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Objective: The American Heart Association has recently emphasized the significance of the cardiovascular-kidney-metabolic (CKM)
syndrome. However, the cumulative impact of these factors on cardiorespiratory fitness remains inadequately characterized. This study
aimed to examine the responses observed during cardiopulmonary exercise testing (CPET) of CKM syndrome patients and explore the
potential correlation between cardiorespiratory fitness and hemoglobin concentration in this cohort.

Design: Cross-sectional study.

Methods: We retrospectively collected medical data of 8206 patients who underwent CPET from 2012-2022. Among the 878
individuals enrolled, 12 were healthy controls, 809 had isolated CVD, and 57 were in CKM stage 4. After propensity score matching,
112 patients were included in the matched cohort analysis, with 56 each in the CVD and CKM groups. CPET responses were
compared between the groups using propensity matched analysis. Additionally, simple mediation models were employed to investigate
the potential mediating role of hemoglobin concentration in the association between CKM syndrome and peak VO,.

Results: After propensity score-matching, CKM stage 4 was associated with diminished cardiorespiratory fitness compared to the other two
groups. This included diminished exercise capacity, reflected by shorter exercise time, lower maximum workload (and its percent predicted
value), and reduced peak VO2 (including its percent predicted value and peak VO2/kg). Additionally, cardiac autonomic function was
impaired, as evidenced by decreased heart rate recovery (HRR) and a reduced slope of HR recovery (all p<0.05). Mediation model
regression analysis indicated a significant and direct detrimental effect of CKM syndrome on peak VO, (f = —228.502; P = 0.003), and
a significant indirect partial effect of hemoglobin concentration on the direct effect (5 =—335.718; P < 0.001), with the percentage mediated
through hemoglobin concentration of 46.9%.

Conclusion: Individuals with CKM syndrome demonstrate compromised responses to CPET manifested by diminished exercise
capacity and cardiac autonomic function. While diminished peak oxygen uptake can be partly explained by hemoglobin concentration
as we found, further research is necessary to understand other underlying mechanisms.

Keywords: cardiovascular-kidney-metabolic, cardiovascular disease, diabetes, chronic kidney disease, cardiorespiratory fitness,
Cardiopulmonary Exercise Testing

Introduction

There is a well-established bidirectional association between the dysfunction of the heart and the kidneys, known as
cardiorenal syndrome. Similarly, the concept of cardiometabolic disease has gained significant recognition in recent
years. Recent studies underscore the imperative need to encompass their interplay within a broader framework termed
cardiovascular-kidney-metabolic (CKM) syndrome, reflecting the clinical presentation of the pathophysiological inter-

actions among metabolic risk factors such as obesity and diabetes, chronic kidney disease (CKD) and the cardiovascular

1
system.
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The state of poor CKM health significantly drives premature morbidity and mortality.” Multiple factors, including

36 78 %10 contribute to the

disturbances in cardiac and skeletal muscle function,” > autonomic dysfunction,”® and anaemia
adverse prognosis of these patients. Notably, these factors often interact and exacerbate each other, leading to
a cumulative impact on patient outcomes. Among these, Cardiorespiratory fitness (CRF) has emerged as an independent
marker of cardiovascular well-being. Low CRF, endorsed as a clinical vital sign by the American Heart Association, is
strongly linked to an elevated risk of cardiovascular disease (CVD) morbidity and mortality.'" Besides, conditions
commonly associated with CKM, such as of anemia, CKD, and diabetes, appear to have an additive detrimental effect on
physical function.'*'® Cardiopulmonary exercise testing (CPET) is a well-described technique for assessing cardior-
espiratory fitness.'*' It provides valuable insights into the dynamics of cardiopulmonary and circulatory responses to
physical stress, while also serving as a safe tool to unveil potential imbalances in parasympathetic and sympathetic
activity that might remain concealed during rest.'® However, despite its importance, comprehensive evaluations of CRF
in CKM patients remain limited, highlighting a critical gap in understanding its role in this population.

Since nearly every major organ system is affected as a consequence of CKM syndrome, therefore, CPET seems to be more
ideal to comprehensively evaluate the overall function of CKM patients from a functional perspective. Consequently, this
study aims to evaluate the unique CPET responses of CKM syndrome patients, compare these findings with control groups,

and investigate the role of hemoglobin concentration in explaining reduced cardiorespiratory fitness.

Methods
Patients and Study Design

This study was performed as a retrospective analysis in which data from CPET until maximal exhaustion were assessed
in 8,206 individuals who referred for CPET between January 1, 2012 and April 26, 2022, from Guangdong Provincial
People’s Hospital (GDPH).

According to the CKM Presidential Advisory from the American Heart Association,'” the eligibility criteria of CKM
stage 0 were defined as follows: individuals attending CPET for physical examination reason, without clinical diagnosis
of CVD including coronary heart disease, heart failure, stroke, atrial fibrillation, without clinical diagnosis of diabetes,
hypertension, hyperlipemia and CKD, with normal BMI<23 (lower anthropometric cut points advised for Asian
populations'®). Participants eligible for CKM stage 0 were enrolled as healthy controls. The CKM stage 4 group was
defined as individuals with clinical diagnosis of coronary heart disease who also had diabetes and CKD. The CVD
isolated group included individuals with coronary heart disease but did not have diabetes or CKD. The exclusion criteria
were 1) age <18 years; 2) with incomplete medical records and CPET data. Hemoglobin, serum creatinine, serum uric
acid concentration and pulmonary function test result as well as complication, were collected from patients’ medical
records within a 3-month window before or after CPET. Participants provided written informed consent for anonymous
clinical data using. This study was approved by the GDPH’s Ethics Committee (KY2023-514) and met guidelines set by
the Declaration of Helsinki.

