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OBJECTIVE

To investigate physiological responses to cardiopulmonary exercise (CPX) testing in
adults with type 1 diabetes compared with age-, sex-, and BMI-matched control
participants without type 1 diabetes.

RESEARCH DESIGN AND METHODS

We compared results fromCPX tests on a cycle ergometer in individuals with type 1
diabetes and control participants without type 1 diabetes. Parameters were peak
and threshold variables of VO2, heart rate, and power output. Differences between
groups were investigated through restricted maximum likelihood modeling and
post hoc tests. Differences between groups were explained by stepwise linear
regressions (P < 0.05).

RESULTS

Among 303 individuals with type 1 diabetes (age 33 [interquartile range 22; 43]
years, 93 females,BMI23.6 [22; 26]kg/m2,HbA1c 6.9%[6.2; 7.7%] [52 (44; 61)mmol/
mol]), VO2peak (32.55 [26.49; 38.72] vs. 42.676 10.44 mL/kg/min), peak heart rate
(179 [170; 187] vs. 184 [175; 191] beats/min), and peak power (216 [171; 253] vs.
245 [200;300]W)were lowercomparedwith308controlparticipantswithout type1
diabetes (all P < 0.001). Individuals with type 1 diabetes displayed an impaired
degreeanddirectionof theheart rate-to-performance curve comparedwith control
participants without type 1 diabetes (0.07 [20.75; 1.09] vs. 0.66 [20.28; 1.45]; P <
0.001). None of the exercise physiological responses were associated with HbA1c in
individuals with type 1 diabetes.

CONCLUSIONS

Individuals with type 1 diabetes show altered responses to CPX testing, which
cannot be explained by HbA1c. Intriguingly, the participants in our cohort were
people with recent-onset type 1 diabetes; heart rate dynamics were altered during
CPX testing.

Type 1 diabetes is an autoimmune disease characterized by the destruction of
pancreatic b-cells, resulting in hypoinsulinemia with subsequent hyperglycemia and
diabetic ketoacidosis (1). Individuals with type 1 diabetes can already present with a
cardiac autonomic neuropathy (2) and cardiomyopathy (3) soon after diagnosis.
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However, neither the etiology nor the
mechanisms behind the occurrence of
these cardiac diseases are fully under-
stood in individuals with type 1 diabetes.
Cardiopulmonary exercise (CPX) test-

ing may offer insights into the origin and
complexity of acute cardiovascular and
respiratory impairments since it provides
information about the course of cardio-
pulmonary and circulatory responses to
physical stress (4). This functional assess-
ment has often been advocated as an
initial noninvasive choice in testing for
cardiovasculardiseasebecauseof its high
sensitivity, cost-effectiveness, and wide-
spread availability (5). Additionally, CPX
testing provides information about the
general health status of individuals, as
VO2peak expressed relative to body mass
(mL/kg/min) is associatedwithmorbidity
status and mortality risk in individuals
with and without chronic conditions (6).
Furthermore, submaximal thresholds de-
rived from CPX testing serve as a tool
to accurately prescribe exercise inten-
sity in both healthy individuals and those
with type 1 diabetes (7,8).
Because studies have shown that reg-

ular physical activity and exercise are
associated with a reduced risk of mor-
tality (9), retinopathy, hypertension, and
dyslipidemia (10), the question arises of
whether subclinical alterations of car-
diopulmonary function can already be
detected during CPX testing. Individuals
with type 1 diabetes showed decreased
VO2peak (11) and lower oxygen economy
at submaximalmetabolic thresholds com-
pared with healthy individuals (12). Also,
previous research investigating cardiac
responses to CPX testing showed that
individualswith type 1 diabetes had linear
heart rate (HR) dynamics with increasing
exercise intensity, which is contrary to
individuals without diabetes (12). This
may propose that independent of type 1
diabetes, specific diabetes characteristics,
such as elevated HbA1c levels, diabetes
duration, low C-peptide levels, and high
doses of total daily insulin, might be
detrimental to functional capacity.

