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Abstract

Background Impaired exercise capacity influences obesity and diabetes disease progression and vice versa. The
primary objective of this prospective, observational, real-world study was to characterize exercise capacity in patients
with obesity or type Il diabetes mellitus and healthy controls by cardiac capacity (cardiac output (CO), cardiac power
output (CPO)) and peripheral muscle capacity (peak power output (Pmax) and arterio-venous oxygen difference
(avD02)). The effects of an exercise and lifestyle intervention on these cardiac and peripheral muscular markers in
obese and diabetic patient groups were additionally evaluated.

Methods At a university sports medicine outpatient clinic, 24 obese (OB) and 38 diabetes mellitus type Il (DM)
patients and 20 healthy controls (HE) were investigated in a cross-sectional analysis. OB and DM were reexamined
after a standard of care exercise intervention. Parameters were assessed at rest and during a cardiopulmonary exercise
test (CPET). Blood pressure, impedance cardiography, and respiratory gas analysis were continuously recorded during
CPET.

Results At Pmax, CO and CPO were lower in DM compared to obese (CO 16.26 I/min vs. 18.13 I/min, p <0.04; CPO
567 Wvs. 481 W, p<0.01). HE did not differ in CO (18.19 I/min)) or CPO (5.27 W) from OB and DM. Maximum CPO
in OB and DM was based on higher stroke volume and blood pressure, while HE had higher heart rates. Pmax was
higher (p <0.01) in HE (268 W) compared to OB (108 W) and DM (89 W), mainly caused by a higher (p <0.01) avDO,
(HE 18.22 ml/dl, OB 10.45 ml/dl, DM 9.65 ml/dl). Exercise intervention improved Pmax in both groups of patients
(+16Win OB, + 12 W in DM), which was attributed to increased avDO,, but not to cardiac parameters.

Conclusions Obese patients had higher cardiac power outputs and were primarily limited by muscular performance,
while diabetic patients showed both muscular and cardiac limitations. Healthy subjects had comparable cardiac
power outputs with significantly lower pressure-volume loads. Resistance training improved the alteration of our
patient groups in exercise capacity. Future research is needed to interpret our findings regarding clinical endpoints,
such as mortality and hospitalization.
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Trial registration The study was retrograde registered in the German Clinical Trial Register (DRKS00032545,

24.08.2023).
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Background Direct markers of the left ventricular cardiac pump-

Obesity and Diabetes Mellitus Type II (DMTII) are risk
factors for cardiovascular diseases and impaired cardiac
performance [1-4]. So, patients with this metabolic dis-
eases are declared as patients under risk for heart failure,
as the metabolic disease influence cardiac performance
and overall outcome, such as mortality and hospitaliza-
tion [5]. There is ample evidence that exercise capacity
measured by maximum oxygen consumption is signifi-
cantly reduced in obese [6] and DMTII patients [7].

Heart health, cardiac performance capacity and maxi-
mum exercise performance are therefore linked in
obese and diabetic patients, which is which is reflected,
for example, in the term “diabetic heart disease” [4].
The reduction in exercise performance in these patient
cohorts can be related to four main factors: cardiac
pumping capability, peripheral oxygen extraction,
increased arterial blood pressure and respiratory comor-
bidities, including changes in exercise related respiratory
patterns. A reduced cardiac pumping capability leads to
a reduced amount of transported oxygen, which directly
limits the exercise capacity [8, 9]. The second factor for
a limited exercise capacity is an insufficient utilization of
the transported oxygen, caused by impaired vasculariza-
tion, enzymatic and mitochondrial capacity [9]. Hyper-
tensive arterial blood pressure with an increased cardiac
afterload is the third factor affecting cardiac output and
oxygen consumption and therefore limiting the cardiac
pumping capability [10]. Arterial hypertension is a com-
mon comorbidity in obese and DMTII patients [11, 12].

In contrast to patients with obesity and DMT II,
healthy individuals are mainly limited in their cardiovas-
cular oxygen transport capacity and utilize the majority
of the transported oxygen in the working muscles during
intense exercises and daily activities [13].

Because obesity and diabetes type II often represent a
continuum of disease progression and exercise capacity
impairment [2, 7], it is unclear to what extent maximum
aerobic exercise capacity is compromised by the main
causes mentioned above, cardiac and muscular capac-
ity. It can be assumed, that cardiac pumping capacity
decreases in correlation to the disease progress. Compar-
ing patients to a cohort with intact and unbiased regula-
tion, as found in healthy young adults, is appropriate to
identify abnormalities in cardiovascular response due to
physical stress [14]. It is known that obesity and DMT II
induce cardiac regulatory impairments [4, 15].

ing capability can be assessed by the cardiac-pressure-
volume load during exercise stress tests. In patients with
heart failure, detailed cardiac parameters were assessed
as indicators of cardiac performance during exercise: car-
diac output, stroke work, stroke power output ad cardiac
power output [16-18]. Stroke work (SW) is an indicator
of pumping capacity per heartbeat, stroke power output
(SPO) is a marker of myocardial contractility and wall
stress per heartbeat, and the cardiac power output (CPO)
as a specific surrogate for overall left ventricular physical
cardiac pumping capacity [16, 17]. Age-related reference
values of overall exercise performance are known and
serve for additional contextualization of the overall exer-
cise capacity in patient cohorts [19-21].