Assessment of CPET Data

Prior to commencing the analysis, CPET data were screened for eligibility. All CPET were conducted on cycle ergometer
(ERG 910 plus, SCHILLER, Switzerland) and respiratory gas exchange was analyzed using a calibrated metabolic cart
(CARDIOVIT CS-200 Office ErgoSpiro, SCHILLER, Switzerland) on a breath-by-breath basis. The primary eligibility
criteria encompassed the availability of exercise time, maximum workload, absolute VO, (I/min), absolute VCO, (I/min),
and ventilation (VE) (I/min) throughout the entire CPET measurement. Additionally, B-blockers and calcium channel
antagonists were discontinued 24 hours before testing whenever possible.

The percent predicted load was determined by calculating the actual maximum workload divided by the workload predicted
based on sex and age. Peak VO, and peak respiratory exchange ratio (RER) were expressed as the highest 10-second averaged
sample obtained during the last 20s of testing. RER was calculated as the ratio of VCO, to VO, at peak exercise. The anaerobic
threshold (AT) was identified using the V-slope method, and further confirmed using other plots. Both peak VO, and AT VO,
were presented in both absolute (mL/min) and relative terms (mL/kg/min). The percent predicted VO, was calculated as dividing
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the actual VO, by the predicted VO, estimated by sex, age, and weight. The A oxygen consumption/A work rate slope (VO,/WR)
was automatically computed through the software programme, defining the ratio of the changes in VO, versus the changes in
workload. Peak oxygen pulse (O, pulse), a surrogate for stroke volume, was determined by dividing peak VO, (mL/min) by peak
heart rate (HR). The VE/VCO, slope was derived using linear regression, with the exclusion of the nonlinear segment of the data
initiated by the onset of ventilatory compensation for metabolic acidosis.

Hemodynamics

Blood pressure measurements were taken at 2-minute intervals, while a continuous 12-lead electrocardiogram and
saturation monitoring (SpO,) were recorded. HR, systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were analyzed both at rest and at peak exercise. The resting period were considered as the last 30s on the cycle ergometer
before the start of CPET. Evaluation of hemodynamic changes during exercise testing and during the recovery period has
been considered a simple and useful marker for identification of autonomic dysfunction.'*?® These parameters are often
used to assess the balance between sympathetic and parasympathetic nervous system activity, which helps in under-
standing autonomic function and its impairment in various clinical conditions. In this study, we defined the heart rate
response during exercise to represent cardiac autonomic nervous activity, including heart rate recovery (HRR), defined as
the difference between peak HR and HR one minute following test termination, the slope of HR increase (beats/s), which
was defined as the ratio between change in HR from rest to peak exercise and exercise time, and the slope of HR
recovery (beats/s), defined as the ratio between heart rate recovery and exercise time.

Statistical Analysis

Normality of data were verified using normal Q-Q plots and Shapiro—Wilk test. Descriptive statistics are presented as
meanztstandard deviations for continuous variables and as numbers and percentages for categorical variables. Data
distributions were compared using the #-test for continuous variables and chi-square tests for categorical variables. To
compare the three group, the one-way ANOVA was used, followed by the Bonferroni post hoc test.

Subsequent to the comparison of the baseline characteristics between CVD and CKM patients, rigorous adjustments
for significant demographic differences between the two groups were performed via propensity score matching (PSM),
The matching parameters included a caliper of 0.1 and a 1:1 matching ratio, with covariates consisting of sex and age.
Further comparisons of cardiopulmonary parameters were performed in the healthy control group and the matched CVD
and CKM groups.

Additionally, we conducted mediation analyses with simple mediation models, utilizing PROCESS SPSS macro
version 4.1 to explore the mediation relationship within CRF, hemoglobin concentration and CKM syndrome.
Specifically, we estimated the total effect of CKM on peak VO2 (c path), the effect of CKM on hemoglobin concentra-
tion (a path), the effect of hemoglobin concentration on peak VO2 while controlling for CKM (b path), and the direct
effect of CKM on peak VO2 while controlling for hemoglobin concentration (¢’ path). The mediation effect was
considered significant if the 95% confidence interval (CI) of the indirect effects did not encompass zero. The percentage
mediated was calculated by dividing the indirect effect (a X b) by the total effect(c). Imbalanced baseline characteristics
had been adjusted. A two-tailed value of P < 0.05 was considered statistically significant. All statistical analyses were
performed using SPSS 27.0 (SPSS, Inc., Chicago, IL, USA).