Consequently,acomprehensiveassess-
ment of the impact of type 1 diabetes and
its associated specific diabetes character-
istics on functional capacity is missing. In
particular, in recent-onset (,1 year after
diagnosis) type 1 diabetes, it is hypoth-
esized that the impact of the condition on
alterations to functional and physiological
capacity might be low because of lower
incidences of micro- and macrovascular
complications in this cohort (13). There-
fore, the aim of this study was to in-
vestigate acute physiological responses
to CPX testing in individuals with type 1
diabetes compared with matched con-
trol participants without type 1 diabetes.
Furthermore, we sought to investigate
whether submaximalandpeak responses
to CPX testing are associated with HbA1c
and other diabetes characteristics, such
asC-peptide, diabetesduration, and total
daily insulin dose.

RESEARCH DESIGN AND METHODS

This studywas performed as a retrospec-
tive pooled analysis in which data from
CPX testing until maximal exhaustion
were assessed in individuals with type 1
diabetes and matched control partici-
pants without type 1 diabetes. After con-
tactingother researchers, studydata from
research institutions in Denmark, Ger-
many (German Diabetes Study), Switzer-
land, the U.K., Austria, and Brazil were
included (Supplementary Fig. 1). The anal-
ysis protocol was approved by the ethics
committee of the Medical University of
Graz (32-381 ex 19/20) and registered at
the German Clinical Trials Register (drks.de
registrationno.:DRKS00022106). Further-
more, the study was conducted in full
conformity with the 1964 Declaration of
Helsinki and all subsequent revisions as
well as in accordance with the guidelines
provided by the International Conference
on Harmonization for Good Clinical Prac-
tice (E6 guidelines).

Study Population
All participants received a medical ex-
amination before each CPX assessment.

Themajority of research centers contrib-
uting data to our study assessed the
diagnosis of type 1 diabetes through the
Standards of Medical Care in Diabetes
position statement (14).

Eligibility criteria were defined as fol-
lows: clinical diagnosis of type1diabetes,
age 18–65 years (both inclusive) at the
time of CPX testing, and availability of
age and BMI. Additionally, HbA1c, diabe-
tes duration, and total daily insulin dose
were included. C-peptide levels were in-
cluded if available. Individuals with type 1
diabetes and control participants without
type 1 diabeteswerematched 1:1 for age,
BMI, and sex. No specific health param-
eters were obtained from the control
group except body weight and BMI.

Assessment of CPX Data
Before the start of the analysis, CPX test-
ing data were screened for eligibility. All
CPX tests were conducted on cycle ergo-
meters (Ergoselect 100 [Ergoline, Bitz,
Germany], Cybex [Cybex International,
Medway, MA], PowerCube1-Ergo [Gans-
horn Medizin Electronic, Niederlauer,
Germany], Ergoline 900 [Ergoline]). Main
eligibility criteria were the provision of
the CPX testing protocol (wattage in-
crease/time), HR (beats/min [bpm]), ab-
solute VO2 (L/min), absolute VCO2 (L/
min), ventilation (VE) (L/min), and power
output (W) throughout the entire CPX
measurement.

Pulmonary gas exchange variables
were provided in the form of breath-
by-breath measurement, averaged over
5 or 10 s (METAMAX 3B [Cortex Medical,
Leipzig, Germany], Quark CPET [COSMED,
Albano Laziale, Italy], Cardiovit AT-104
[Schiller, Baar, Switzerland], Masterscreen
CPX [Jaeger/VIASYS, Hoechberg, Ger-
many]). HRvariablesweremeasuredusing
chest belt telemetry or electrocardiography
andwere provided as 5- or 10-s averages.
Data were excluded if submaximal ven-
tilatory thresholds or peak values were
not reached or not detectable because of
low data quality, as assessed by a certified
exercise physiologist.
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Following the assessment of eligibility
and quality, data sets were randomized
by a statistician. The preexercise resting
period, submaximal ventilatory thresh-
old 1 (VT1), ventilatory threshold 2 (VT2),
and peak performance were determined
by one researcher. Pre-CPX testing rest-
ingvalueswereconsideredas the last30s
onthecycleergometerbefore thestartof
CPX testing. VT1 was defined as the first
increase in VE accompanied by an in-
crease in VE/VO2 without an increase in
VE/VCO2. The VT2 was defined as the
second abrupt increase in VE accompa-
nied by an increase in both VE/VO2 and
VE/VCO2 (15).
All research groups terminated CPX