However, in patients with type 2 diabetes and obesity
detailed analyses of the mentioned cardiac parameters
are rarely reported in studies, especially assessed with
cardiopulmonary exercise tests (CPETs).

So, he primary aim of our observational, prospective
real-world study was therefore to characterize cardiac
capacity (CPO, SW, SPO and CO) and overall exercise
capacity in metabolic patient cohorts at risk for heart
diseases. To describe exercise performance character-
istics more detailed, we analyzed the peripheral aero-
bic muscular capacity, characterized by the peak power
output (Pmax) and the arterio-venous oxygen difference
(avDO,).Our second aim was to compare the param-
eters of the primary aim with a healthy reference group
without age bias as suggested by Booth and Lees [14], as
age is confounder for frailty and cardiovascular diseases
itself [22]. The third aspect was to investigate the effects
of a standard-of-care hypertrophy and muscular endur-
ance strength training on cardiac and peripheral muscu-
lar performance markers in the patients with obesity and
DMTIL

We hypothesized that diabetic patients would have
reduced exercise capacity based on a reduced cardiac
output and a reduced peripheral muscle capacity com-
pared to patients with obesity and to healthy control
subjects. Moreover, we assumed a significant correla-
tion of maximal oxygen consumption with avDO,, car-
diac stroke work and cardiac power output in the patient
cohorts and in healthy subjects, respectively.
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Methods

Subjects

24 patients with obesity, 38 patients with diabetes mel-
litus type II and 20 healthy subjects were included in the
cross-sectional analysis of the present data set. General
inclusion criteria were an age above 18 years and the abil-
ity to perform light and moderate daily activities. The
sub-cohorts were enrolled with an equal distribution of
male and female subjects to rule out any gender related
bias. All subjects were recruited out of the patients of
the sports medicine outpatient clinic of the University of
Leipzig.

Inclusion criteria for the two patient subgroups were
diagnosed diabetes mellitus type II or obesity with a body
mass index above 30 kg/m? Diagnosis of type 2 diabetes
mellitus was established by medical records, provided
from the patient’s general physician. The clinical status of
DMTII in the corresponding patients had to be in stable
conditions, regarding no occurrence of hypo- and hyper-
glycemic events during the observation period and by
laboratory values for DMTII (fasting glucose and Hblac)
within the reference range. Type 2 diabetes mellitus in
the group of obese patients was ruled out by laboratory
assessments of fasting glucose and HbAlc. The healthy
control group included subjects without anamnestic
health restrictions and an age range from 18 to 35 years.
The amount of sport specific training was limited to less
than 4 times a week, to avoid a training status of profes-
sional athletes. All participants were informed verbally
and in writing prior to the study and provided written
informed consent for the study-based data analysis.

Cross-sectional study part

This study was part of protocol approved by the Medi-
cal Ethics Committee of the University of Leipzig in
accordance to the Declaration of Helsinki (internal study
protocol number 097/17-EK, 089/18-Ek) and was retro-
grade registered at the German Register for Clinical Tri-
als (24.08.2023; DRKS00032545). Primary endpoint was
the total and cardiac -specific exercise capacity, assessed
by the maximum oxygen consumption ad cardiac power
output.

Participants attended the outpatient clinic twice, on
the first examination and diagnostic day and a second
consultation day for debriefing and lifestyle instructions.
The subjects were instructed to abstain from alcohol and
exercise 24 h prior to the first visit. Routine preinterven-
tion assessment included a standardized medical history,
physical examination, laboratory chemistry, food diary
and graded cardiopulmonary exercise test (CPET). The
study authors were not involved in the intervention, or
routine physician assessments, knowing the inclusion
of the data set in this trial. The cardiologist performing
the echocardiographic and CPET assessment was not
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informed of the patient’s enrollment in this specific study
and performed the examination as part of usual clini-
cal practice. We will report patient characteristics and
physiological variables at rest and at maximal exercise in
CPET to investigate maximal cardiac and aerobic muscu-
lar capacity. To analyze regulation and find potential dys-
regulation differentiating the patient group from healthy
subjects, we analyzed the cohort at the same external
load (watt-match). We determined the external watt-
matched load by the maximal load of the diabetic cohort
(89 W), resulting in the usage of the load corresponding
to 80% in obese and 40% in healthy subjects.

Longitudinal study part

15 patients with obesity and 18 with diabetes mellitus
type 2 were re-examined at the third and fourth visit
(second examination and debriefing session) after a
standard of care lifestyle intervention in a longitudinal
setting according to the pre-intervention assessment pro-
cedure. The standard of care intervention consisted of a
dietary modification, focusing on nutrient quantity and
food quality, combined with muscular strength training
(total of 30 sessions) and advice on an active lifestyle to
meet typical WHO recommendations for physical activ-
ity (150 min per week) [5, 23]. The intervention period
had a mean duration of 15 weeks. Regarding this time
period, we excluded aging as contributing factor for pre-
post assessments. Training was done twice a week and
consisted of a warm-up on a cycle ergometer (30-50 W
for 10 min), followed by training of six synergistic exer-
cises of the major muscle groups (3 to 5 sets, 10 to 15
repetitions, 50-70% of the weight of the one-repetition-
maximum as muscular fatigue was achieved). Repetition
ranges were chosen to achieve a hypertrophy and local
endurance training effect. The exercises were leg press,
latissimus pull-downs, chest press and three individually
adapted exercises depending on the individual musculo-
skeletal symptoms. Weights and resistance were gradu-
ally increased during the intervention period.

