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Abstract
Aims/hypothesis  The aim of this work was to compare the cardiopulmonary, sympathoadrenal and metabolic responses to 
physical exercise in adults with type 1 diabetes with or without cardiovascular autonomic neuropathy (CAN).
Methods  Data collected during a graded maximal exercise test (GXT) from 24 participants with type 1 diabetes and CAN 
were compared against 24 matched control individuals without CAN (NO CAN). Throughout exercise, integrated cardio-
pulmonary variables were obtained continuously via spiroergometry. Plasma concentrations of adrenaline (epinephrine), 
noradrenaline (norepinephrine), glucose (PG) and lactate (PLa) were measured in 3 min intervals during exercise as well as at 
the peak workload. Data were assessed via independent t tests and two-factor ANOVAs with significance accepted at p≤0.05.
Results  Participants with CAN displayed a reduced V̇O2peak (CAN 19.6 ± 5.4 vs NO CAN 27.5 ± 7.8 ml kg−1 min−1) as well 
as attenuations in several other cardiopulmonary, lactate and exercise performance variables during GXT. Peak catechola-
mine concentrations were lower in CAN vs NO CAN (AD 0.17 ± 0.12 vs 0.38 ± 0.27 ng/ml, p=0.002; NAD 1.86 ± 1.04 
vs 2.85 ± 1.23 ng/ml, p=0.007) as were the magnitudes of change in hormonal concentrations from rest to peak workloads 
(adrenaline Δ +0.13 ± 0.12 vs Δ +0.32 ± 0.24 ng/ml, p=0.005; noradrenaline Δ +1.33 ± 0.89 vs Δ +2.33 ± 1.30 ng/ml, 
p=0.005). PG concentrations throughout exercise were similar between groups and remained unchanged from rested values 
irrespective of CAN status.
Conclusions/interpretation  In adults with type 1 diabetes, CAN was associated with exercise intolerance characterised by 
impairments in various cardiopulmonary, sympathoadrenal system and metabolic responses to GXT. These data support 
uncovering the presence of CAN when prescribing a personalised physical training plan.
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PG	� Plasma glucose
PLa	� Plasma lactate
RER	� Respiratory exchange ratio
VT2	� Second ventilatory threshold

Introduction

Cardiovascular autonomic neuropathy (CAN) is a frequent 
complication of type 1 diabetes affecting approximately 
30% of the population [1]. The condition is caused by dam-
age to the autonomic nerve fibres that innervate the heart 
and blood vessels, increased baroreceptor intima–media 
thickness, reduced vascular distensibility and endothelial 
dysfunction [2]. In individuals with type 1 diabetes, the 
concurrent presence of CAN carries an increased risk of 
CVD and all-cause mortality [3]. In its early stages, CAN 
leads to dysfunction of the parasympathetic nervous sys-
tem with a consequential shift from vagal to sympathetic 
predominance. An increase in sympathetic tone continues 
with advancing CAN whereby denervation of sympathetic 
nerves impairs responsivity to excitatory stimuli [4, 5].

Autonomic nervous system reflexes are important in 
regulating many cardiovascular and metabolic responses 
to exercise [6]. Indeed, exercise capacity, often referred 
to as cardiorespiratory fitness (CRF), is a product of the 

cardiovascular system’s efficacy in delivering oxygen to 
exercising skeletal muscle and, consequently, of exercis-
ing muscle to extract oxygen from the blood [7]. Indepen-
dently, CRF is recognised as a powerful predictor of CVD 
risk and all-cause mortality across a spectrum of age, race, 
sex and disease state [8–12].