Results

Baseline Characteristics

A total of 878 individuals were included in the final analysis (Figure 1). Baseline clinical and laboratory characteristics of
the healthy controls (n=12), patients with CVD (n=809), and patients with CKM stage 4 (n=57) are listed in Table 1. In
comparison to the healthy control and CVD groups, the CKD stage 4 group exhibited advanced age, elevated levels of
creatinine and uric acid, and a higher prevalence of anemia, heart failure, and hypertension. After conducting propensity
score matching, the matched cohort analysis included 112 patients, with 56 individuals in the CVD group and 56 in the
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Individuals referred for CPET between January 1, 2012
and April 26, 2022 (n=8,206)

Excluded(n=4,101):

» age <18 years (n=213)

] - without complete CPET data (n=1,011)

« without complete medical records (n=2,621)

Assessed for primary eligibility Individuals (n=4,105)

Excluded(n=3,227):
« do not meet the clinical diagnosis for inclusion

CVD isolated group CKM stage 4 group
Individuals with CHD but no Individuals with CHD,
diabetes or CKD diabetes and CKD
(n=809) (n=57)
A 4
CKM stage 0 group
Healthy individuals without CKM Matched CVD isolated group Matched CKM stage 4 group
risk factor (n=56) (n=56)
(n=12)

Figure | Flow chart of the study.
Abbreviations: CPET, Cardiopulmonary exercise testing; CVD, cardiovascular disease; CHD, coronary heart disease; CKD, chronic kidney disease; CKD, cardiovascular-
kidney-metabolic.

CKM group. No significant differences were found in age, uric acid concentration, and heart failure prevalence between
the CVD and CKM stage 4 groups, while creatinine, eGFR, hemoglobin, anemia and hypertension remained different.

Cardiopulmonary Exercise Testing

The results of cardiopulmonary exercise testing in the control group and matched cohorts are presented in Table 2. All
groups successfully performed a high intensity cardiopulmonary exercise test to volitional exhaustion as verified by peak
RER. Patients with CKM syndrome stage 4 exhibited significantly lower exercise time, max workload, percent predicted
load, peak VO,, percent predicted VO,, peak VO,/kg, VE/VCO, slope, and peak HR as well as higher rest SBP

Table | Patient Characteristics

Control Unmatched Cohort Matched Cohort (Sex, Age)
n =12 CVD Isolated | CKM Stage 4 | CVD Isolated | CKM Stage 4
n =809 n =57 n =56 n =56
Demographic

Gender, male, n (%) 5(41.7) 626(77.4)* 47(82.5)* 52(92.9) 46(82.1)
Age (year, mean * SD) 41.7x11.6 58.9+11.2* 67.2£10.4% 65.7+9.8 66.9+10.2
Height (cm, mean * SD) 164.4+8.8 165.1£7.6 166.85+7.0 166.8+5.2 166.7+7
Body mass (kg, mean * SD) 57.2+6.9 66.5+11.6% 68.9+12.9*% 68.1£10.9 68.6+12.8
BMI (kg/m?, mean + SD) 21.1x1.6 24.3+£3.2% 24.6+3.6% 24.5+3.5 24.5+3.6

(Continued)
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Table | (Continued).

Control Unmatched Cohort Matched Cohort (Sex, Age)
n =12 CVD Isolated | CKM Stage 4 | CVD Isolated | CKM Stage 4
n =809 n =57 n =56 n =56
Comorbidities and laboratory measures
Creatinine (umol/l, mean + SD) 66.7x16.7 79.0+15.5 204.3+203.3%* 82.7+15.6 204.8+205.1%
eGFR (mL/kg/1.73 m?, mean * SD) 107.0£25.5 87.6%14.3% 40.6x16.0+* 82.2+13.6 40.8x16.1*
Uric acid (umol/l, mean + SD) 329.3£105.2 401.2+104.1 440.5+133 4+ 416.4+91 441.6+134.5
Hemoglobin (g/dl, mean * SD) 137.7£12.9 139.8+16.1 126.3£21.6* 142.5%134 126.1£21.8%
Anemia (<12 g/dl), n (%) 0 65(8.0) 18(31.6)* 2(3.6) 18(32.1)*
HF, n (%) 0 11(1.4) 5(8.8)" 1(1.8) 5(8.9)
Stroke, n (%) 0 23(2.8) 4(7.0) 2(3.6) 4(7.1)
AF, n (%) 0 36(4.4) 3(5.3) 4(7.1) 3(54)
Hypertension, n (%) 0 342(42.3) 43(75.4)" 28(50.0) 42(75.0)*
Dyslipidemia, n (%) 0 131(16.2) 9(15.8) 5(8.9) 8(14.3)
Over weight, n(%) 0 534(66.0) 37(64.9) 44(78.6) 36(64.3)
Depression, n (%) 1(8.3) 20(2.5) 0 3(5.4) 0
Anxiety, n (%) 1(8.3) 39(4.8) 2(3.5) 4(7.1) 2(3.6)
Abnormal static pulmonary function, n (%) 2(25) 179(34.6) 15(41.7) 20(35.7) 15(26.8)

Table 2 Physiological Measures During the Cardiopulmonary Exercise Testing of Healthy Controls, CVD and CKM Patients