Data collection and measurements

Study flow chart is presented in Fig. 1. Pre- and post-
intervention examinations were standardized identi-
cally. All examinations were carried out and supervised
by experienced cardiologists between 10:00 am till 4:00
pm in a clinical laboratory with controlled temperature
(21° Celsius). First, medical history, physical examination
and echocardiography (Vivid I, GE, USA) were carried
out in accordance with the guidelines to rule out higher-
grade cardiac diseases [5, 24]. Test of lung function was
done to rule out respiratory insufficiencies among the
included participants (easy one Pro, NDD, Switzerland).
Body composition was assessed via bioimpedance analy-
sis in obese and metabolic patients (medical Bia Corpus
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* Patient consultation on the
examination results

ECG
CPET

* Lifestyle instructions
* Therapy guidance

Patient identification and informed consent

Day 1/3

Day 2/4

o
>

Fig. 1 Study Flow Chart. Examination on days 1 and 3, 2 and 4 were identical. 3 Examination days 3 and 4 were only carried out for patients of the longi-
tudinal data analyses in the study cohort. ECG: Electrocardiogram, CPET: Cardiopulmonary exercise test,

RX4000, Germany). Because the healthy subjects did
not meet criteria for metabolic diseases, they were not
routinely analyzed for body composition in the outpa-
tient clinic. The incremental exercise test was performed
according to guidelines for patients presenting a cardiac
risk constellation [5, 25]. All data presented were col-
lected before or during the cardiopulmonary exercise
test.

The subjects were prepared on a semi-recumbent mag-
netically-braked bicycle ergometer, and resting data were
recorded. The exercise test was then performed at 60 to
75 revolutions per minute, with an initial power of 30 W
lasting three minutes and subsequent increments of
10 W per minute until voluntary exhaustion or for clini-
cal reasons, ensuring a minimum CPET time for at least
5 min. The procedure were in line with guidelines of the
German and American Guidelines [26, 27] and were pub-
lished before by our ergometric laboratory [28—30].

Blood pressure (Riva-Rocci), subjective exertion and
capillary samples for blood lactate analysis (SuperGL,
Dr. Miiller, Germany) were measured before, every three
minutes during, and at the end of the exercise test. A
breath-by-breath spiroergometry (Cosmed k4b2, Italy)
were measured continuously after a calibration for each
exercise test according to factory specifications. Beat-
by-beat impedance cardiography (Manatec Physioflow,
France) was carried out at rest and during the exercise
tests and the echocardiography at rest was carried out by
an experienced cardiologist using GE Vivid I (GE health-
care, Germany).

All collected data were curated by experienced clini-
cians and academically certified clinical exercise physi-
ologists. Biometrics were monitored by senior medical
scientists.

The primary focus in our study was the assessment of
cardiac capacity at rest and exercise. We combined echo-
cardiographic and thoracic impedance cardiographic
assessment to capitalize on the strengths of both methods

[31]. Both methods are capable of measuring the stroke
volume by the ventricular outflow or the corresponding
aortic flow. The flow-based measurement method cor-
responding to thoracic impedance cardiography in echo-
cardiography is the stroke volume measurement based on
the systolic velocity time integral in the left ventricular
outflow tract (VTI) [32]. The echocardiography is well-
established as a valid and reliable method to determine
the stroke volume at rest [24, 33]. However, during exer-
cise, stress echocardiography is susceptible to artifacts
and measurement errors, and requires the specific semi-
recumbent and axial left rotated body position. In con-
trast, impedance cardiography provides a valid method
for assessing continuous beat-by-beat hemodynamics
at rest and during exercise [34, 35] and is also reliable
in terms of sensitivity for changes in cardiac function in
patients [36]. Calculating of stroke volume by imped-
ance cardiography based on aortic flow and body surface
area may overestimate the stroke volume in subjects with
more body fat due to calculating stroke volume based on
that higher body surface area. We ran a subgroup analy-
sis to identify or exclude systematic errors. Echocardio-
graphic VTI-based stroke volume measurements were
available for in 29 patients of our cohort (15 OB, 14 DMT
D).

Respiratory and hemodynamic parameters were
averaged over 30 s. Arteriovenous oxygen difference
(avDO,; ml/dl) was calculated using the Fick equation as
avDO, = oxygen consumption/cardiac output assessed by
impedance cardiography.

Mean arterial pressure was heart frequency cor-
rected calculated in accordance to the defined correc-
tion method of Rogers et Oosthuyse [37]. Stroke work
(SW in Newtonmeter) was calculated by stroke volume
* mean arterial pressure [38], stroke power output (SPO
in Watts) by stroke work/ventricular ejection time and
cardiac power output (CPO in Watts) by (stroke work *
heart rate) / 60 [39]. Total peripheral resistance (TPR in
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mmHg*I*min~") of the arterial blood vessels was calcu-
lated by mean arterial pressure/ cardiac output [40]. SW,
CPO, SPO and TPR are calculated based on the stroke
volumes assessed by impedance cardiography at rest and
at maximum load.