Several studies have documented attenuated CRF and/or 
abnormal cardiopulmonary and neuroendocrine responses to 
exercise in individuals with type 1 diabetes relative to those 
without the condition [13–17]. In most instances, the focal 
point has been on understanding relationships between gly-
caemic management and indices of exercise intolerance. Much 
less explored, and perhaps more nuanced, is the impact of 
autonomic neuropathy on CRF in those with type 1 diabetes 
[18, 19]. In data that have been published, details on the speci-
ficity of the cardiovascular subtype are absent and/or control 
groups are not matched in key variables known to influence 
CRF (i.e. sex, age and BMI). Furthermore, the inclusion of 
comparative control cohorts of individuals who do not have 
type 1 diabetes makes for difficulty in disentangling the effects 
of diabetes, vs CAN, per se. Thus, efforts that seek to deepen 
our understanding of the impact of CAN when superimposed 
with type 1 diabetes on the physiological responses to exercise 
having accounted for confounding variables are important pre-
requisites for establishing appropriate targeted interventions 
aimed at improving CRF in high-risk clinical cohorts.

Although we have recently shown that glucose is unlikely 
to change during graded exercise testing (GXT) in people 
with type 1 diabetes [20, 21], this conclusion has been 
drawn from data on individuals without overt autonomic 



Diabetologia	

neuropathy, for whom glucose counterregulatory mecha-
nisms and hypoglycaemia awareness were assumed to be 
intact [22]. Considering the involvement of the autonomic 
nervous system in regulating glucose homeostasis during 
exercise, and the potential implications of hypoglycaemia on 
cardiac vagal outflow [23], profiling glucose levels during 
exercise in adults with type 1 diabetes with or without CAN 
is warranted from a safety, if not informative, perspective.

With this in mind, this study investigated and com-
pared the cardiovascular, sympathoadrenal and metabolic 
responses to GXT in adults with type 1 diabetes with and 
without CAN.

Methods

Study design and ethical governance

A total of 48 adults with type 1 diabetes took part in this 
study. Of this cohort, half had established CAN (n=24) and 
the other half were age- and sex-matched individuals with-
out CAN (NO CAN, n=24). Age matching was done with 
a maximum allowance of 10 years whilst the sex of par-
ticipants was determined via self-report. Participants were 
enrolled in a cross-sectional study from an ongoing neuropa-
thy screening study at Steno Diabetes Center Copenhagen 
(Herlev, Denmark) [1] and so the sample size was prede-
termined by the available cohort. The study was conducted 
according to the Declaration of Helsinki and all procedures 
were approved by the National Research Ethics Committee 
of Denmark (H-19029796). All volunteers were provided 
with a full written and verbal description of the study prior 
to undertaking any study-related activities. Informed consent 
was given voluntarily before proceeding with participation.

Inclusion and exclusion criteria

Main study inclusion criteria were as follows: clinical diag-
nosis of type 1 diabetes as validated via autoantibodies; aged 
between 18–80 years; BMI of 18.0–33.0 kg/m2; and a defini-
tive diagnosis of either having CAN or not. This was deter-
mined by three cardiovascular reflex tests (CARTs) using the 
handheld instrument Vagus (Medicus Engineering, Aarhus, 
Denmark): (1) lying to standing test; (2) deep breathing test; 
and (3) the Valsalva manoeuvre. CAN was diagnosed by 
the presence of two or more pathological test results while 
NO CAN status was assigned when all CARTs were normal 
[24]. One abnormal CART was interpreted as borderline 
CAN and, hence, these participants were excluded from 
further involvement due to an inability to be definitively 
grouped. All CAN testing was performed after 10 min of 
rest in a supine position in a quiet and isolated examination 
room. Smoking as well as consumption of food (with an 

accompanying bolus insulin dose) and caffeinated bever-
ages were prohibited for at least 2 h before testing. Partici-
pants were also asked to avoid strenuous physical activity 
and encouraged to avoid level 2 hypoglycaemia (defined as 
a fingertip capillary blood glucose value of <3.0 mmol/l) 
in the 24 h prior to laboratory attendance. Verification of 
adherence to these preparatory procedures was completed 
at the screening visit and, in instances where adherence was 
breached, the visit was rescheduled.

Main exclusion criteria were as follows: female par-
ticipants who were breast-feeding, pregnant or planning to 
become pregnant during the trial period; evidence of alcohol 
or drug abuse; and the presence of any medical or psycho-
logical condition that could interfere with study participa-
tion and/or an individual’s safety as judged by the clinical 
members of the investigatory team.