Control Matched Cohort (Sex, Age) P for CVD | P for con | P for CVD
Vs con vs CKM vs CKM
n =12 CVD Isolated | CKM Stage 4
n =56 n =56
CPET parameters
Exercise time(s) 480.3+85.1 433.7+125.0 372.3%103.5 0.586 0.009 0.014
Max workload(Watt) 123.2+38.2 98.0+38.3 74.9+30.0 0.074 <0.001 0.002
Percent predicted load (%) 97.4£26.7 81.8£29.4 60.3£18.4 0.574 0.007 <0.001
Peak RER 1.2+0.1 1.2+0.1 1.2+0.1 0.954 0.429 |
AT VO, (mL/min) 989.7+215.4 886.4+267.3 810.5+206.5 0.905 0.224 0.643
AT VO, (mL/kg/min) 21.3x13.0 19.2£19.6 14.2+11.1 | 0.774 0.605
Peak VO, (mL/min) 1486.9+391.4 1289.8+404.1 1008.3+343.2 0.307 <0.001 <0.001
Percent predicted VO, (%) 78.8+14.1 72.9£21.0 59.7%29.7 | 0.0l 0.002
Peak VO,/kg (mL/kg/min) 25.845.9 19.2£5.9 14.8+4.6 <0.001 <0.001 <0.001
VO,/WR(mL/min/watt) 9.6x1.3 9.6x1.9 9.3%£52 | | |
O, pulse (mL/beat) 9.5+1.7 10.4+3.1 8.4+2.3 0.798 0.690 <0.001
VE/VCO, slope 26.8%5.1 3173 33.9+6.7 0.224 0.009 0.128
Hemodynamics parameters

Rest HR (bpm) 76.8+8.9 75.6x15.0 78.9%13.4 | | 0.620
Peak HR (bpm) 156.6+22.3 125.8+21.8 117.8422.3 <0.001 <0.001 0.182
Rest SBP (mm Hg) 115.7+16.7 133.1£21.0 135.5+23.8 0.07 0.033 |
Peak SBP (mm Hg) 155.4£18.1 179.3£30.4 171.3£32.9 0.078 0.423 0.609
Rest DBP (mm Hg) 72.0+9.8 77.7x12.9 75.5%11.5 0.527 | |
Peak DBP (mm Hg) 75.1+8.2 88.7+14.6 80.5+16.7 0.033 0.937 0.028

Notes: Values present as meanstsd. P values calculated by Bonferroni post hoc test. P value marked in bold indicates statistically significant.
Abbreviation: CVD, cardiovascular disease; CKM, cardiovascular-kidney-metabolic syndrome; CPET, Cardiopulmonary Exercise Testing; RER, respiratory
exchange ratio; AT, anaerobic threshold; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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compared to the control group. When comparing patients with CKM to those with CVD, we observed similar trends in
exercise time, max workload, percent predicted load, peak VO,, percent predicted VO,, and peak VO,/kg. It is notable
that there was a graded decline in peak VO,/kg across the study groups. Additionally, O, pulse was significantly lower,
and peak DBP was higher in the CKM group compared to the CVD group. There was a nonsignificant trend toward lower
AT VO, in CVD and CKM compared with the controls. No statistically significant differences were observed between
the groups in terms of RER, VO,/WR, rest HR, peak SBP, and rest DBP.

Figure 2 illustrates that patients with CKM exhibited significantly compromised overall cardiac autonomic nervous
activity compared to those with CVD and the control group. Specifically, CKM patients displayed a notably lower HRR
when compared to the other two groups (8.6+6.4 vs 15.0+£9.6 vs 23.7+6.1; p=0.015, p<0.001, respectively). Additionally,
the slope of HR increase in the CKM group was significantly lower than that in the control group (0.107+0.047 vs 0.167
+0.034, p<0.001). Furthermore, the slope of HR recovery also demonstrated a significant reduction in the CKM group in
comparison to the other two groups (0.074+0.052 vs 0.114+0.063 vs 0.156+0.043; p=0.033, p=0.007, respectively).

The Relationship Within CRF, Hemoglobin Concentration and CKM Syndrome

Figure 3 depicts the mediation models employed to assess whether hemoglobin concentration plays a mediating role in
the adverse impact of CKM syndrome on cardiorespiratory fitness. Notably, regression a (f= —16.381[—23.537,-9.224];
P <0.001) indicated that CKM syndrome leads to diminished hemoglobin concentration, and b (8 =6.545[2.802, 10.289];
P =0.008) establishes a statistically significant direct relationship between higher hemoglobin concentration and
enhanced peakVO,. Additionally, a direct effect (f = —228.502[—377.424, —79.579]; P = 0.003) was observed for the
adverse outcome of CKM syndrome on peakVO2. Our mediational hypothesis received validation, as the confidence
intervals did not include zero (f = —335.718[—478.635, —192.801]; P < 0.001), and the percentage mediated through
hemoglobin concentration was 46.9%. The results remained consistent after adjusting for imbalanced baseline character-
istics between the two groups (Figure S1). Therefore, hemoglobin concentration has a partial mediation effect on the

relationship between CKM syndrome and cardiorespiratory fitness.

40- 3 Control
T 1 CVD isolated
1 Bl CKM stage 4
- 23.7 *
] % % % * %
15.0 —
| sk
20 16.7 15.6 f
7 11.4
T T 7.4
10=
0 T

1 1
HRR Slope of HR increase Slope of HR recovery

Figure 2 Cardiac autonomic nervous activity parameters of healthy controls (n=12), CVD isolated (n=56) and CKM patients (n=56). It shows the mean value of HRR, the
slope of HR increase (presented in hundredfold sizes) and the slope of HR recovery (presented in hundredfold sizes), respectively.