Statistics

All data were checked for plausibility, Gaussian distri-
bution (Shapiro-Wilk normality test), homogeneity of
variance (Levene’s test) and statistical outliers (ROUT
method). Statistical processing and graph generation
were performed using GraphPad Prism 8 (GraphPad
Software, USA) and JASP 0.17.1.0 (University of Amster-
dam, Netherlands). Analyses of main variables oxygen
consumption, cardiac output and arterio-venous oxygen
difference were checked for age and sex as a covariate
in addition to group comparisons. A priori sample size
calculations were performed (G-Power, University of
Diisseldorf, Germany) for the primary study aim of cross-
sectional between group differences (1=60) and the
longitudinal within group differences (#=30) to ensure
that minimum required sample sizes were achieved to
detect a clinically relevant difference of 10% regard-
ing the maximum oxygen consumption for an average
effect size of 0.65 with a power of 0.8. We chose maxi-
mum oxygen consumption as a variable for sample size
calculation because it is clinically established and for

Table 1 Resting values and patient characteristics
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dedicated ventricular variables such as CPO or SW refer-
ence values from CPET are rarely reported in obese and
diabetic patients. Because cardiac pumping capacity and
oxygen uptake are correlated, we used maximum oxygen
consumption to plan case numbers. Relevant differences
in cardiac output may have been detected when oxygen
uptake differed.

Differences between the preintervention cross-sec-
tional analyses (obese vs. DMTII vs. healthy) were
tested with an ANOVA followed by post hoc analy-
ses with Fisher’s least significant difference test or with
Brown Forsythe test, followed by post hoc analyses with
Welches t-tests, if homogeneity of variance was not given
(Tables 1, 2 and 3). We conducted a subgroup analysis of
stroke volume from thoracic impedance and echocar-
diography using an intraclass correlation coefficient and
a paired samples t-test. There were 29 subjects available
for this comparison of stroke volume methods. We per-
formed a post hoc power analysis and determined that
the power to detect a clinical difference of 10% in stroke
volume was 0.70 at the 0.05 significance level.

Changes attributable to the intervention (Table 4)
were examined with a mixed model two-factor ANOVA
(time, group, interaction), followed by post-hoc analyses
for within group changes with Fisher’s least significance
test. Associations were tested for significant correlations

Obese (numbers/ DMT Il (numbers/ Significance (p) Healthy (numbers/ Significance (p)
mean +SD) mean +SD) Obese - DMTII mean +SD) Healthy- Patients
sample size (n) 24 38 20
Age (years) 543+£13.0 64.3+8.7 p<0.01 26.55+85 p<0.01
Men/women (n) 11/13 18/18 10/10
Weight 104.8+£19.6 99.3+205 ns. 69.6+7.9 p<0.01
Body Mass Index (kg/m?) 36.7+6.9 345+5.7 ns. 227421 p<0.01
RRsys (mmHg) 1427159 1399+156 n.s. 1129+10.39 p<0.01
RRdia (mmHg) 86.7+10.3 804+13.0 0.025 745+63 p<0.01°
arterial hypertension and anti- 15 33 0
hypertensive drug prescription (n
(%))
Beta-Blocker prescription 1 6 0
cardiac output (I/min) 772+142 748+141 ns. 491+0.85 p<0.01
heart rate (bpm) 766+120 769+11.7 ns. 81.7+15.1 ns.
stroke volume (ml) 101.70+17.06 98.76 +20.04 ns. 61.66+13.31 p<0.01
SW (Nm) 143+0.32 1334033 ns. 0.76+0.19 p<0.01
VET (ms) 291458 310+62 ns. 289+55 ns.
SPO (W) 491 (+1.28 440+1.32 ns. 263+0.74 p<0.01
CPO (W) 1.82+046 1.69+047 ns. 1.00+0.20 p<0.01
TPR (mmHg/I/min) 13.9+24 13.8+24 ns. 19.2+35 p<0.01
Smoker/Ex-Smoker (n) 1 8 0
body fat percentage (%) 39.0+7.40 393+7.14 -

Data presented as mean (standard deviation); RRsys: systolic blood pressure; RRdia: diastolic blood pressure; MAP: mean arterial pressure; HR: heart rate; SV: stroke
volume; CO: cardiac output; avDO,: arteriovenous oxygen difference; SW: Stroke Work; TPR: total peripheral resistance; VET: left ventricular ejection time; SPO: Stroke
power output; CPO: cardiac power output; Significance Patients: p-value of differences between the patient groups; Significance Healthy vs. Patients: p-value of
differences between the reference group and both patient groups (x differs only from the obese patients)
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Table 2 Parameters at maximum load for obese patients, DMTII patients and healthy subjects

Obese (mean+SD) DMT Il (mean+SD) Significance (p) Healthy (mean+SD) Significance (p)
Obese - DMT Il Healthy - patient groups

RRsys (mmHg) 204+24 196+30 ns. 204+27 n.s.

RRdia (mmHg) 95+13 90+15 n.s. 69+6 p<0.01
MAP (mmHg) 140+ 14 133116 ns. 128+125 p<0.01
Power output (W) 108+33 89+24 p<0.01 268+55 p<0.01
Oxygen consumption (ml/min)  1800+421 1543+ 348 p<0.01 32774850 p<0.01
Respiratory exchange ratio 0.95+0.12 0.96£0.12 n.s. 1.11£0.09 p<0.01
Lactate (mmol/l) 352+1.74 4.07+147 n.s. 9.58+1.82 p<0.01
HR (1/min) 129418 120+15 p<0.02 188+9 p<0.01
SV (ml) 143+27 136£29 n.s. 96+23 p<0.01
CO (I/min) 18.13+£3.45 16.26+£3.50 p<0.04 18.19+4.61 ns.

avDO, (ml/dl) 1045+2.74 9.65+1.89 ns. 18.22+3.25 p<0.01
SW (Nm) 2.73+0.54 240+0.65 p<0.03 1.68+0.49 p<0.01
VET (ms) 217+45 230+46 n.s. 189+ 25 p<0.01
SPO (W) 13.18+3.01 11.00+4.36 p<0.03 890+257 p<0.04
CPO (W) 567+1.17 481+1.37 p<0.01 527+1.66 ns.