testing if participants reached volitional
maximal exhaustion. Contrary to guide-
lines by the American College of Sports
Medicine for the general population,
reaching a plateau in VO2 was not a
criterion for peak performance in our
analysis since individuals with type 1
diabetes as well as healthy individuals
inexperienced in routine exercise often
do not achieve a plateau in VO2 dur-
ing maximum CPX testing, particularly
with cycling exercise (16). Therefore,
volitional exhaustion was defined as
the point when HR failed to rise with
increasing exercise intensity $85% age-
predicted HRpeak and as reaching a re-
spiratory exchange ratio of $1.10. Peak
values were calculated as the mean
over the last 30 s before termination of
the CPX test (16). If these criteria were
not met, data were excluded from the
analysis.
Additionally, the degree and direction

of the deflection of the HR (kHR) to the
performance curve was calculated by a
second-degree polynomial function be-
tween VT1 and the maximum power
output (17,18). With this function, two
slopes of two tangents were calculated
between VT1 and maximum power out-
put by applying the equation of factor k
(k5 [k12 k2] / [11 k1 * k2]). The k values
were classifiedas linear (20.1# k#0.1),
downward deflection (k .0.1) (regular),
and upward deflection (k,20.1) (atyp-
ical) (19) (Fig. 1). The CPX data were
analyzed using the Vienna CPX-Tool
(Vienna University, Vienna, Austria),
and results were reviewed indepen-
dently by two investigators for con-
sistency (20). Inclusion and exclusion
of data are shown in Supplementary
Fig. 1.

Statistical Analyses
Data were tested for normal distribution
by Kolmogorov-Smirnov test. Data are
presented according to their distribution
as mean 6 SD or median (interquartile
range [IQR]) for participants’ anthropo-
metric data, specific diabetes character-
istics, and performance data (Table 1).
Performance data for pre-CPX testing,
VT1, VT2, andpeakvalueswere compared
for differences over time and between
groups using restricted maximum likeli-
hood model with post hoc testing (Sidak
multiple comparisons test). Sex-specific
differences were calculated using Fisher
exact test for each group.

A stepwise linear regression approach
was used to explore relationships when
significant differences were found be-
tween groups for kHR, VT1, VT2, and peak
parametersofrelativeVO2,HR,andpower
(P) (dependent variables) against anthro-
pometric (sex, BMI, age) and specific

diabetes characteristics (diabetesduration,
total daily insulin dose, HbA1c, C-peptide)
as independent variables. Stepwise lin-
ear regressions were adjusted for an-
thropometric variables if not included in
the regression model.

If data were nonnormally distributed,
logarithmic transformations were per-
formed. Analyses were performed using
SPSS version 26 (IBM Corporation) and a
standard software package, GraphPad
Prism 8.0 (GraphPad Software). Statis-
tical significance was accepted at P ,
0.05 (two-tailed).

RESULTS

A total of 303 individuals with type 1
diabetes and 308 control participants
without type 1 diabetes were included in
thefinal analysis. Baseline characteristics
before theCPX testing are shown inTable
1. The flow diagram can be found in
Supplementary Fig. 1.

Figure1—Physiological responses toCPX testingbeforeexerciseatVT1, VT2, andpeak. Black circles
represent control participants without type 1 diabetes. Open circles represent individuals with
type 1 diabetes. **P , 0.01, ***P , 0.001 between groups.
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CPX Testing
Individuals with type 1 diabetes enrolled
in studies at different research sites per-
formed the following exercise testing
protocols:62participantsperformedstep-
wise test protocols with 180-s increments
with either 30W (female) or 40W (male);
191 participants performed a ramp pro-
tocol in which the workload increased
linearly every minute between 8 and
60 W, depending on the expected per-
formance as determinedby experienced
exercise physiologists; and50participants
performed a quasi-ramp protocol in which
theworkload increased by 15W (female)
or 20 W (male) per minute. Control par-
ticipants followed similar exercise test-
ing protocols. On average, test protocols
increased theworkload by 7% (IQR6; 8%)
of the individual Ppeak per minute in the
control group and by 8% (7; 10%) in
individuals with type 1 diabetes.