Note: P values calculated by Bonferroni post hoc test; *: p<0.05; **: p<0.01; ***: p<0.001.

Abbreviations: CVD, cardiovascular disease; CKM, cardiovascular-kidney-metabolic syndrome; HRR, heart rate recovery; HR, heart rate.
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a=-16.381*** b=6.545**

Direct Effect
c'=-228.5**

CVD
or CKM syndrome

P  PeakV02
Overall Effect

c=-335.7***

Figure 3 A mediation model of the association between CKM syndrome and cardiorespiratory fitness through hemoglobin concentration. Path coefficients are shown. It
shows hemoglobin concentration as mediator of the effect of CKM syndrome on peakVO,.

Note: ** p<0.01; *** p<0.001.

Abbreviations: Hb, hemoglobin concentration; CVD, cardiovascular disease; CKM, cardiovascular-kidney-metabolic syndrome.

Discussion

The main finding of our analysis was that cardiopulmonary function in CKM stage 4 patients exhibited impairments
when compared to healthy controls in CKM stage 0. Furthermore, these impairments were still pronounced when
compared to CVD isolated patients, and part of this effect was mediated by hemoglobin changes. Additionally, we
observed impaired autonomic nervous responses to peak exercise in CKM patients.

In our study, we observed compromised exercise responses in patients with CKM syndrome stage 4, encompassing two
key aspects. The first pertains to reduced exercise capacity, which is evidenced by diminished exercise duration, maximal
workload, peak VO,, and O, pulse. Previous studies have suggested that coronary heart disease, CKD and diabetes in isolation
can independently lead to a reduction in exercise capacity.”' >* Our present study goes a step further, revealing that the
confluence of cardiovascular, kidney, and metabolic diseases can exacerbate this phenomenon. This exacerbation is particu-
larly notable in peak oxygen uptake, suggesting the presence of intricate and potential interactions among metabolic risk
factors, CKD, and the cardiovascular system, all of which have a profound impact on overall health status.

The underlying mechanisms behind reduced exercise capacity in individuals with CKM remain unclear. Similar to

12.24 gur research

previous studies demonstrating an association between anaemia and impaired subjective physical function,
also identifies hemoglobin concentration as a partial explanation for the decline in peak VO, in CKM syndrome. Both
metabolic diseases and CKD can be secondary to anemia,'®** leading to a reduced oxygen-carrying capacity. Although
anemia is a well-described risk factor for diminished physical capacity, many studies have primarily focused on severe levels
of anemia. Our findings reveal that lower hemoglobin levels, even before the onset of anemia, are associated with decreased
exercise capacity. These results underscore the importance of monitoring hemoglobin levels in these patients early in clinical
practice.

In addition to oxygen-carrying capacity, optimal oxygen delivery and utilization during exercise involve a complex
interplay of various physiological functions, including pulmonary ventilation, gas exchange, cardiac output, and peripheral
skeletal muscle oxygen extraction. Our result found that the O, pulse of CKM patients was further impaired than isolated CVD
populations. According to the Fick’s law, the O, pulse represented the product of stroke volume (representing cardiac output)
and arteriovenous oxygen content difference (CaO2-CvO2, representing skeletal muscle oxygen utilization). CKM syndrome
appears to lead to impairment in both aspects. Patients with diabetes showed nearly a 20% lower end-diastolic volume at rest
and during exercise, thereby limiting stroke volume in accordance with the Frank-Starling mechanism.*® Also, mitochondrial
2728 which could lead to

compromised peripheral oxygen utilization. The intricate metabolic interplay among mitochondrial dysfunction, inflamma-

dysfunction is commonly observed in patients with moderate CKD and metabolic disease,

tion, and oxidative stress may collectively contribute to poor physical performance. Additionally, cardiomyopathy and
vasculopathy associated with metabolic and uremic disease could also exacerbate cardiac dysfunction, contributing to the
reduced exercise capacity observed in CKM syndrome.***° Pulmonary hypertension secondary to left ventricular dysfunction
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and vascular endothelial dysfunction, as well as obstructive or restrictive pulmonary dysfunction due to mild fluid retention,
may further complicate oxygen delivery and utilization.”’ Further mechanistic research is needed to better understand the
underlying pathophysiology of reduced physical fitness in patients with CKM, particularly through integrated physiological
approaches and consideration of these additional pathways.

According to our findings, another notable compromised aspect of CKM syndrome’s exercise response is its impact on
cardiac autonomic function, as evidenced by its effect on heart rate regulation and recovery. The heart rate response to
1% At the onset
of exercise, there is a rapid increase in heart rate, primarily mediated by vagal inhibition. As exercise continues, sympathetic

dynamic exercise typically follows a well-defined pattern primarily under autonomic nervous system contro

activity gradually increases, resulting in a progressive acceleration of heart rate. Following exercise, a reduced heart rate
response occurs, driven by a combination of vagal reactivation and diminished sympathetic stimulation, with the latter
playing a more prominent role in the delayed deceleration of heart rate. Prior research has demonstrated that autonomic
dysfunction is common in individuals with CKD or metabolic disorders, and it is closely linked to the onset, progression, and
prognosis of various diseases.® > Our results indicated that the coexistence of metabolic diseases and CKD presented an
addictive effect on autonomic nervous dysfunction in CVD patients. While diminished exercise capacity and compromised
cardiac autonomic function are well-established as negative prognostic indicators in the general population, further explora-
tion is needed to determine their specific prognostic implications in the CKM population.

