 
[11], and exercise intolerance in patients with DM is one 
of the vital determinants of life prognosis [12]. However, 
the underlying cause of exercise intolerance in patients 
with HFpEF with DM remains unclear. A previous study 
[13] reported that patients with T2DM had left ventricu-
lar [LV] structural and functional abnormalities from the 
asymptomatic stage, and as the number of LV defects 
increased, the  peakVO2 decreased. The results of this 
study suggested that a decreased central hemodynamic 
response may be associated with  peakVO2 in patients 
with T2DM, but the daily physical activity or peripheral 
oxygen extraction capacity was not measured. In Fick’s 
formula, oxygen uptake is determined by central fac-
tors, such as cardiac output (CO), and peripheral oxygen 
extraction capacity, such as arteriovenous oxygen dif-
ference (a-vO2 diff). The causes of exercise intolerance 
in patients with HFpEF are thought to be both central 
factors due to decreased CO [14] and peripheral factors 
due to decreased arteriovenous oxygen difference [9]. 
However, the causes of patients with HFpEF with DM, 
including hemodynamics during submaximal exercise 
and peripheral tissues, such as sarcopenia, have not been 
comprehensively investigated.

Therefore, we hypothesized that patients with HFpEF 
with T2DM had a lower exercise capacity and reduced 
central hemodynamics response during submaximal 
exercise compared to those with HFpEF without T2DM 
and age- and sex-matched control. This case–control 

study aimed to investigate the association between 
hemodynamic response and exercise capacity and com-
plication with T2DM in patients with HFpEF aged 
65–80 years.

Methods
Study design and participants
Ninety-nine patients with HFpEF and 50 age-and sex-
matched controls were prospectively enrolled from April 
2016 till March 2020. All patients were outpatients with 
stable symptoms and classified into two groups accord-
ing to the presence or absence of T2DM. In addition to 
patients with HFpEF, we recruited a control group of 50 
individuals without cardiovascular disease and interven-
tions. The final analysis included 50 individuals in the 
control group, 48 in the HFpEF-without-T2DM group, 
and 51 in the HFpEF-with-T2DM group. Details of the 
study protocol and diagnostic criteria for HFpEF and 
T2DM [15–18] are described in Additional file  1. All 
patients with HFpEF had New York Heart Association 
(NYHA) functional classification II or III.

All participants provided written informed consent. 
This study was conducted in accordance with the ten-
ets of the Declaration of Helsinki, and the study proto-
col was approved by the Institutional Review Board of 
Tsukuba University of Technology in Tsukuba City, Japan 
(Approval Number: 202108).

Anthropometric parameters, biochemical analysis, 
and blood pressure
The body mass index (BMI) and body surface area (BSA) 
were calculated by measuring height and weight (Addi-
tional file  1). Overweight and obesity were determined 
from the calculated BMI based on the World Health 
Organization (WHO) criteria for obesity [19]. The BSA 
was calculated using Dubois et  al.’s formula (Additional 
file 1) [20].

Blood was drawn from study participants after 12 h of 
fasting and before ingesting medications. After collecting 
10 mL of blood, the brain natriuretic peptide (BNP), tri-
glyceride, total cholesterol, high-density lipoprotein cho-
lesterol, low-density lipoprotein cholesterol, hemoglobin 
A1c, hemoglobin, fasting plasma glucose, plasma glu-
cose, and insulin levels were measured (Additional file 1).

We also calculated the homeostasis model assessment 
of insulin resistance [21] and the estimated glomerular 
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filtration rate [22] (Additional file 1). Anemia was defined 
as a hemoglobin level of < 13 g/dL in men and < 12 g/dL in 
women (WHO criteria) [23].

Systolic and diastolic blood pressures were measured 
from the arms of seated participants after a 20 min rest 
using an automatic blood pressure monitor (HEM-7220, 
Omron Healthcare Co., Ltd. Kyoto, Japan). Hypertension 
and dyslipidemia were diagnosed according to the Japa-
nese diagnostic criteria (Additional file 1) [24].

Echocardiography
Structural and functional abnormalities of the LV and 
left atrium (LA) were assessed using echocardiogra-
phy (ACUSON SC2000; 4V1c, and 4Z1c probes; Sie-
mens Japan K.K. Tokyo, Japan) with individuals in the 
left decubitus position. The LV posterior wall thick-
ness at end-diastole, interventricular septal thickness 
at end-diastole, LV end-diastolic diameter, LV end-sys-
tolic diameter, LV diameter, and LV wall thickness were 
recorded in M-mode. The LV end-diastolic and end-sys-
tolic volumes were measured using the biplane-modified 
Simpson method. The relative wall thickness (RWT) and 
LV myocardial weight were calculated using Devereux’s 
formula [25]. Formulas for the calculation of LVEF and 
stroke volume (SV) are shown in Additional file 1.

LV inflow parameters were obtained using pulse-
wave tissue doppler in the apical four-chamber view. 
The peak early flow velocity, late diastolic flow velocity, 
ratio of peak early and late diastolic flow velocities, and 
early diastolic flow wave deceleration time were assessed. 
Pulsed-wave tissue doppler was conducted to obtain the 
peak early diastolic tissue velocity at the septal and lat-
eral aspects of the mitral annulus. The mitral inflow early 
diastolic velocity ratio to the average velocity from the 
septal and lateral sides of the mitral annulus was calcu-
lated to estimate the LV filling pressure. The pulmonary 
artery systolic pressure was estimated according to the 
methods presented in Additional file 1 [26]. In addition, 
a detailed evaluation of mitral regurgitation (MR) and its 
severity was also presented in Additional file 1 [27, 28].