Physiological Response

VO2

Relative VO2 was lower in individuals
with type 1 diabetes compared with con-
trol participants without type 1 diabe-
tes at submaximal thresholds VT1 (13.41
[IQR 11.18; 15.95] vs. 16.49 [14.00;
19.47]mL/kg/min) andVT2 (23.33 [19.34;
28.73] vs. 31.20 6 7.82 mL/kg/min) as
well asatVO2peak (32.55 [26.49;38.72] vs.
42.676 10.44mL/kg/min; all P, 0.001).
Absolute VO2 was lower in individuals
with type 1 diabetes compared with con-
trol participants at VT1 (1.00 [0.79; 1.29]
vs. 1.23 [0.99; 1.52] L/min), VT2 (1.69
[1.39; 2.16] vs. 2.32 [1.81; 2.81] L/min),
and VO2peak (2.41 [1.87; 3.01] vs. 3.22
[2.43; 3.83] L/min; all P , 0.001). Mea-
sured VO2 reserve was lower in individ-
uals with type 1 diabetes compared with
control participants at VT1 (7.80 [5.73;
9.99] vs. 11.61 [8.91; 14.41] mL/kg/min),

VT2 (17.82 [13.68; 22.37] vs. 26.17 6
7.60 mL/kg/min) and peak VO2 reserve
(27.10 [21.01; 32.94] vs. 37.65 6 10.33
mL/kg/min; all P, 0.001). Oxygen pulse
was lower in individuals with type 1 dia-
betes compared with control participants
at VT1 (9.60 [7.25; 11.40] vs. 12.49 [9.84;
15.41] mL O2/beat), VT2 (12.30 [9.50;
15.30] vs. 17.616 5.58mL O2/beat), and
peak (14.14 [11.19; 17.27] vs. 20.36 6
6.07 mL O2/beat; all P , 0.001) (Fig. 1).

HR

The HR-to-performance curve increased
linearly in individuals with type 1 diabe-
tes, detailing a median kHR of 0.07 [IQR
20.75; 1.09], while in control partici-
pants without type 1 diabetes, a kHR of
0.66 [20.28; 1.45] was present (P ,
0.001) (Fig. 1). In individuals with type 1
diabetes, HRwas significantly lower com-
pared with control participants at VT1
(109 [101; 118] vs. 115 6 15 bpm; P ,
0.01), VT2 (149 6 15 vs. 156 [144; 167]
bpm; P , 0.001), and HRpeak (179 [170;
187] vs. 184 [175; 191] bpm; P , 0.01).
Measured HR reserve was also lower in
individuals with type 1 diabetes at VT1
(25 [19; 30] vs. 296 10 bpm; P, 0.001),
VT2 (64614vs. 69614bpm;P,0.001),
and peak (936 14 vs. 98 [88; 108] bpm;
P , 0.01) (Figs. 1 and 2).

Power Output

Relative power output was lower in in-
dividuals with type 1 diabetes compared
with control participants without type 1
diabetes at VT2 (1.95 [IQR 1.64; 2.33]) vs.
2.316 0.60 W/kg) and peak (2.78 [2.35;
3.32] vs. 3.33 6 0.83 W/kg; P , 0.001)
butnotatVT1 (0.93 [0.79; 1.07] vs. 1.036
0.30 W/kg; P 5 0.14). Absolute power
output was also lower in individuals with
type 1 diabetes at VT2 (155 [120; 180] vs.
170 [140; 200] W) and Ppeak (216 [171;
253] vs. 245 [200; 300] W; P , 0.001),

with no significant difference at VT1 (72
[56; 89] vs. 80 [65; 100] W; P 5 0.22)
compared with control participants (Fig.
1). Additional parameters of performance
for both groups, including a sex-specific
subgroup analysis, are presented in Sup-
plementary Tables 2–5.