TPR (mmHg/I/min) 81+19 85+20 n.s. 75+19 ns.

Data presented as mean (standard deviation); RRsys: systolic blood pressure; RRdia: diastolic blood pressure; MAP: mean arterial pressure; HR: heart rate; SV: stroke
volume; CO: cardiac output; avDO,: arteriovenous oxygen difference; SW: Stroke Work; VET: left ventricular ejection time; SPO: Stroke power output; CPO: cardiac

power output; TPR: Total peripheral resistance

Table 3 Parameters at watt-matched load in obese patients, DMTII patients and healthy subjects

Obese (mean+SD) DMTII (mean +SD) Healthy (mean +SD) Significance ANOVA (p)

RRsys (mmHg) 192.0+£228 196.1+29.7 156.8+18.1 p<0.01
RRdia (mmHg) 9354135 89.7+15.1 791+72 p<0.01
MAP (mmHg) 13381136 1329458 111.1£104 p<0.01
Power output (W) 883+293 88.6+24.4 89.8+14.8 n.s.

Oxygen consumption (ml/min) 1630+457 1543+348 1566+3 12 ns.

Ventilation (I/min) 46.55+12.50 4851+1236 35.55+7.03 p<0.01
Lactate (mmol/l) 242+1.27 407+147 1.08+0.27 p<0.01
HR (1/min) 119.7+£16.1 1204£155 118.8+14.7 ns.

SV (ml) 136.9+28.7 1358+294 757+188 p<0.01
CO (I/min) 16.28+3.55 16.26+3.50 89+20 p<0.01
avDO, (ml/dl) 10.37+3.11 9.65+1.89 18.02+3.26 p<0.01
SW (Nm) 245+0.59 240+0.65 1.13+0.32 p<0.01
VET (ms) 231.3+£50.8 2295+456 242.0+34.5 ns.

SPO (W) 10.90£2.95 11.00+4.36 4.74+1.30 p<0.01
CPO (W) 484+1.13 481+1.37 2.22+0.66 p<0.01
TPR (mmHg/I/min) 87+23 85+20 126+2. p<0.01

Data presented as mean (standard deviation); RRsys: systolic blood pressure; RRdia: diastolic blood pressure; MAP: mean arterial pressure; HR: heart rate; SV: stroke
volume; CO: cardiac output; avDO,: arteriovenous oxygen difference; SW: Stroke Work; VET: left ventricular ejection time; SPO: Stroke power output; CPO: cardiac
power output; TPR: total peripheral resistance; Significance: post-hoc p-value between HE and patient groups

(Pearson’s correlation coefficient, significance level

p<0.05) and presented as linear regression (r).

Results

Cross-sectional study part

Resting data and subject characteristics

Resting data from our three subject groups are shown in
Table 1. In addition, based on the resting echocardiog-
raphy we ruled out hemodynamic-relevant valve dis-
eases, heart failure related diastolic compliance issues
and hypertrophic myocardial diseases. P-values for

post-hoc analysis between the patient groups (signifi-
cance patients) and between HE and the patient groups
are presented (significance Healthy vs. patients). Both
patient groups differed from the healthy group in most
of the parameters we analyzed except for heart rate (HR)
and ventricular ejection time (VET). The baseline param-
eters of our healthy group were in range of young, healthy
individuals, without specific adaptions for exercise train-
ing. Mean age and diastolic blood pressure differed
between obese and DMTII patients and reflected a real-
world patient data set. Age and sex did not significantly
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Table 4 Pre- and post-intervention parameters under maximum load in obese and DMTII patients

Obese (numbers or mean +SD) Significance (p) DMT Il (numbers or mean +SD) Signifi-

pre post pre-post OB pre post cance (p)

pre-post
DM

Men/Women (n) 7/8 7/8 9/9 9/9
RRsys (mmHg) 202+28 203+22 n.s. 196+29 198+23 n.s.
RRdia (mmHg) 93+11 90+10 ns. 89+18 86+12 ns.
MAP (mmHg) 138+14 137£14 n.s. 133+£18 131£14 n.s.
Power output (W) 105.34+31.6) 12134272 p<0.01 88.0+238 100.0£29.7 p<0.02
Oxygen consumption (ml/min) 1683+377 1982+380 p<0.01 1523+310 1729+378 p<0.01
Respiratory quotient 0.95+0.12 0.93+0.08 ns. 0.96 +(0.12 0.96 (0.08) ns.
Lactate (mmol/l) 261+1.30 273+1.12 ns. 4434162 3.98+1.30 ns.
HR (1/min) 126+ 15 130+22 ns. 126+ 15 124+14 ns.
SV (ml) 139+ 25 138+25 n.s. 135+29 141+35 n.s.
CO (I/min) 17.53+£3.95 17.76 £3.59 n.s. 16.70+£2.80 1743+4.67 n.s.
avDO, (ml/dl) 10.06+£2.98 1143+238 0.01 9.23+£1.75 10.24+2.26 0.02
SW (Nm) 2.56+049 252+0.54 n.s. 2.38+0.60 244+0.55 n.s.
SPO (W) 1244 +3.80 12.36+£3.04 n.s. 11.53+£4.75 11.51+£539 n.s.
CPO (W) 539+1.28 5434135 ns. 495+1.11 506+1.32 ns.