Based on the report of Lang et al. [29], LV hypertrophy 
(LVH) was defined as an LV mass index > 115  g/m2 for 
men and > 95 g/m2 for women. LV concentric remodeling 
was defined as LVH (−) and an RWT > 0.42; LV eccentric 
hypertrophy was defined as LVH ( +) and an RWT < 0.42; 
and LV concentric hypertrophy was defined as LVH ( +) 
and an RWT > 0.42.

The LA volume (LAV) was measured in three different 
sequences of the cardiac cycle. The maximum LAV was 
measured just before the mitral valve opened, and the 
pre-A LAV (before atrial contraction) was determined at 
the onset of atrial contraction (P-wave peak electrocar-
diogram), while the minimum LAV was measured when 

the mitral valve was closed. All volumes were determined 
according to the biplane method in four and two-cham-
ber views. The LA emptying fraction, the comprehen-
sive reservoir function of LA, was calculated using the 
formula shown in Additional file  1. The LAV index was 
calculated using the methods and formulas shown in 
Additional file 1 [30].

Speckle‑tracking imaging
LV myocardial deformation was assessed using the two-
dimensional speckle-tracking technique in three apical 
views at a temporal resolution of 60–90 frames/s (Addi-
tional file 1). The LV global longitudinal strain (LV-GLS) 
represented LV shortening in the longitudinal plane [31]. 
Furthermore, LA speckle-tracking imaging, longitudinal 
strain, and strain rate curves were generated for each of 
the six atrial segments obtained from apical four-cham-
ber and two-chamber views. The peak LA strain (LA-
GLS) was calculated by averaging each value observed in 
all six LA segments analyzed [32].

Measurement of the epicardial adipose tissue thickness
For epicardial adipose tissue thickness measurements, all 
participants underwent echocardiography, as proposed 
by Iacobellis et al. (Additional file 1) [33].

Measurement of exercise capacity and hemodynamic 
response
Exercise capacity was measured using cardiopulmonary 
exercise testing (CPET) with a symptomatic limit using 
an ergometer (232C-XL; Combi Co., Ltd., Tokyo, Japan). 
The  peakVO2 [34], work rate at peak exercise (peak watt), 
anaerobic threshold  (ATVO2) [35], and work rate at AT 
exercise (AT watt) were measured according to the meth-
ods in Additional file  1. The ventilatory equivalent ver-
sus carbon dioxide output slope (VE vs  VCO2 slope) was 
measured by selecting a range from the point at which 
VE began to increase during ramp loading to the respira-
tory compensation point. Heart rate recovery (HRR) and 
oxygen pulse were calculated using the methods pre-
sented in Additional file 1.

The hemodynamic response from sitting to peak 
exercise was measured using a noninvasive transtho-
racic bioimpedance device (PhysioFlow PF-05 Lab1; 
Manatec Biomedical, Paris, France) during CPET. The 
measurement items in PhysioFlow were SV and HR. 
The stroke volume index (SI), cardiac output index (CI), 
and arteriovenous oxygen difference (a-vO2 diff) values 
were calculated using the methods in Additional file  1. 
Chronotropic incompetence and an abnormal HRR value 
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were determined using the methods shown in Additional 
file 1 [36, 37].

Measurement of physical activity
Daily physical activity was estimated from the magni-
tude and frequency of the acceleration signal detected at 
32 Hz using a pedometer with a multiple memory accel-
erometer (Lifecorder; SUZUKEN CO., LTD. Nagoya, 
Japan). We assumed a step count value of  > 20,000 steps/
day and < 500 steps/day were not routine step count val-
ues [38]. Detailed measurement methods are described 
in Additional file 1.

Diagnosis of sarcopenia
Sarcopenia was defined according to the Asian Working 
Group for Sarcopenia 2019 [39]: a skeletal muscle mass 
index of < 7.0 kg/m2 for men and < 5.7 kg/m2 for women; 
a grip strength of  < 28 kg for men and < 18 kg for women; 
or a five-time chair-stand test time ≥ 12  s. The skeletal 
muscle mass index, grip strength, and five-time chair-
stand test were measured as described in Additional 
file 1.

Statistical analysis
Normally distributed data are expressed as 
means ± standard deviations, whereas non-normally 
distributed data are expressed as medians, and nominal 
data are expressed as percentages. SPSS version 29 (IBM 
Japan, Ltd. Tokyo, Japan) was used for all the statistical 
analyses. The significance level was set to P < 0.05 using 
a two-tailed test. For data analysis, we tested the nor-
mality using the Shapiro–Wilk test. One-way analysis of 
variance and the Tukey post hoc test was conducted for 
normally distributed variables, and the Kruskal–Wallis 
test with Bonferroni correction was conducted for non-
normally distributed variables. The χ2 test with Bonfer-
roni correction was carried out for nominal-scale data. 
One-way analysis of variance, χ2 test, and Kruskal–Wal-
lis test were used to compare the differences in all data 
between the three groups. All groups were compared for 
exercise capacity, work rate, and hemodynamics using 
analysis of covariance adjusted for the β-blocker medica-
tion, presence or absence of sarcopenia and hemoglobin 
levels. Furthermore, to examine the effects of T2DM 
complication on the exercise capacity of patients with 
HFpEF, stepwise method multiple linear regression anal-
ysis was performed to investigate the independent asso-
ciation between  peakVO2 and T2DM in Japanese patients 
with HFpEF. A multiple linear regression analysis with 
 peakVO2 as the dependent variable was performed, while 
the independent variables included age [40], sex [41], 
BMI [42], daily physical activity [43], presence of AF [44], 

presence of sarcopenia [45], presence of anemia [46], 
epicardial adipose tissue thickness [47], medication of 
β-blocker [48], and presence of T2DM. These independ-
ent variables have been reported to be associated with 
exercise capacity in patients with HFpEF.