Limitation

Several limitations of the study should be noted. Firstly, the retrospective design and stringent inclusion/exclusion criteria
led to a small number of healthy subjects, which introduced potential biases, such as baseline imbalances (eg, a higher
proportion of women in the control group) and incomplete or inconsistent data collection. While key demographic
characteristics were carefully matched where possible, these limitations should be considered when interpreting the
results. Secondly, we did not employ a predefined threshold for autonomic disorders based on heart rate recovery (HRR),
as is common in other studies. This was due to the substantial variability in HRR threshold values in the existing
literature. Instead, we opted to compare absolute HRR values, which offer a more comprehensive dataset. Thirdly, we
lacked detailed information on medications beyond B-blockers and calcium channel antagonists, which could have
influenced CPET outcomes, particularly regarding autonomic function and exercise capacity. Moreover, the study
occurred over the time span of 10 years during which time, there have been significant changes in guideline directed
medical therapy (SGLT2 inhibitors, ARNI) uptake that might confound the results. Lastly, it is important to acknowledge
that this investigation focused on individuals with both coronary heart disease and comorbid diabetes mellitus and
chronic kidney disease, representing stage 4 of CKM syndrome. Consequently, generalizability to other kinds of CKM
syndrome populations or clinical settings requires further research.

Conclusions

In conclusion, the study has demonstrated that cardiopulmonary function and the autonomic nervous response to peak
exercise are impaired in patients with stage 4 CKM syndrome. This dysfunction is further linked to hemoglobin
concentration, suggesting a potential mediating factor. These findings underscore the need for further research to explore
the mechanisms by which hemoglobin concentration affects cardiopulmonary fitness in CKM syndrome, as well as to
identify targeted interventions that could improve patient outcomes.
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The data underlying this article will be shared on reasonable request to the corresponding author.

Ethics Approval and Consent to Participate
Participants provided written informed consent for anonymous clinical data using. This study was approved by the
GDPH’s Ethics Committee (KY2023-514) and met guidelines set by the Declaration of Helsinki.

1088 https: Journal of Multidisciplinary Healthcare 2025:18



Liu et al

Acknowledgments
We sincerely thank Bingqing Bai, Fengyao Liu, Han Yin, and others for their assistance in data collection, as well as all
participants for their valuable contributions to this study.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

This work was supported by the grants from National Natural Science Foundation of China (NO.32301119); Medical
research Fund of Shenzhen Medical Academy of Research and Translation (C2301004); Shenzhen Fund for Guangdong
Provincial High-level Clinical Key Specialties (SZGSP001); Shenzhen Medical Research Fund (A2402011); Guangdong
Medical Science and Technology Research Foundation (A2023297).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Ndumele CE, Neeland 1J, Tuttle KR, et al. A synopsis of the evidence for the science and clinical management of cardiovascular-kidney-metabolic
(CKM) syndrome: a scientific statement from the American heart association. Circulation. 2023:CIR.0000000000001186. Published online
October 9. doi:10.1161/CIR.0000000000001186

2. Kofod DH, Carlson N, Ballegaard EF, et al. Cardiovascular mortality in patients with advanced chronic kidney disease with and without diabetes:

a nationwide cohort study. Cardiovasc Diabetol. 2023;22:140. doi:10.1186/512933-023-01867-8

. Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: an update of mechanisms contributing to this clinical entity. Circ Res. 2018;122(4):624-638.

doi:10.1161/CIRCRESAHA.117.311586

4. Patel N, Yaqoob MM, Aksentijevic D. Cardiac metabolic remodelling in chronic kidney disease. Nat Rev Nephrol. 2022;18(8):524-537.

doi:10.1038/541581-022-00576-x

Song E, Hwang SY, Park MJ, et al. Additive impact of diabetes and sarcopenia on all-cause and cardiovascular mortality: a longitudinal nationwide

population-based study. Metabolism. 2023;148:155678. doi:10.1016/j.metabol.2023.155678

6. Gungor O, Sevinc M, Ulu S, Kocyigit I. Sarcopenia and cardiovascular disease in patients with and without kidney disease: what do we know?
Int Urol Nephrol. 2023;55(5):1161-1171. doi:10.1007/s11255-022-03393-0

7. Rangaswami J, Bhalla V, Blair JEA, et al. Cardiorenal syndrome: classification, pathophysiology, diagnosis, and treatment strategies: a scientific

statement from the American heart association. Circulation. 2019;139(16):e840—¢878. doi:10.1161/CIR.0000000000000664