RRsys: systolic blood pressure; RRdia: diastolic blood pressure; MAP:mean arterial pressure; HR: heart rate; SV: stroke volume; CO: cardiac output; avDO,: arteriovenous
oxygen difference; SW: Stroke Work; SPO: Stroke power output; CPO: cardiac power output

affect the group comparisons as additional covariate for
the main variables of cardiopulmonary exercise capac-
ity VO,max, CO and avDO,. Age as a confounder in the
patient dataset revealed no significant correlation with
the maximum power output within patient groups and
was therefore excluded from further analysis. As women
and men were distributed equally within the cohort, no
gender bias affected our data interpretation. Prescription
of beta-blockers and anti-hypertensives was tested as a
confounder in VO,max, CO and avDO,, and we found
no statistical effect on the results. All patients with arte-
rial hypertension had an already existing specific drug
treatment.

Stroke volume of echocardiography vs. thoracic
impedance cardiography

The mean of the echocardiographic stroke volume was
94.2 ml (SD: 17.1 ml) and the mean thoracic imped-
ance cardiography stroke volume measured 96.3 ml (SD:
17.9 ml). We observed good overall agreement of the
method with an intraclass correlation coefficient of 0.71
and no significant differences in the means by a paired
t-test (p>0.05). Thoracic impedance can thus be consid-
ered a valid measure of stroke volume in the underlying
data set and confirmed the chosen approach of combin-
ing both methods.

Cardiopulmonary exercise test at maximum load

Table 2 shows the physiological parameters in the CPET
at maximum load and Table 3 shows the physiological
parameters at the same absolute load (Watt match) and,
in accordance to Table 1, p-values for post-hoc analysis

between the patient groups (significance patients) and
between HE and the patient groups are presented (signif-
icance Healthy vs. patients). At maximum exercise load,
obese patients reached higher global performance values
(power, oxygen consumption) and higher cardiac param-
eter values (cardiac output, stroke work, stroke power
output, cardiac power output) than diabetic patients.

To illustrate the performance structure of these three
groups, maximum oxygen consumption related to car-
diac output and avDO, are shown in Fig. 2 (A-C). The
cardiac load in terms of cardiac power output and stroke
work is also shown in Fig. 2 for the study subjects at max-
imum load in relation to maximum oxygen consumption
(D-F). The healthy group (Fig. 2, A) revealed a strong cor-
relation between cardiac output and oxygen consumption
(r=0.75, p<0.01) but not with avDO, (r=0.34, p=0.15).
Cardiac power output (r=0.74, p<0.01) and stroke work
(r=0.57; p<0.01) correlated with increasing aerobic
capacity (Fig. 2, D). Obese patients’ maximum oxygen
consumption (Fig. 2, B) did not depend on cardiac out-
put (r=0.01, p=0.88), but correlated strongly with avDO,
(r=0.75; p<0.01). Their stroke work (r=0.12, p=0.56)
and cardiac power output (r=0.19, p=0.37) exhibited no
statistically relevant correlations with maximum oxygen
consumption (Fig. 2, E).

Our DMTII patients’ maximum oxygen consumption
(Fig. 2, C) demonstrated moderate correlative depen-
dence on cardiac output (r=0.57, p<0.01) and avDO,
(r=0.50, p<0.01). With increasing maximum oxygen
consumption, stroke work (r=0.45, p<0.01) and cardiac
power output (r=0.49, p<0.01) also rose in the diabetic
subgroup (Fig. 2, F).
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Cardiopulmonary exercise test at watt match load

At the same absolute power output (Table 3), our patient
groups differed only in their maximum lactate values
(p<0.01). The significant group differences we observed
are due to the differences between the healthy subjects
and two patient groups.

Longitudinal study part

Our two patient groups’ pre- and post-intervention out-
comes are listed in Table 4. As this part focus on the
longitudinal interventional outcome, results of the two-
way ANOVA were reported as p-values for pre vs. post
post-hoc test for within groups comparison. We found no
significant effect for interaction in our two-way ANOVA
and a proportional adaption of both patient groups to the
intervention. Thirty-three patient records were included.
Both groups of patients increased their maximum aero-
bic capacity in terms of maximum oxygen consumption
and maximum ergometric power output. Pre- and post-
interventional CPET result in the same level of exhaus-
tion in both patient groups and between the patient
groups, as indicated indirectly by a non-significant dif-
ference in the respiratory quotient. The increase in exer-
cise capacity of obese and diabetic patients did not differ
significantly (OB: 15.1% vs. DMT II 13.8%). The avDO,
rose proportionally with maximum oxygen consumption,
while the cardiac performance did not change.

Discussion

Our research aims and the correspondent hypothesis
of reduced cardiac pumping capacity and avDO, in the
patient groups was only partially confirmed. At maximal
exercise, both patient groups showed reduced maximal
oxygen consumption and changes in avDO,. Pumping
capacity analysis results were heterogeneous. OB showed
higher CO and CPO compared to DM. HE showed no
differences between the patient groups in these parame-
ters. However, it is interesting to note that the maximum
CPO in both patient groups is based on significantly
higher stroke volumes and blood pressures at lower
maximum heart rates. This results in a higher ventricu-
lar load, as indicated by increased stroke work and stroke
output.