Association Between Diabetes
Characteristics and Functional
Capacity
We found statistically significant asso-
ciations between anthropometric and
specific diabetes characteristicswith phys-
iological parameters of submaximal and
peak performance in individuals with
type 1 diabetes and for anthropometric
characteristics and physiological param-
eters for control participants without
type 1 diabetes (Table 2).

CONCLUSIONS

This analysis showed that individuals
with type 1 diabetes have impaired sub-
maximal and peak responses in VO2, HR,
and power output as well as altered HR
kinetics to CPX testing compared with
control participants without type 1 di-
abetes. These alterations in functional
capacity coincide with data by Turinese
et al. (11) showing lower relative VO2peak

in individuals with type 1 diabetes. How-
ever, they disagree partly with results by
Moser et al. (12), who did not find any
differences in HRpeak but in kHR between
groups, and are contrary to what was
shown by Nascimento et al. (21), where
no difference in functional capacity be-
tween individuals with type 1 diabetes
and control participants without type 1
diabetes during exercise testing was
evident.

There are several potential explana-
tions for these findings compared with
other researchers. First, in contrast toour
study, where median diabetes duration
was,1 year, diabetes duration was usu-
ally longer in previous studies (.10
years) (11,12). Second, age is a major
influencing factor when assessing exer-
cise capacity because of its inverse re-
lationship to Ppeak, HRpeak, and VO2peak,
and this may prevent comparisons if not
adjusted for statistical testing in some
studies (19). Furthermore, cohorts that
arebeing investigated indifferent studies
tend to be much smaller in sample size,
and the cohort examined often varies
in glycemic control, which may further
have a deteriorating impact on the

Table 1—Baseline characteristics of the study cohort

Group

Characteristic Control (n 5 308) Type 1 diabetes (n 5 303) P value

Age (years) 32 (26; 41) 33 (22; 43) 0.88

BMI (kg/m2) 24.1 (22; 26) 23.6 (22; 26) 0.21

Males/females, n 220/88 210/93 0.59

Diabetes duration (years) 0.8 (0.4; 12.3)

Total daily insulin dose (IU) 30 (14; 50)

HbA1c (%) 6.9 (6.2; 7.7)

HbA1c (mmol/mol) 52 (44; 61)

C-peptide (nmol/L) 0.27 (0.14; 0.43)

Data are median (IQR) unless otherwise indicated.
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physiological exercise response as shown
byMoser et al. (12).Wehave also founda
positive relationship between diabetes
durationandHRpeak. This canbereflected
as a result of a hyperglycemia-induced
sympathetic tonus, which may be in-
creased because of a constant catechol-
amine response (5 stress response),
indicating a reduced HRpeak during CPX
testing. This circumstance has previously
been discussed since cardiacb-receptors
may be desensitized because of a con-
stant stress response (18).
We found that relative VO2 was;30%

lower in individuals with type 1 diabetes

at submaximal thresholds and ;20%
lower at peak performance compared
with control participants without type 1
diabetes, although body mass was not
significantly different between individ-
uals with type 1 diabetes and control
participants. Values of VO2peak in our
control group are similar to data from
the Fitness Registry and the Importance
of Exercise: A National Database (22).
This similarity implies that our cohort is
representative for thegeneralpopulation.

Previously, it has been shown that
poor glycemic control detrimentally af-
fects oxygen economy during CPX testing

(23).However, thismightnotapply toour
studycohortbecause theHbA1caveraged
6.9% (52mmol/mol), which is in linewith
recommendations by the American Di-
abetes Association to help to prevent
micro- and macrovascular complications
(24). It may be speculated that levels of
physical activity are reduced in our co-
hort since early after diagnosis of type
1 diabetes, the attitude toward regular
physical activity changes because of sev-
eral barriers to physical exercise (25).
On the basis of our subgroup analysis
(Supplementary Tables 5 and 5.1), we
show that physical activity had no impact

Figure 2—Schematic presentation of the calculation of the degree and direction of the HR-to-performance curve (kHR) for individuals with type 1
diabetes and control participants without type 1 diabetes.