Pre‑exercise screening procedures and glycaemic 
safety monitoring

After successful completion against the main study inclu-
sion criteria, participants were further screened against the 
American College of Sports Medicine reference guidelines 
for absolute and relative contraindications to exercise stress 
testing [25], including clearance of any cardiac abnormali-
ties via a 12-lead ECG by the study physician. A peripheral 
i.v. cannula was then inserted in the antecubital fossa to 
obtain baseline characteristics and trial-day venous blood 
samples. Prior to exercise, participants also completed the 
Clark hypoglycaemia awareness questionnaire [26].

Fifteen minutes before the anticipated start time of GXT, 
participants’ plasma glucose (PG) levels were checked from a 
safety perspective. If, at this point, the glucose value was <5 
mmol/l, GXT was delayed and participants consumed 15 g of 
carbohydrates in the form of dextrose tablets (Dextro Energy, 
Krefeld, Germany). A second PG measurement was obtained 
15 min later, and the process was repeated until PG was 
above the target threshold (≥5 mmol/l). An equal proportion 
of participants in each group received supplementary carbo-
hydrates before exercise to reach PG levels deemed ‘safe to 
start’ (NO CAN n=12 vs CAN n=9, χ2 [1, n=48]=0.762, 
p=0.383). If the PG concentration was ≥15.0 mmol/l and 
blood ketone levels were low (<0.6 mmol/l), exercise went 
ahead at the discretion of the participant with frequent moni-
toring for ketone body formation. If ketone levels were ≥1.5 
mmol/l, the visit was cancelled and rescheduled.

GXT protocol

Participants performed a GXT on a workload-controlled 
cycle ergometer (Corival, Lode, Groningen, the Netherlands 
and Monark LC4, Vansbro, Sweden). A predetermined pro-
tocol was employed that consisted of a 3 min passive resting 
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phase, a standardised 3 min warm-up phase (20 W), followed 
by 1 min increases in workload until volitional exhaustion. 
Volitional exhaustion was defined by one or more of the fol-
lowing parameters: (1) an inability to maintain a pedalling 
cadence of >50 rev/min for >5 s; (2) a respiratory exchange 
ratio (RER) of >1.1; and (3) an age-predicted heart rate of 
≥85% [27, 28]. At the point of exhaustion, the workload was 
immediately decreased to 20 W and participants engaged in 
a 3 min active recovery phase before completing a final 3 
min passive recovery period. To ensure a reasonably similar 
exercise duration between participants, the per-minute incre-
mental increases in workload occurred at 15 W (n=45, 100% 
CAN, 88% NO CAN), 20 W (n=1, NO CAN) or 25 W (n=2, 
NO CAN), depending on participants’ habitual physical 
activity patterns as determined via the International Physical 
Activity Questionnaire and a conversation with the research 
team (total METS [metabolic equivalents, min/week]: CAN 
2912.4 ± 2522.9 vs NO CAN 2397.2 ± 2213.4, p=0.461).

GXT measurements

During exercise, breath-by-breath data were measured using 
a pulmonary gas analyser (Vyntus ONE; Vyaire medical, IL, 
USA) calibrated using certified gases (Gas 1, ambient air; 
Gas 2, 15% O2, 5% CO2) with data displayed for standard-
ised temperature and pressure for dry air. Integrated heart 
rate (HR) data were recorded continuously via chest belt 
telemetry (Polar Electro, Finland). Raw cardiopulmonary 
data were exported in intervals of 5 s (SentrySuite software; 
Vyaire medical) and subsequently averaged in segments of 
30 s for statistical processing.

The peak rate of O2 consumption ( V̇O2peak ) was defined 
as the highest volume of O2 uptake (l/min) obtained in the 
30 s prior to the peak workload achieved. V̇O2peak was used 
rather than V̇O2max due to an inability to identify a plateau 
in some participants’ O2 consumption rates because of the 
short duration of the exercise test and/or volitional termi-
nation occurring rapidly upon attainment of peak power. 
All other cardiopulmonary and performance variables were 
indexed to the V̇O2peak value. The anaerobic threshold (AT) 
was computed as the second ventilatory threshold (VT2) and 
all other cardiopulmonary variables were time-referenced 
against the indexed volume of O2 uptake ( V̇O2).