Results
Selection of study participants
Among all 149 study participants, 6% were obese, 58.4% 
were overweight, 9.4% were current smokers, 55% had 
dyslipidemia, and 52.3% had hypertension. The study 
participants included 50 controls (2% with obesity, 62% 
with overweight, 58% with dyslipidemia, and 22% with 
hypertension), 48 had HFpEF without T2DM (14.6% 
with obesity, 47.9% being overweight, 52.1% with dyslipi-
demia, 62.5% with hypertension, old myocardial infarc-
tion (OMI) with 17%, AF with 65%, NYHA functional 
classification III with 42%), and 51 had HFpEF with 
T2DM (2% with obesity, 64.7% being overweight, 54.9% 
with dyslipidemia, and 72.5% with hypertension, OMI 
with 35%, AF with 55%, NYHA functional classification 
III with 55%). The median duration of diabetes in the 
HFpEF-with-T2DM group was 9.3 years (Table 1).

Clinical characteristics among the three groups
Age, sex, BMI, BSA, percentage of overweight, dyslipi-
demia carriers, and current smoker were not significantly 
different between the three groups. Daily physical activ-
ity, sit-to-stand-five, medications, and lipid metabo-
lism indicators were significantly worse in patients 
with HFpEF compared with the control group. Glucose 
metabolism indicators, such as hemoglobin A1c and 
fasting plasma glucose test, glomerular filtration rate 
for renal function, and the prevalence of anemia and 
sarcopenia were significantly worse in the HFpEF-with-
T2DM group than in the HFpEF-without-T2DM group. 
The BNP tended to be higher in the HFpEF-with-T2DM 
group; however, there was no significant difference 
between the with- or without-T2DM groups (Table 1).

Echocardiography data among the three groups
There were no significant differences between the three 
groups in LV end-diastolic diameter and LV end-dias-
tolic volume. The epicardial adipose tissue was thicker 
in the HFpEF group than in the control group and was 
thicker in the HFpEF-with-T2DM group than in the 
HFpEF-without-T2DM group. LV structural and func-
tional parameters, LV inflow parameters, and LV-GLS 
were significantly worse in the HFpEF group than in the 
control group, but there was no significant difference 
between the HFpEF-with-T2DM group and the HFpEF 
without T2DM group. The median LVEF for all groups 
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Table 1 Clinical characteristics of all the groups

Characteristics Control (n = 50) HFpEF without T2DM (n = 48) HFpEF with T2DM (n = 51) P‑value

HFA-PEFF score 5 (IQR, 5–6)* 5 (IQR, 5–6)*  < 0.001

H2FPEF score 6 (IQR, 4–7)* 6 (IQR, 4–7)*  < 0.001

NYHA functional classification

 Class II 0 58 45 0.188

 Class III 0 42 55 0.188

Comorbidities

 Old myocardial infarction (%) 0 19 35 0.065

 Atrial fibrillation (%) 0 65 55 0.443

 Anemia (%) 6 13* 24*, † 0.038

 Hypertension (%) 22 63* 73*  < 0.001

 Dyslipidemia (%) 58 52 55 0.841

 Obesity (%) 2 15* 2 0.011

 Overweight (%) 62 48 65 0.195

 Sarcopenia (%) 4 4 20*, † 0.009

 Diabetic duration (years) 0 0 9.3 (IQR, 8.8–9.7)*, †  < 0.001

 Age (years) 75 (IQR, 72–78) 74 (IQR, 70–78) 74 (IQR, 72–77) 0.804

 Male (%) 50 48 49 0.979

Anthropometric parameters

 Height (cm) 163 (IQR, 159–169) 163 (IQR, 154–171) 162 (IQR, 155–169) 0.515

 Weight (kg) 70 (IQR, 66–72) 69 (IQR, 63–74) 66 (IQR, 62–73) 0.380

 Body mass index (kg/m2) 26.1 ± 1.9 26.3 ± 3.0 25.9 ± 2.1 0.738

 Body surface area  (m2) 1.75 ± 0.11 1.75 ± 0.15 1.72 ± 0.14 0.442

 Waist circumference (cm) 103 (IQR, 99–105) 116 (IQR, 113–125)* 116 (IQR, 112–123)*  < 0.001

Physical activity

 Steps (steps/days) 7603 (IQR, 6,602–8,430) 4695 (IQR, 3,774–5,276)* 4977 (IQR, 4,648–5,911)*  < 0.001

 Movement related to calorie consumption (kcal/
days)

294 (IQR, 253–338) 180 (IQR, 149–209)* 201 (IQR, 165–230)*  < 0.001

Components of sarcopenia

 Appendicular skeletal muscle index (kg/m2) 7.3 ± 0.9 7.1 ± 0.8 6.9 ± 0.9* 0.038

 Hand grip (kg) 26.4 (IQR, 20.5–29.5) 22.4 (IQR, 19.7–28.8) 21.7 (IQR, 19.9–25.1)* 0.007

 Sit to stand-5 (s) 7.2 (IQR, 6.8–7.9) 8.9 (IQR, 8.2–9.5)* 8.8 (IQR, 8.3–10.2)*  < 0.001