. Spallone V, Ziegler D, Freeman R, et al. Cardiovascular autonomic neuropathy in diabetes: clinical impact, assessment, diagnosis, and

management. Diabetes Metab Res Rev. 2011;27(7):639-653. doi:10.1002/dmrr.1239
9. Rubartelli P, Bruzzone M, Ariel Sanchez F, et al. Effect of pre-existing chronic kidney disease, anaemia and diabetes mellitus on mid-term mortality
in patients with STEMI treated with primary PCI. Eur Heart J. 2020;41(Supplement 2):ehaa946.1775. doi:10.1093/ehjci/ehaa946.1775

10. Horl WH. Anaemia management and mortality risk in chronic kidney disease. Nat Rev Nephrol. 2013;9(5):291-301. doi:10.1038/nrneph.2013.21

11. Ross R, Blair SN, Arena R, et al. Importance of assessing cardiorespiratory fitness in clinical practice: a case for fitness as a clinical vital sign:

a scientific statement from the American heart association. Circulation. 2016;134(24). doi:10.1161/CIR.0000000000000461
12. Odden MC, Whooley MA, Shlipak MG. Association of chronic kidney disease and anemia with physical capacity: the heart and soul study. J Am
Soc Nephrol. 2004;15(11):2908-2915. doi:10.1097/01.ASN.0000143743.78092.E3

13. Montero D, Diaz-Canestro C, Oberholzer L, Lundby C. The role of blood volume in cardiac dysfunction and reduced exercise tolerance in patients

with diabetes. Lancet Diabetes Endocrinol. 2019;7(10):807-816. doi:10.1016/S2213-8587(19)30119-6

14. Guazzi M, Adams V, Conraads V, et al. Clinical recommendations for cardiopulmonary exercise testing data assessment in specific patient

populations. Circulation. 2012;126(18):2261-2274. doi:10.1161/CIR.0b013e318261b946

15. Laukkanen JA, Kunutsor SK. Cardiopulmonary exercise testing in heart failure risk assessment and prognosis. Heart and Mind. 2023;7(1):52.

doi:10.4103/hm.hm_57 22

16. Fornasiero A, Savoldelli A, Skafidas S, et al. Delayed parasympathetic reactivation and sympathetic withdrawal following maximal cardiopul-

monary exercise testing (CPET) in hypoxia. Eur J Appl Physiol. 2018;118(10):2189-2201. doi:10.1007/s00421-018-3945-5

17. Ndumele CE, Rangaswami J, Chow SL, et al. Cardiovascular-kidney-metabolic health: a presidential advisory from the American heart association.

Circulation. 2023;148(20):1606-1635. doi:10.1161/CIR.0000000000001184

18. WHO Expert Consultation. Appropriate body-mass index for Asian populations and its implications for policy and intervention strategies. Lancet.

2004;363(9403):157-163. doi:10.1016/S0140-6736(03)15268-3.

19. Falcone C, Buzzi MP, Klersy C, Schwartz PJ. Rapid heart rate increase at onset of exercise predicts adverse cardiac events in patients with coronary

artery disease. Circulation. 2005;112(13):1959-1964. doi:10.1161/CIRCULATIONAHA.105.545111

W

4

oo

Journal of Multidisciplinary Healthcare 2025:18 hetps: 1089


https://doi.org/10.1161/CIR.0000000000001186
https://doi.org/10.1186/s12933-023-01867-8
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1038/s41581-022-00576-x
https://doi.org/10.1016/j.metabol.2023.155678
https://doi.org/10.1007/s11255-022-03393-0
https://doi.org/10.1161/CIR.0000000000000664
https://doi.org/10.1002/dmrr.1239
https://doi.org/10.1093/ehjci/ehaa946.1775
https://doi.org/10.1038/nrneph.2013.21
https://doi.org/10.1161/CIR.0000000000000461
https://doi.org/10.1097/01.ASN.0000143743.78092.E3
https://doi.org/10.1016/S2213-8587(19)30119-6
https://doi.org/10.1161/CIR.0b013e31826fb946
https://doi.org/10.4103/hm.hm_57_22
https://doi.org/10.1007/s00421-018-3945-5
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1016/S0140-6736(03)15268-3
https://doi.org/10.1161/CIRCULATIONAHA.105.545111

Liu

et al

20.

21

22.

23.

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

Cole CR, Blackstone EH, Pashkow FJ, Snader CE, Lauer MS. Heart-rate recovery immediately after exercise as a predictor of mortality. N Eng/
J Med. 1999;341(18):1351-1357. doi:10.1056/NEJM199910283411804

. Vanhees L, Fagard R, Thijs L, Staessen J, Amery A. Prognostic significance of peak exercise capacity in patients with coronary artery disease.