As expected, maximal oxygen consumption correlated
with both CO and avDO, in healthy subjects. In obese
patients, this correlation could not be confirmed for the
cardiac parameters CO, CPO and SW. Only a correlation
between maximal oxygen consumption and avDO, could
be demonstrated. In patients with type 2 diabetes, maxi-
mal oxygen consumption was correlated with avDO, and
cardiac pumping capacity.

The longitudinal analysis of the re-examined patient
groups showed that a standard exercise intervention
led to adaptations of the peripheral musculature, which
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subsequently improved maximum oxygen uptake. How-
ever, the maximum cardiac pumping capacity did not
change.

In the following sections, we discuss our findings in
more detail.

Rest

SW was 88% higher in OB and 75% in DM than in HE
according to higher systolic and diastolic blood pressure
and higher stroke volumes. Consequently, SPO and CPO
were increased as well. When indexed to body weight,
the differences in stroke volume between patients and
healthy controls were equalized: there was no significant
difference between OB (0.97 ml/kg body weight) and
DM (0.99 ml/kg) compared to HE (0.89 ml/kg, p>0.05),
which in line with other evidence [15].

Body weight adjustment could explain the differences
between the groups at rest, but to characterize the true
systolic workload the absolute values are more suitable
and therefore a body weight adjustment would underes-
timate the real ventricular stress.

CPET

Maximum CPO observed in healthy and overweight
subjects in our study is consistent with that reported by
other studies [41]. To our knowledge, we are the first to
demonstrate reduced maximum CPO (-0.86 W, Table 2)
in DMTII patients compared to obese patients. The max-
imum in CPO during CPET in HE resulted from higher
heart rates and secondarily from a slightly higher relative
rise in stroke volume. Both patient groups increased their
stroke volume during CPET by 40%, and HE by 54%.
These increases in stroke volume we observed are consis-
tent with other ergometric studies in the elderly [42] and
in young healthy individuals [43].

In contrast to the HE group’s regulation, both patient
groups presented lower maximum heart rates, but higher
blood pressure and stroke volumes, resulting in sig-
nificantly increased SW and SPO, but not in CPO. The
expected maximum heart rate of healthy age-matched
individuals in OB was 167 bpm and in DM 162 bpm [19].
Maximum heart rates are therefore 40 bpm (OB; -24%)
and 38 bpm (DM; -26%) significantly lower in the patient
groups (p<0.01) compared to age-related references. In
addition to the direct chronotropic effects of the morbid-
ity, the reduced muscular performance could possibly be
a limiting factor for the patient to achieve a higher heart
rate. Even if our patient subjects performed the CPET
until voluntary exhaustion.

Age- and weight-related maximum power output val-
ues were 42% lower in OB (reference: 185 W) and 45%
lower in DM (reference: 163 W) compared to reference
values (p <0.01), respectively [20].
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The reduction in maximum heart rates may cause a
compensating by increased stroke volumes to ensure a
sufficient cardiac output. This mechanism lead to higher
ventricular stress under exercise. Age-related avDO,,
especially at submaximal loads, should be considered
constant in healthy subjects [21]. The reduced avDO, in
OB and DM we detected is characteristic of their meta-
bolic disease [44]. Since TPR under maximum exercise
load did not differ between OB, DM, and HE, the reduced
avDO, cannot be explained by a mismatch in the periph-
eral blood supply. Reduced capillary density and reduced
enzymatic and mitochondrial capacity are the more
likely causes [44, 45]. However, focusing on the change
in TPR, HE demonstrated significantly larger amplitude
than patients from rest to maximum exercise, suggesting
superior arterial compliance.

Due to the shift from higher heart rate frequency to
pressure-volume load (SW; SPO), maximum CPO did
not change in overweight compared to healthy individu-
als, confirming similar findings by other working groups
[39].

Our DMTITI patients’ lower SW and CPO values cor-
related with low maximum oxygen consumption. Their
reduced CPO and thus cardiac pumping capacity leads to
lower cardiac output, which then exerts a performance-
dampening effect in addition to the reduced avDO,. This
relationship is also known in patients experiencing the
genesis of heart failure [17, 18]. Since we found no dif-
ferences in minute volume of respiration in the watt-
matched analysis between the patient groups, breathing
patterns seem to explain the differences to a lesser extent.
However, compared to healthy individuals, it is apparent
that breathing tends to be less efficient.

Taken the findings together, our patient groups
required disproportionately more CPO and exploited
cardiac output reserve for a smaller increase in absolute
power output, resulting in an increase in cardiac load
during daily activities and exercise. This was confirmed
in the watt-matched data analyses. Here, the same sub-
maximal ergometric loads caused the same cardio-meta-
bolic response in the patient groups. CPO, SW and SPO
in healthy subjects were nearly half of the cardiac load in
the patient groups (SPO: 10.90 W/ 11.00 W vs. 4.91 W;
CPO: 4.84 W/ 4.81 W vs. 2.35 W). OB thus used 85% and
DM 100% of their maximum cardiac power output at
submaximal watt-controlled loads, whereas healthy sub-
jects only needed 42% of theirs. We can assume that our
healthy subjects” highly efficient muscular oxygen extrac-
tion relieves their cardiac load, which is consistent with
other studies [45, 46].