Preference and medication

 Smoker (%) 24 27 24 0.907

 Angiotensin-converting-enzyme inhibitor (%) 0 60* 69*  < 0.001

Angiotensin II Receptor Blocker (%) 4 46* 59*  < 0.001

 β blocker (%) 0 60* 65*  < 0.001

 Calcium-channel blocker (%) 0 38* 57*  < 0.001

 Diuretic (%) 0 6 4 0.220

 Statin (%) 34 98* 84*  < 0.001

 Fibrate (%) 10 0 4 0.062

 Ezetimibe (%) 22 40* 76*  < 0.001

 Biguanide (%) 0 0 78*, †  < 0.001

 Sulphonylurea (%) 0 0 69*, †  < 0.001

 α-glucosidase inhibitor (%) 0 0 20*, †  < 0.001

 Sodium glucose cotransporter-2 inhibitor (%) 0 0 25*, †  < 0.001

 Dipeptidyl peptidase-4 inhibitor (%) 0 0 22*, †  < 0.001

Biochemical analysis and blood pressure

 Total Cholesterol (mg/dL) 224 (IQR, 211–232) 226 (IQR, 215–232) 220 (IQR, 213–229) 0.741

 Low–density lipoprotein cholesterol (mg/dL) 124 (IQR, 117–131) 142 (IQR, 134–151)* 140 (IQR, 133–144)*  < 0.001

 High–density lipoprotein cholesterol (mg/dL) 58 (IQR, 54–62) 51 (IQR, 43–55)* 51 (IQR, 44–56)*  < 0.001
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was > 60%. Furthermore, there was no significant dif-
ference in the LA volume index in the HFpEF with or 
without T2DM groups, but LA emptying fraction and 
LA-GLS were significantly worsened in the HFpEF-
with-T2DM group (Table 2).

CPET and hemodynamic data
Regarding CPET data, the median peak respiratory 
exchange ratios were > 1.10 in all groups, and a no-load 
shortage was observed. The highest  peakVO2 value, 
peak watt,  ATVO2, and AT watt were observed in the 
control group, followed by the HFpEF-without-T2DM 
group and the HFpEF-with-T2DM group (Fig. 1, Addi-
tional file  4). The highest CI, HR, and a-vO2 diff val-
ues were also observed in the control group, followed 
by the HFpEF-without-T2DM and HFpEF-with-T2DM 
groups. However, the peak SI was not significantly 
different among the three groups (Fig.  2, Additional 
file  5). The highest prevalence of chronotropic incom-
petence and the abnormality of HRR were observed in 
the HFpEF-with-T2DM group, followed by the HFpEF-
without-T2DM group, and the control group (Addi-
tional file 2). The highest VE vs  VCO2 slope, an index of 
ventilation efficiency during exercise, was observed in 
the HFpEF-with-T2DM group, followed by the HFpEF-
without-T2DM group and the control group (Fig.  2, 
Additional file 5). 

Associations between T2DM and peakVO2 in patients with 
HFpEF
In the multiple linear regression analysis with the 
 peakVO2 as the dependent variable, age, sex, BMI, 

presence of AF, and T2DM (β = −0.551, 95% confidence 
interval = −5.597– −3.200, P < 0.001) were found to be 
the independent factors associated with the  peakVO2 
(R2 = 0.476) (Table 3).

Discussion
This study had four major findings involving patients 
with HFpEF and T2DM diagnosed according to strin-
gent criteria. First, patients with HFpEF had a higher 
prevalence of anemia and sarcopenia and significantly 
worsened BNP and renal function than age-, sex-, and 
BMI-matched control groups, and the coexistence of 
T2DM further significantly deteriorated these indices. 
Second, the HFpEF-with-T2DM group had the worst LA 
function among the three groups. Third, patients with 
HFpEF had lower objective exercise capacity than the 
control group, and the coexistence of T2DM further sig-
nificantly deteriorated exercise intolerance. Furthermore, 
although there was no significant difference in the peak 
SI among the three groups, the peak CI, HR, and a-vO2 
diff values were significantly lower, and VE vs  VCO2 
slope was significantly higher in patients with HFpEF, 
and coexistence of T2DM further deteriorated the hemo-
dynamic response during exercise. Finally, T2DM comor-
bidity was independently associated with  peakVO2 in 
patients with HFpEF, even after multivariate adjustment. 
These results suggest the possibility of identifying char-
acteristic pathophysiology that contributes to reduced 
exercise capacity in patients with HFpEF with T2DM and 
intervention pathways for its improvement.

Table 1 (continued)

Characteristics Control (n = 50) HFpEF without T2DM (n = 48) HFpEF with T2DM (n = 51) P‑value

 Triglyceride (mg/dL) 130 (IQR, 117–142) 152 (IQR, 141–168)* 152 (IQR, 142–171)*  < 0.001

 Hemoglobin A1c (%) 5.6 (IQR, 5.4–5.7) 5.2 (IQR, 4.9–5.4)* 9.7 (IQR, 9.1–10.2)*, †  < 0.001

 Fasting plasma glucose (mg/dL) 118 (IQR, 102–122) 98 (IQR, 93–105)* 159 (IQR, 149–168)*, †  < 0.001

 HOMA-IR (%) 1.7 (IQR, 1.6–2.1) 1.3 (IQR, 1.1–1.5)* 3.5 (IQR, 3.0–3.8)*, †  < 0.001

 eGFR at cystatin C (mL/min/1.73m2) 71 (IQR, 70–78) 58 (IQR, 55–63)* 50 (IQR, 47–54)*, †  < 0.001

 Brain natriuretic peptide (pg/mL) 18 (IQR, 17–21) 173 (IQR, 148–209) * 202 (IQR, 173–219)*  < 0.001

 Hemoglobin (g/dL) 14.0 (IQR, 13.4–14.4) 13.3 (IQR, 12.8–13.8)* 12.4 (IQR, 12.1–13.1)*, †  < 0.001

 Systolic Blood Pressure (mmHg) 126 (IQR, 122–128) 142 (IQR, 124–148)* 142 (IQR, 128–148)*  < 0.001

 Diastolic Blood Pressure (mmHg) 72 (IQR, 66–75) 68 (IQR, 66–75) 66 (IQR, 63–72) 0.067

Normal distribution data are expressed as means ± standard deviations, non-normal distribution data are expressed as medians, and nominal variables are expressed 
as percentages.