Laboratory analyses of blood samples

Venous-derived blood samples were obtained at rest, every 
3 min during GXT, at the point of volitional exhaustion and 
during the active and passive recovery periods. An aliquot 
(300 µl) of blood was centrifuged at 10,552 g for 30 s and the 
resultant supernatant fraction (plasma) was processed imme-
diately via the YSI 2500 Biochemistry Analyser (YSI Ohio, 
USA) to determine point concentrations of PG and plasma 

lactate (PLa). The remaining sample was centrifuged and 
stored at −80°C for subsequent analyses of catecholamines 
(adrenaline [epinephrine] and noradrenaline [norepineph-
rine]) using ELISA kits (EA613/192, Eagle biosciences, 
Nashua, NH, USA).

Statistical analyses

For identifying differences in point-value numerical data 
between groups Student’s t test was used with two-tailed p 
values reported for significance. Differences between cat-
egorical variables were assessed via the χ2 test unless more 
than 20% of cells had expected frequencies <5, in which 
case the Fisher exact test was used. A two-way repeated-
measures ANOVA with Bonferroni-corrected pairwise com-
parisons was used to compare between-group differences 
in acute metabolic, cardiopulmonary and sympathoadrenal 
system responses to GXT. Interaction effects were reported 
with main and simple effects followed up in post hoc anal-
yses. In instances where sphericity was violated and the 
Greenhouse–Geisser ε value was >0.750, Huynh–Feldt 
results were reported. The Pearson correlation coefficient 
was used to establish the strength of association between 
metabolic cardiopulmonary and sympathoadrenal system 
responses. Simple linear regression was conducted to evalu-
ate the predictive power of selected physiological variables 
(CRF and HR) on the sympathoadrenal system responsivity 
to GXT. Raw V̇O2 data were expressed in METs (i.e. 1-MET 
approximates the amount of oxygen consumed while sitting 
at rest and is equal to 3.5 ml O2 [kg body weight]−1 min−1). 
The difference between actual vs predicted oxygen uptake 
( V̇O2peak predicted) was calculated via the equations proposed 
by the FRIEND registry database [29]. The amount of time 
spent with PG within a specific glucose zone was calcu-
lated as the number of PG readings that fell within that zone 
divided by the total number of PG readings from the par-
ticipant, represented as a percentage (i.e. time below range 
<3.9 mmol/l [<70 mg/dl]), time in range 3.9–10.0 mmol/l 
[70–180 mg/dl]), time above range >10.0 mmol/l [>180 mg/
dl]) [30]. Indexes of glycaemic variability included the SD 
and CV. All statistical analyses were done using SPSS Ver-
sion 29.0.1.0(171) (IBM SPSS Statistics); α was set at 0.05 
and statistical significance was accepted when p≤0.05.

Results

Participant characteristics

A total of 48 participants (split into 24 matched pairs; 7 
female, 17 male) completed the study. Baseline characteris-
tics of the included cohort when stratified into their respec-
tive CAN groupings are displayed in Table 1.
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The number of people in the NO CAN group who attained 
the target HbA1c level of ≤53 mmol/mol (7%) was almost 
triple that in the CAN group (NO CAN n=14 vs CAN n=5, 
χ2 [1, n=48]=7.056, p=0.008).

Information on medical treatments in both groups can be 
found in electronic supplementary material (ESM) Table 1. 
For the insulin treatment modality (injection vs insulin 
pump) and antihypertensive treatment (percentage and type 
of drug), there were no differences between the two groups. 
Twenty-nine per cent of the participants with CAN received 

antidepressants while none did so in the NO CAN group 
(p=0.009).

Cardiopulmonary responses and exercise 
performance variables

The grouped mean cardiopulmonary and exercise perfor-
mance variables in response to GXT at both the AT and peak 
exercise workloads are presented in Table 2.