The correlation analysis between maximal oxygen
consumption, cardiac output, and muscular capacity
revealed distinct limitations between groups. In healthy
subjects (Fig. 2A), maximal oxygen consumption was
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primarily limited by maximal cardiac output, as arterial-
venous oxygen difference reached near-maximal values,
similar to findings in moderately trained young indi-
viduals [47]. In contrast, obese patients’ maximal oxygen
consumption was mainly limited by avDO,, with a lesser
contribution from cardiac output (Fig. 2B). Similarly,
patients with type 2 diabetes (Fig. 2C) mellitus exhib-
ited a peripheral limitation in avDO, and with reduced
cardiac output, which correlated both with lower oxy-
gen consumptions. Both obese and DMT II patients
showed reduced aerobic capacity and maximum lactate
values, indicating impaired glycolytic function, consis-
tent with findings from Nesti et al. [45] and with mor-
phological cellular alterations in found in muscle cells of
patients with heart failure, which also typically showed
an impaired muscular oxygen extraction capacity [48,
49]. The capacity to dilate of arterial vessels has also been
discussed and demonstrated in patients with heart failure
[49] and could also be demonstrated in our cohorts with
significantly increased peripheral resistance (Table 2,
TPR) in the patient groups. These findings added to the
body of the known diabetic heart syndrome, as we found
exercise limitations and cardiac capacity alterations that
are typical for patients in heart failure patients with pre-
served ejection fraction [4].

Exercise training

The 6-month intervention phase, which focused on
hypertrophy muscular endurance strength training,
resulted in comparable significant improvements in max-
imum oxygen consumption and maximum power output
in both patient groups. This increase in power output
was attributable to improvements in peripheral muscle
performance as measured by avDO,, whereas cardiac
output remained unchanged. However, in our patients,
the relative cardiac workload at a given exercise intensity
decreased by approximately 13% among obese patients
and 12% among the diabetics. A 5.4 W CPO in OB before
exercise training was associated with 105.3 W before the
intervention and 121.3 W after the intervention. In DM,
a CPO of 5 W was associated with an 88 W power output
before and 100 W after exercise training, respectively.

The corresponding reduction in the rate-pressure prod-
uct for the same daily load therefore corresponds to less
cardiac stress by approximately 12%. Therefore, improved
avDO, appears to relieve the heart, especially during sub-
maximal exercise in everyday life.

However, because the CPO in OB and DM patients
did not increase, an exercise intervention such as that
implemented here did not prove effective in improv-
ing cardiac performance. Nonetheless, these findings
support current exercise recommendations for patients
with DMT II [50], which include strength training. Even
after the intervention in the patient groups, only 60% of
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HE’s average oxygen extraction (avDO,) was achieved
in the OB group, and 54% in the DM group. Therefore,
more intensive endurance training would be necessary to
achieve further improvements in avDO,. This is certainly
where the greatest potential for performance improve-
ment lies, as increasing the stroke volume would demand
significantly greater training intensity and frequency. In
healthy subjects, e.g., high intensity training [51, 52] or
moderate intense constant load trainings would be nec-
essary to enable a volumetric increase in cardiac per-
formance [53]. Patient groups would need to undergo
an introduction phase to prepare for such high training
volume. During this introduction phase, circulatory per-
formance will be stabilized, while muscular performance
increased. Therefore, the intervention demonstrated in
this study can be considered a basis for achieving load-
tolerant metabolism and musculoskeletal system.

Limitations

Our patient and reference groups were large enough for
this specific experimental setting to achieve the planned
effect size. Our findings should be reproduced by inves-
tigating lager metabolic patient cohorts in the real-world
patient care setting to establish our findings in the clini-
cal setting. Co-morbidities in the patient groups could
have influenced outcomes, and should be examined in
further studies. In addition, we used a healthy control
group, so aged-depended effects should be investigated
with an healthy, but age-matched cohort. In addition,
studies using bicycle ergometers cannot be generalized
to other types of exercise. We analyzed antihypertensive
drug treatment as a confounder and found no effect in
our data set. However, an effect could not be completely
excluded. Especially in larger cohorts, an effect might be
more likely to be detected. Regarding our longitudinal
setting, a comparison of our strength endurance focused
training with an aerobic focused training could have led
to different adaptions and may had pronounced cardiac
adaptions.

Conclusion
Detailed evaluation of cardiac power output and pres-
sure-volume stress provided an objective measure of
cardiovascular stress at rest and during exercise. A major
finding of this study was that cardiac pressure-volume
stress and cardiac output are significantly increased
at rest and during exercise in patients with obesity and
DMTIL

Another key finding was that exercise capacity in obese
and diabetic patients was mainly limited by a reduced
avDO,. This highlights the importance of muscle exercise
capacity. Strength training could particularly reverse the
avDO,-related alteration in exercise capacity.

(2025) 17:100

Page 11 of 13

Future research can observe the stated performance
alterations in this cohort in a prospective controlled trial
with clinical relevant primary endpoints, such as mortal-
ity and hospitalization. Furthermore, we demonstrated
reduced cardiac capacity only in obese and diabetic
patients. As the risk for heart failure is also increased in
other diseases, the observed cardiac parameters should
also be investigated in these cohorts.
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