HFpEF heart failure with preserved ejection fraction, IQR interquartile range, NYHA New York Heart Association, HOMA-IR homeostasis model assessment of insulin 
resistance, eGFR estimated glomerular filtration rate
* P < 0.05 vs the Control group
† P < 0.05 vs the HFpEF-without-T2DM group
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Clinical characteristics in patients with HFpEF with T2DM
Our results showed that the estimated glomerular filtra-
tion rate and the prevalence of anemia were significantly 
worse in the HFpEF-with-T2DM group. A finding sup-
ported in a similar study by Lindman et al. [11]. However, 

although there was no significant difference in BMI 
among the three groups, the prevalence of obesity 
increased significantly in the HFpEF-without-T2DM 
group; this contradicts our hypothesis and the Lindman 
et al. report. Although the reason for this is unclear, it is 

Table 2 Echocardiography data of all the groups

Normal distribution data are expressed as means ± standard deviations, non-normal distribution data are expressed as medians, and nominal variables are expressed 
as percentages.

 HFpEF heart failure with preserved ejection fraction, IQR interquartile range, SI stroke volume index, CI cardiac output index, E peak early flow velocity, A Late diastolic 
flow velocity, E/A ratio of peak early and late diastolic flow velocities, DcT deceleration time, e′ peak early diastolic tissue velocity, E/e’ ratio of the mitral inflow early 
diastolic velocity to the mean e′ velocity from the septal and lateral sides of the mitral annulus
* P < 0.05 vs the Control group
† P < 0.05 vs the HFpEF-without-T2DM group

Characteristics Control (n = 50) HFpEF without T2DM (n = 48) HFpEF with T2DM (n = 51) P‑value

Epicardial adipose tissue thickness (mm) 5.1 (IQR, 4.3–6.8) 7.9 (IQR, 7.4–8.3)* 8.8 (IQR, 8.6–8.9)*, †  < 0.001

Interventricular septal thickness at end diastole 
(mm)

7.5 (IQR, 6.6–8.2) 10.2 (IQR, 9.3–10.6)* 9.8 (IQR, 9.3–10.8)*  < 0.001

Posterior wall thickness at end diastole (mm) 7.6 (IQR, 6.6–8.3) 10.2 (IQR, 9.4–10.6)* 9.9 (IQR, 9.3–10.7)*  < 0.001

Left ventricular end-diastolic diameter (mm) 46.5 ± 1.8 45.8 ± 2.5 46.1 ± 2.6 0.304

Left ventricular end-systolic diameter (mm) 27.0 (IQR, 26.1–28.3) 29.5 (IQR, 28.0–31.4)* 28.5 (IQR, 26.9–30.6)*  < 0.001

Left ventricular end-diastolic volume index (mL/
m2)

57.4 ± 5.9 55.5 ± 7.5 57.4 ± 8.4 0.321

Left ventricular end-systolic volume index (mL/
m2)

15.4 (IQR, 13.7–17.9) 19.6 (IQR, 16.6–22.5)* 18.5 (IQR, 16.2–22.2)*  < 0.001

Left ventricular ejection fraction (%) 74 (IQR, 67–77) 64 (IQR, 59–69)* 66 (IQR, 62–72)*  < 0.001

Left atrial ejection fraction (%) 58 (IQR, 57–61) 48 (IQR, 45–52)* 44 (IQR, 42–48)*, †  < 0.001

SI (mL/m2) 41.3 ± 6.3 35.7 ± 6.6* 38.4 ± 7.8  < 0.001

CI (L/min/m2) 2.9 ± 0.5 2.5 ± 0.5* 2.6 ± 0.6*  < 0.001

Left ventricular mass index (g/m2) 79 (IQR, 70–90) 116 (IQR, 104–125)* 119 (IQR, 102–130)*  < 0.001

Left atrial volume index (mL/m2) 29 (IQR, 28–30) 36 (IQR, 35–40)* 35 (IQR, 33–38)*  < 0.001

Relative wall thickness 0.32 (IQR, 0.29–0.36) 0.44 (IQR, 0.42–0.47)* 0.43 (IQR, 0.41–0.47)*  < 0.001

E (cm/s) 89.4 (IQR, 80.1–91.4) 57.6 (IQR, 51.9–62.8)* 59.8 (IQR, 53.1–66.4)*  < 0.001

A (cm/sec) 83.9 (IQR, 80.0–89.2) 77.9 (IQR, 70.0–82.0)* 79.2 (IQR, 69.6–88.2)*  < 0.001

E/A 1.02 (IQR, 1.00–1.06) 0.79 (IQR, 0.71–0.86)* 0.81 (IQR, 0.70–0.93)*  < 0.001

DcT (cm/s) 195 (IQR, 186–218) 238 (IQR, 224–268)* 229 (IQR, 218–249)*  < 0.001

Lateral e′ (cm/s) 10.9 (IQR, 10.7–11.2) 5.2 (IQR, 3.9–6.2)* 5.4 (IQR, 4.3–6.1)*  < 0.001

Medial e′ (cm/s) 8.7 (IQR, 6.7–10.0) 2.8 (IQR, 2.4–3.6)* 2.8 (IQR, 2.5–3.7)*  < 0.001

Mean e′ (cm/s) 9.7 (IQR, 8.7–10.4) 3.9 (IQR, 3.2–4.9)* 4.1 (IQR, 3.4–5.0)*  < 0.001

E/e′ (cm/s) 9.0 (IQR, 8.3–9.6) 14.6 (IQR, 13.2–16.6)* 14.7 (IQR, 13.7–16.0)*  < 0.001