Table 2—Associations for submaximal and peak parameters in individuals with type 1 diabetes and control participants without
type 1 diabetes

b

Group VO2VT1 VO2VT2 VO2peak HRVT1 HRVT2 HRpeak PVT1 PVT2 Ppeak kHR

Type 1 diabetes
Age 20.17** 20.48*** 20.57*** 20.63*** 20.14*** 0.24***
BMI 20.37*** 20.28*** 20.19** 0.22** 0.24***
Male sex 20.16* 20.46*** 20.52*** 20.57*** 20.64*** 20.60****
Female sex 0.18**
HbA1c
TDD 20.27*** 20.23*** 20.18** 0.20*
DD 0.15**
C-peptide 20.29*** 20.32*** 20.21*** 20.26***
R 0.38 0.65 0.64 0.51 0.57 0.67 0.62 0.68 0.59 0.28
R2 0.15 0.42 0.41 0.26 0.33 0.45 0.39 0.46 0.36 0.08
Adjusted R 0.32 0.65 0.64 0.44 0.46 0.59 0.64 0.68 0.63 0.29
Adjusted R2 0.10 0.42 0.41 0.19 0.21 0.34 0.41 0.46 0.40 0.09
P value (both) ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001

Control
Age 20.28*** 20.36*** 20.42*** 20.36**** 20.42*** 20.53*** 20.44*** 20.39*** 20.39*** 20.18***
BMI 20.33*** 20.31*** 20.33*** 20.17 20.33***
Male sex 20.35*** 20.45*** 20.56*** 20.62*** 20.72*** 20.73***
Female sex 0.16***
R 0.53 0.61 0.72 0.43 0.53 0.53 0.68 0.74 0.75 0.45
R2 0.28 0.38 0.53 0.18 0.28 0.28 0.46 0.55 0.56 0.20
Adjusted R 0.43 0.53 0.54 0.68 0.74 0.75 0.45
Adjusted R2 0.18 0.28 0.29 0.46 0.55 0.56 0.20
P value (both) ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001

DD, diabetes duration; TDD, total daily dose. *P , 0.05, **P , 0.01, ***P , 0.001.
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on the results of the CPX tests. In our
analysis, a higher VO2peak was associated
with a lower total daily insulin dose,
which is not surprising since regular phys-
ical activity reflected by a higher VO2peak

necessitates reduction in insulin because
of improved insulin sensitivity by elevated
GLUT4 activity (26).
Interestingly, we found that higher

VO2peak was associated with lower
C-peptide levels. This is a rather con-
tradictory finding (27) but might be
ascribed to the short diabetes duration
of ,1 year in our cohort. A detectable
C-peptide level, and hence, endogenous
insulin production, is advantageous for
individuals with type 1 diabetes to main-
tain the inverse relationship between
insulin and glucagon secretion (28). It
has been shown that individuals with
type 1 diabetes and higher C-peptide
levels are less prone to exercise-induced
hypoglycemia (29). Nonetheless, the clin-
ical importance of our finding with regard
to endogenous insulin production is still
unclear and suggests further study to
explain this finding.
The HR response to CPX testing was

lower at submaximal and peak parame-
ters in individuals with type 1 diabetes
comparedwith control participantswith-
out type 1 diabetes. An often overlooked
complication in diabetes is cardiovascu-
lar autonomic neuropathy known to im-
pair exercise tolerance, blunting HR
responses, which may also be present at
diagnosisof type1diabetes (30).Another
contributing factor is hyperglycemia,
leading to chronically elevated adrena-
line and noradrenaline levels that poten-
tially induce b1-adrenoreceptor insensitivity
as shown in adolescent girls with type 1
diabetes (31), subsequently leading to
chronotropic incompetence (32). In line
with the impaired HR responses to in-
creasing physiological demands, kHR de-
tailed an atypical HR-to-performance
curve in the type 1 diabetes group. As
shown in healthy individuals (33) and
those with a chronic condition (18),
only a small proportion of individuals
show a linear (6%) or inverted (8%) HR
response during incremental exercise
testing, which might be a first indication
of myocardial function alterations. Inter-
estingly, also in adults with long-standing
type 1 diabetes and poorer glycemic con-
trol (HbA1c ;7.8% [62 mmol/mol]), the
HR-to-performance curve shifts toward a
linear or inverted curve and inadequate

response of the HR to exercise demands
(18). Moser et al. (12) postulated that
this chronotropic incompetence reflects
dysregulated cardiac muscle contrac-
tions during CPX testing. From our point
of view, this assumption is questionable
and contrary to our findings (Fig. 1) since
a linear curve may not lead to a reduction
of cardiac performance.