J Ame College Cardiol. 1994;23(2):358-363. doi:10.1016/0735-1097(94)90420-0

Kirkman DL, Muth BJ, Stock JM, Townsend RR, Edwards DG. Cardiopulmonary exercise testing reveals subclinical abnormalities in chronic
kidney disease. Eur J Prev Cardiolog. 2018;25(16):1717-1724. doi:10.1177/2047487318777777

Nesti L, Pugliese NR, Sciuto P, Natali A. Type 2 diabetes and reduced exercise tolerance: a review of the literature through an integrated physiology
approach. Cardiovasc Diabetol. 2020;19(11):134. doi:10.1186/s12933-020-01109-1

Bartoszko J, Thorpe KE, Laupacis A, Wijeysundera DN. Association of preoperative anaemia with cardiopulmonary exercise capacity and
postoperative outcomes in noncardiac surgery: a substudy of the measurement of exercise tolerance before surgery (METS) study. Br J Anaesth.
2019;123(2):161-169. doi:10.1016/j.bja.2019.04.058

Erez D, Shefler C, Roitman E, et al. Anemia in patients with diabetes and prediabetes with normal kidney function: prevalence and clinical
outcomes. Endocr Pract. 2022;28(2):129—-134. doi:10.1016/j.eprac.2021.10.005

Gusso S, Hofman P, Lalande S, Cutfield W, Robinson E, Baldi JC. Impaired stroke volume and aerobic capacity in female adolescents with type 1
and type 2 diabetes mellitus. Diabetologia. 2008;51(7):1317—1320. doi:10.1007/s00125-008-1012-1

Gamboa JL, Roshanravan B, Towse T, et al. Skeletal muscle mitochondrial dysfunction is present in patients with CKD before initiation of
maintenance hemodialysis. CJASN. 2020;15(7):926-936. doi:10.2215/CIN.10320819

Zhang X, Zhou H, Chang X. Involvement of mitochondrial dynamics and mitophagy in diabetic endothelial dysfunction and cardiac microvascular
injury. Arch Toxicol. 2023;97(12):3023-3035. doi:10.1007/s00204-023-03599-w

Martens CR, Kirkman DL, Edwards DG. The vascular endothelium in chronic kidney disease: a novel target for aerobic exercise. Exerc Sport Sci
Rev. 2016;44(1):12-19. doi:10.1249/JES.0000000000000065

Horton WB, Barrett EJ. Microvascular dysfunction in diabetes mellitus and cardiometabolic disease. Endocr Rev. 2020;42(1):29-55. doi:10.1210/
endrev/bnaa025

. Omote K, Sorimachi H, Obokata M, et al. Pulmonary vascular disease in pulmonary hypertension due to left heart disease: pathophysiologic

implications. Eur Heart J. 2022;43(36):3417-3431. doi:10.1093/eurheartj/ehac184

Maceel BC, Gallo L, Marin Neto JA, Lima Filho EC, Martins LEB. Autonomic nervous control of the heart rate during dynamic exercise in normal
man. Clin Sci. 1986;71(4):457-460. doi:10.1042/cs0710457

Curtis JM, Horton ES, Bahnson J, et al. Prevalence and predictors of abnormal cardiovascular responses to exercise testing among individuals with
type 2 diabetes. Diabetes Care. 2010;33(4):901-907. doi:10.2337/dc09-1787

Usui N, Nakata J, Uehata A, et al. Association of cardiac autonomic neuropathy assessed by heart rate response during exercise with intradialytic
hypotension and mortality in hemodialysis patients. Kidney Int. 2022;101(5):1054-1062. doi:10.1016/j.kint.2022.01.032

Zafrir B, Azencot M, Dobrecky-Mery I, Lewis BS, Flugelman MY, Halon DA. Resting heart rate and measures of effort-related cardiac autonomic
dysfunction predict cardiovascular events in asymptomatic type 2 diabetes. Eur J Prev Cardiol. 2016;23(12):1298-1306. doi:10.1177/
2047487315624747

Journal of Multidisciplinary Healthcare Dovepress
Taylor & Francis Group

Publish your work in this journal

The Journal of Multidisciplinary Healthcare is an international, peer-reviewed open-access journal that aims to represent and publish research in
healthcare areas delivered by practitioners of different disciplines. This includes studies and reviews conducted by multidisciplinary teams as well
as research which evaluates the results or conduct of such teams or healthcare processes in general. The journal covers a very wide range of areas
and welcomes submissions from practitioners at all levels, from all over the world. The manuscript management system is completely online and
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-multidisciplinary-healthcare-journal

. ournal of Multidisciplinary Healthcare 2025:18


https://doi.org/10.1056/NEJM199910283411804
https://doi.org/10.1016/0735-1097(94)90420-0
https://doi.org/10.1177/2047487318777777
https://doi.org/10.1186/s12933-020-01109-1
https://doi.org/10.1016/j.bja.2019.04.058
https://doi.org/10.1016/j.eprac.2021.10.005
https://doi.org/10.1007/s00125-008-1012-1
https://doi.org/10.2215/CJN.10320819
https://doi.org/10.1007/s00204-023-03599-w
https://doi.org/10.1249/JES.0000000000000065
https://doi.org/10.1210/endrev/bnaa025
https://doi.org/10.1210/endrev/bnaa025
https://doi.org/10.1093/eurheartj/ehac184
https://doi.org/10.1042/cs0710457
https://doi.org/10.2337/dc09-1787
https://doi.org/10.1016/j.kint.2022.01.032
https://doi.org/10.1177/2047487315624747
https://doi.org/10.1177/2047487315624747
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Methods
	Patients and Study Design
	Assessment of CPET Data
	Hemodynamics
	Statistical Analysis

	Results
	Baseline Characteristics
	Cardiopulmonary Exercise Testing
	The Relationship Within CRF, Hemoglobin Concentration and CKM Syndrome

	Discussion
	Limitation
	Conclusions
	Data Sharing Statement
	Ethics Approval and Consent to Participate
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