Peak tricuspid regurgitation velocity (m/s) 2.2 (IQR, 2.1–2.3) 2.9 (IQR, 2.6–3.1)* 2.9 (IQR, 2.8–3.0)*  < 0.001

Left ventricular global longitudinal strain (%) −22.0 (IQR, −18.9– −23.2) −15.0 (IQR, −16.4– −14.3)* −14.9 (IQR, −16.1– −13.9)*  < 0.001

Left atrial global longitudinal strain (%) 35.0 (IQR, 32.8–38.8) 31.9 (IQR, 30.5–33.8)* 27.6 (IQR, 25.5–30.5)*, †  < 0.001

Mitral regurgitation

 Mitral regurgitation volume (mL) – 30.6 (IQR, 12.3–31.4) 30.5 (IQR, 16.4–31.3) 0.807

 Effective regurgitant orifice area  (cm2) – 0.23 (IQR, 0.10–0.24) 0.22 (IQR, 0.14–0.27) 0.272

 Mild (%) – 21 25 0.583

 Moderate (%) – 25 29 0.622

 Estimated pulmonary artery systolic pressure 
(mmHg)

29.3 (IQR, 27.4–32.6) 43.1 (IQR, 40.4–48.4)* 42.0 (IQR, 37.5–48.2)*  < 0.001

 Presence of concentric remodeling (%) 0 77* 75*  < 0.001

 Presence of eccentric hypertrophy (%) 0 73* 82*  < 0.001

 Presence of concentric hypertrophy (%) 0 50* 57*  < 0.001
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known that East Asians, such as the Japanese, develop 
T2DM even when their BMI is < 25  kg/m2 [49]; this is 
often associated with skeletal muscle dysfunction and 
sarcopenia, involving major organs that consume glucose 

[50]. This report partially supports our data showing a 
significant increase in the prevalence of sarcopenia in 
the HFpEF-with-T2DM group. Although our study is the 
first to clarify the prevalence of sarcopenia according to 

Fig. 1 Exercise capacity and work rate data of all groups. Analysis of covariance was adjusted for the presence or absence of sarcopenia as well as 
hemoglobin level. *P < 0.05 vs the Control group, †P < 0.05 vs the HFpEF-without-T2DM group. HFpEF heart failure with preserved ejection fraction, 
T2DM type 2 diabetes mellitus, peakVO2 peak oxygen uptake, AT VO2 oxygen uptake at anaerobic threshold

Fig. 2 Hemodynamics data of all groups. Analysis of covariance was adjusted for medication of β-blocker as well as hemoglobin level. *P < 0.05 vs 
the Control group, †P < 0.05 vs the HFpEF-without-T2DM group. HFpEF heart failure with preserved ejection fraction, T2DM type 2 diabetes mellitus, 
CI cardiac output index, SI stroke volume index, HR heart rate, a-vO2 diff Arterial-venous oxygen difference, HRR heart rate recovery, VE vs VCO2 slope 
ventilatory equivalent versus carbon dioxide output slope
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the presence or absence of T2DM in East Asian patients 
with HFpEF, owing to the relatively small number of sam-
ples, further large-scale multicenter studies are needed in 
the future.

LV and LA structural and functional data in patients 
with HFpEF with T2DM
From the results of our study, LV structure and func-
tion tended to partially worsen in the HFpEF-with-
T2DM group, such as LV filling pressure, but there 
was no significant difference between the with or with-
out T2DM groups. This result is consistent with the 
report by Lindman et  al. [11]. The current study sug-
gests that the comorbidity of T2DM in patients with 
HFpEF is unlikely to significantly affect LV structure 
and functions. This issue needs further investigation 
in a large multicenter study with an increased sample 
size. Furthermore, as reported by Wehner et  al. [51], 
HF with LVEF ≥ 65% observed in most of our study 
participants is an HF phenotype of concern for life 
prognosis. In this large cohort study of 203,135 indi-
viduals, the group with LVEF 60–65% had the lowest 
mortality, while those with LVEF < or > 60–65% had a 
higher risk of death. Furthermore, even after adjust-
ing for multiple confounders, the LVEF ≥ 70% group 
was associated with higher mortality in inpatient and 
outpatient settings. Wehner et al. defined heart failure 
with LVEF ≥ 65% as heart failure with supra-normal 
LVEF [51]. In this study, we found a U-shaped relation-
ship between mortality and LVEF, suggesting that it 
may be inappropriate. The increased mortality in the 

LVEF ≥ 65% group has been shown to persist even after 
adjusting for other complications that may increase 
LVEF, such as MR, LV hypertrophy, and anemia. In our 
study results (as shown in the Additional file  3), the 
 peakVO2, which is one of the life prognostic factors in 
patients with HF, showed the maximum value in the 
range of LVEF 60.1–65.0. However, those with higher 
LVEF showed a significantly lower value. This result 
suggests that it may partially explain the higher mor-
tality in the population with LVEF ≥ 65%. As our study 
was a cross-sectional study, we were unable to explain 
the mechanism of this phenomenon. However, further 
studies are needed to elucidate the precise pathophysi-
ology and characteristics of this phenotype with high 
non-cardiovascular mortality. In contrast, LA structure 
and function worsened significantly in the HFpEF-with-
T2DM group. There is one report on LA function and 
life prognosis in patients with HFpEF with T2DM, but 
the median age of the study participants was approxi-
mately 60  years, which is significantly younger than 
that for patients with HFpEF. Thus, the results cannot 
be generalized [52]. To the best of our knowledge, our 
study is the first to compare the LA structure and func-
tion in the presence or absence of T2DM in patients 
with HFpEF with a median age of 74 years. Worse LA 
function is independently associated with exercise 
intolerance in patients with T2DM and a significantly 
higher risk of heart failure-related hospitalization in 
patients with HFpEF [53, 54]. Therefore, the results on 
LA structure and function obtained in this study sug-
gest that it may be a factor in explaining the worse clin-
ical outcome of patients with HFpEF with T2DM [11].