Relative and absolute PVT2 and Ppeak
were lower in individuals with type 1
diabetes compared with control partic-
ipants without type 1 diabetes. These
findings coincide with a reduced cardio-
pulmonary response throughout the CPX
test. We did not find a significant differ-
ence at PVT1 between groups, which
indicates a regular aerobic energy supply
at low-intensity exercise in individuals
with type 1 diabetes. It appears that with
increasing exercise intensity, the meta-
bolic demand needed for corresponding
muscular performance cannot be cov-
ered sufficiently by the cardiopulmonary
system as shown by our previous results
(12).

No specific diabetes characteristics
were associated with Ppeak, while sub-
maximal PVT1 and PVT2 both were neg-
atively associated with C-peptide, which
is an interesting and unexpected finding.
A lower PVT2was associatedwith a higher
total daily insulin dose. It is of interest
that submaximal parameters of power
output are associated with specific di-
abetes characteristics, whereas Ppeak is
not. The PVT2 is reached earlier during
CPX testing in individuals with type 1
diabetes, which is potentially due to
higher mismatch in metabolic demand,
leading to an overall decreased Ppeak.

Our analysis is not without limitations
since blood glucose values before and
during exercise testing in individualswith
type 1 diabetes and in the control group
are missing, which could have delivered
additional value to our analysis (34). Data
on HbA1c levels and C-peptide levels are
missing in the control participants with-
out type 1 diabetes; hence, a comparison
between groups regarding those param-
eters is not applicable, even though we
tried to match the groups as close as
possible by sex, age, and BMI. An addi-
tional limitation is the lack of data on
habitual physical activity behavior, which
could be different between individuals
without type 1 diabetes and those with
type 1 diabetes, potentially influencing
our results.However,wehaveconducted

an additional subgroup analysis (Supple-
mentary Tables 5 and 5.1) to show that
physical activity had no impact on the
results of the CPX tests. Our study is also
limited because we did not assess HR
variability, which was shown to be linked
to functional capacity in adolescentswith
type 1 diabetes (35). It might be that
alterations in cardiac autonomic modu-
lation were present in our study cohort,
deteriorating markers of exercise perfor-
mance in people with type 1 diabetes.
Furthermore, a small proportion of in-
dividuals with type 1 diabetes were on
additional medication, which we do not
believe to have a detrimental effect on
their physical performance (Supple-
mentary Material 1 and Supplementary
Table 1).

The findings of our study may have
implications for the future use of CPX
testing in individuals with type 1 diabe-
tes. The necessity of testing cardiopul-
monary performance shortly after the
diagnosis of type 1 diabetes is important
since independent of glycemic control,
human physiology seems to change early
in individuals with type 1 diabetes. How-
ever, living with type 1 diabetes is not
detrimental to functional capacity be-
cause small, specific cohorts, including
recreationally active adults and athletes
with type 1 diabetes, showed up to a
twofold higher VO2peak than that in our
cohort (12,36).

Physical activity and exercise manage-
ment have become an integral compo-
nent in the therapy of type 1 diabetes
within recent decades of fighting this
condition (37). CPX testing is a very
helpful method to accurately prescribe
exercise as a therapy and provides fur-
ther insight into early physiological al-
terations. Nevertheless, our analysis has
shown that the responses to CPX test-
ing are impaired in individuals with type
1 diabetes independent of HbA1c com-
pared with control participants without
type 1 diabetes. In summary, health care
professionals should be vigilant when
recommending exercise at specific in-
tensities in type 1 diabetes and regularly
conduct CPX tests to monitor cardiopul-
monary changes and respond accord-
ingly if deemed necessary.
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