Table 3 Multiple linear regression analysis with peak oxygen uptake as the dependent variable

Multiple linear regression analysis was performed using the stepwise method; the dependent variables were peak oxygen uptake. We selected as independent 
variables known parameters that were found to be significantly associated with peak oxygen uptake in patients with HFpEF [40–48]. To confirm multicollinearity 
between the independent variables, a correlation coefficient of  ≥ 0.8 or a variance inflation factor of  ≥ 5.0 was looked for, but neither was confirmed. In addition, on 
performing the Shapiro–Wilk test on residuals, the significance probability was 0.112, thus, confirming their normal distribution

Independent variables Peak oxygen uptake

R2 Standard error Standardized β 95% confidence 
interval

Variance 
Inflation Factor

P‑value

0.476

Age 0.069 −0.203 −0.322 −0.048 1.008 0.008

Sex 0.610 −0.185 −2.686 −0.265 1.034 0.017

Body mass index 0.120 −0.214 −0.574 −0.098 1.033 0.006

Treatment with β-blocker

Steps (daily physical activity)

Presence of atrial fibrillation 0.611 −0.304 −3.673 −1.247 1.008  < 0.0001

Presence of sarcopenia

Hemoglobin level

Epicardial adipose tissue thickness

Presence of Type 2 diabetes mellitus 0.604 −0.551 −5.597 −3.200 1.013  < 0.0001
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Exercise capacity and hemodynamics in patients 
with HFpEF with T2DM
The  peakVO2 objectively evaluated by CPET in patients 
with HFpEF is one of the indicators closely related to life 
prognosis [55]. Patients with HFpEF had lower  peakVO2 
than age-matched controls, and HFpEF with T2DM has 
been reported to further reduce  peakVO2 [9, 11]. How-
ever, the determinants of exercise intolerance in patients 
with HFpEF with T2DM have not been investigated. 
Our study extended this knowledge by evaluating hemo-
dynamics during submaximal exercise in HFpEF with 
T2DM.

The peak SI, one of the hemodynamic indices, showed 
no significant difference among the three groups; this 
is consistent with the findings of Haykowsky et  al. and 
Bhella et  al. in age-matched patients with HFpEF [56, 
57]. However, a study by Borlaug et al. reported that the 
peak SV was significantly decreased in the HFpEF group, 
which is paradoxical to our findings [58]. The definitive 
reason for this is unclear, but we performed CPET in an 
upright position, whereas Borlaug et  al. reported that 
the posture during CPET was supine [58]. Differences 
in posture affect preload during exercise. Exercise in the 
supine position increased preload compared to at rest, 
which corresponds to the flat portion of the Frank–Star-
ling relationship. In the study by Borlaug et al., there was 
little change in his SV index at rest and during maximal 
exercise (SI at rest = 40 mL/m2, peak exercise: SI = 47 mL/
m2). In our study, the SV index did not increase with AT 
intensity or higher but increased appropriately with rest-
ing sitting position to peak exercise.

Although there was no significant difference in the 
peak SI, central and peripheral factors, such as peak CI, 
HR, and a-vO2 diff values, decreased in the HFpEF-with-
T2DM group; this may be related to the prevalence of 
chronotropic incompetence, abnormality of HRR, and 
presence of sarcopenia. Although there was no signifi-
cant difference in resting HR among the three groups, the 
HR response flattened out with increasing exercise load 
in the HFpEF group, especially in the HFpEF-with-T2DM 
group. SV reached a plateau at 40–50% of maximal exer-
cise, after which an increase in HR led to a rise in CO 
[59]. A higher prevalence of chronotropic incompetence 
was present in the HFpEF-with-T2DM group [11]. This 
report partially supports our findings. However, although 
HR response is one of the factors of exercise intolerance, 
it cannot be concluded as a determinant of exercise intol-
erance as this study is a case–control study.

Furthermore, in the HFpEF-with-T2DM group, 
approximately 30% of patients terminated their CPET 
because of decreased pedal velocity and the preva-
lence of sarcopenia. Therefore, even if the peak respira-
tory exchange ratio exceeds 1.1, early termination of 

exercise due to muscle weakness in the lower extremi-
ties cannot be ignored. Therefore, further investigation 
considering these confounding factors is required.

Peak a-vO2 diff was significantly lower in the HFpEF-
with-T2DM group. Our results showed that exercise 
intolerance in HFpEF with T2DM is closely associated 
with a reduced oxygen extraction capacity of peripheral 
tissues. Decreased peak a-vO2 diff has been implicated 
as a significant cause of exercise intolerance in patients 
with HFpEF and T2DM [55, 60]. These reports support 
some of our findings. In particular, sarcopenia, one of 
the non-cardiac factors, appears to be closely associ-
ated with exercise intolerance in patients with HFpEF 
[45]. Nesti et  al. reported hemoglobin as a predictor 
of the a-vO2 diff [10]. In our study, the HFpEF-with-
T2DM group also showed a significant increase in the 
prevalence of anemia. Multiple reports and our results 
suggest that extracardiac factors may be closely related 
to exercise intolerance in a cohort characterized by 
HFpEF with T2DM. However, it should be noted that in 
our study, the a-vO2 diff was measured as an estimate 
calculated using the Fick equation. Furthermore, the 
prevalence of sarcopenia was significantly increased in 
the HFpEF-with-T2DM group, but the differences in its 
constituent factors (e.g., appendicular skeletal muscle 
index, hand grip, and the five-time chair-stand test as 
a physical function) were slight. Therefore, it cannot be 
concluded that peripheral factors, such as peak a-vO2 
diff, are determinants of exercise capacity in patients 
with HFpEF with T2DM and should be left to the influ-
ential hypothesis stage.

VE vs  VCO2 slope, an index of ventilation efficiency 
during exercise, was higher in the HFpEF-with-T2DM 
group than in the HFpEF-without-T2DM group. When 
a pulmonary disease is excluded, as in our study, VE vs 
 VCO2 slope is an indicator of pulmonary artery blood 
flow and ventilation/perfusion imbalance, and high val-
ues in patients with HFpEF have been reported to be 
associated with survival prognosis [60]. To the best of 
our knowledge, this is the first report on the ventilatory 
function of HFpEF with T2DM during exercise. Cardiac 
autonomic neuropathy may exacerbate the ventilatory 
response to exercise in patients with diabetes by exces-
sively increasing the respiratory rate and alveolar ven-
tilation [61]. In our study, as shown in Additional file 2, 
84% of the patients in the HFpEF-with-T2DM group 
had abnormalities of HRR and cardiac autonomic neu-
ropathy. Therefore, it cannot be denied that the pres-
ence of ventilatory/perfusion imbalance and cardiac 
autonomic neuropathy was associated with insuffi-
cient CO in the HFpEF-with-T2DM group caused an 
increase in VE vs  VCO2 slope.
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T2DM as an independent factor of exercise intolerance 
in patients with HFpEF
Multiple regression analysis showed that T2DM was 
independently associated with  peakVO2 in patients 
with HFpEF. T2DM has been reported as a predictor of 
 peakVO2 regardless of LVEF [62]. Our study has clini-
cal significance as we enrolled patients with HFpEF aged 
65–80 years, who are likely to be encountered clinically, 
and presented results after adjusting for multiple con-
founding factors, such as sarcopenia and daily physical 
activity. Although the underlying cause of exercise intol-
erance in HFpEF is multifactorial, our results suggest that 
T2DM may adversely affect multiple predictors.

Furthermore, exercise intolerance in HFpEF with 
T2DM may be associated with chronotropic incompe-
tence, decreased ventilation efficiency during exercise 
as central factors, and decreased a-vO2 diff as periph-
eral factors. Additionally, cardiac autonomic neuropathy, 
anemia, and sarcopenia may also have an effect. There-
fore, as a suggestion for future interventions in cases of 
HFpEF with T2DM with poor prognosis, sodium-glu-
cose cotransporter two inhibitors may improve glycemic 
control and anemia [63]. It has also been suggested that 
cardiac rehabilitation, as a non-pharmacological inter-
vention, may improve cardiac autonomic neuropathy 
and sarcopenia. Further studies are needed to determine 
whether these interventions improve exercise intolerance 
and prognosis.

Limitations
In this study, selection bias cannot be completely ruled 
out because it was a single-center study. Moreover, this 
study included only Japanese individuals, who differ 
from Caucasians in race and physique. A total of 48% of 
patients with HFpEF were classified as NYHA class III, 
but only 5% received diuretics at the time of our investi-
gation. The BNP levels and peak tricuspid regurgitation 
velocity of patients with HFpEF in our study possibly 
indicated that many of those with NYHA class III may 
have experienced fluid retention, and that they were 
not receiving adequate medication at the initial visit. As 
noted in the guidelines, in patients with HF who have 
fluid retention, diuretics are recommended to relieve 
congestion, improve symptoms, and prevent worsen-
ing HF [64, 65]. Therefore, the impact of this on exercise 
capacity cannot be denied. Impedance cardiography, a 
noninvasive method for assessing CO, has been reported 
to be highly correlated with the direct Fick method in 
healthy individuals. However, SV may be overestimated 
when patients with HF are included as participants 
[66]. Therefore, errors may have occurred during meas-
urement in participants with the same HF symptoms. 

Nevertheless, our study participants had a more pre-
served LVEF than the Kemps et  al. study [66]; patients 
with dilated cardiomyopathy were excluded as their clini-
cal characteristics were significantly different. A stress 
test that combines CPET and echocardiography shows 
a clinically acceptable measurement accuracy, consistent 
with Fick’s CO value measured directly during exercise.

Further, various types of information can be obtained 
during exercise (e.g., LV-GLS, E/e’, LVEF); this may pro-
vide a compatible alternative to the invasive direct Fick 
method [67]. The a-vO2 diff was also calculated from 
Fick’s formula, and we cannot conclude that the decline 
in a-vO2 is a determinant of  peakVO2 due to the method-
ological limitations of this study. Finally, we did not col-
lect biomarker data other than the BNP levels. Obtaining 
biomarkers other than BNP, especially biomarkers of 
vasodilatation and fibrosis, such as endothelin and galec-
tin, may provide suggestions for LA pathological changes 
and a-vO2 diff and knowledge that will help us better 
understand the mechanisms.

Conclusions
The results of this case–control study based on patients 
with HFpEF diagnosed by the stringent criteria showed 
that T2DM was independently associated with  peakVO2 
in patients with HFpEF. Furthermore, HFpEF combined 
with T2DM may lead to additive decreases in exercise 
capacity, HR response, peripheral oxygen extraction, and 
ventilation efficiency. Our results suggest that patients 
with HFpEF with T2DM have a characteristic patho-
physiology, such as cardiac autonomic neuropathy, ane-
mia, and sarcopenia, and these factors may be related to 
 peakVO2 determinants. Multiple factors cause exercise 
intolerance in patients with HFpEF with T2DM, but our 
findings may help identify intervention targets. Further 
investigation is needed through clinical trials based on 
large-scale pharmacological and non-pharmacologi-
cal diabetes care interventions in this unique cohort 
population.
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