Table 1   Baseline characteristics 
of study participants when 
stratified into their respective 
CAN status groupings

Data are presented as n or mean ± SD
a Hypoglycaemia awareness was determined using the Clarke survey
ALAT, alanine aminotransferase; CKD, chronic kidney disease; eGFR, estimated GFR; UALB, urinary 
excretion of albumin; UCREA, urinary excretion of creatinine

Characteristic NO CAN CAN p value

Sex (n female : n male) 7:17 7:17 -
Age (years) 60 ± 13 58 ± 12 0.471
BMI (kg/m2) 24.7 ± 3.0 26.1 ± 3.8 0.151
HbA1c (mmol/mol) 53.6 ± 6.7 60.1 ± 12.7 0.033
HbA1c (%) 7.1 ± 0.6 7.7 ± 1.2 0.034
Diabetes duration (years) 28 ± 13 36 ± 14 0.041
Age of diabetes onset (years) 32 ± 14 22 ± 15 0.012
Systolic BP (mmHg) 142 ± 17 139 ± 12 0.538
Diastolic BP (mmHg) 78 ± 8 77 ± 9 0.599
Mean arterial pressure (mmHg) 99 ± 9 98 ± 7 0.485
Resting HR (beats/min) 62 ± 9 74 ± 9 <0.001
Blood biomarkers
  HDL-cholesterol (mmol/l) 1.7 ± 0.3 1.8 ± 0.9 0.674
  LDL-cholesterol (mmol/l) 2.3 ± 0.8 2.1 ± 0.7 0.589
  VLDL-cholesterol (mmol/l) 0.4 ± 0.1 0.4 ± 0.2 0.624
  Triglycerides (mmol/l) 0.8 ± 0.2 0.9 ± 0.5 0.550
  Total cholesterol (mmol/l) 4.3 ± 0.8 4.2 ± 0.9 0.617
  ALAT (U/l) 26.1 ± 8.5 29.4 ± 9.6 0.212
  Potassium (mmol/l) 3.8 ± 0.2 4.0 ± 0.3 0.105
  Sodium (mmol/l) 141.7 ± 2.6 139.1 ± 2.9 0.002
  C-peptide (n≥17 pmol/l [detectable range]) 10 4 0.057
CKD stage
  Stage 1 (eGFR ≥90 ml/min per 1.73 m2) 12/24 12/24 1.000
  Stage 2 (eGFR 60–89 ml/min per 1.73 m2) 10/24 11/24 0.771
  Stage 3 (eGFR 30–59 ml/min per 1.73 m2) 2/24 1/24 1.000
Urine biomarkers
  UALB (n≥3 mg/l [detectable range]) 15 14 0.768
  UCREA (mmol/l) 8.9 ± 5.4 8.8 ± 7.1 0.949
CARTs
  Lying to standing test (30/15 ratio) 1.11 ± 0.09 1.02 ± 0.02 <0.001
  Deep breathing test (E:1 ratio) 1.22 ± 0.15 1.08 ± 0.07 <0.001
  Valsalva manoeuvre ratio 1.59 ± 0.27 1.21 ± 0.14 <0.001
Hypoglycaemia awarenessa 0.461
  Aware (n) 21 18
  Unaware (n) 3 6
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The CAN group demonstrated significantly lower V̇O2 val-
ues when expressed in absolute and relative terms as well as 
when indexed against reference predicted values at both the 
AT and peak workloads (Table 2). This was corroborated by 

reduced power output and duration of exercise at both intensity 
domains as well as impairments in several cardiorespiratory 
parameters with increasing exercise intensity (i.e. V̇CO2 , HR, 
ventilatory equivalents and breathing frequency; Table 2).

Data were also reanalysed to account for differences in 
external work rate between the two groups. Table 3 pre-
sents the cardiopulmonary data when participants with CAN 
were matched to those without CAN based on a similar peak 
external workload. Each CAN participants’ peak load was 
used as the reference point from which the corresponding 
load-matched data taken from a NO CAN participant was 
paired (ranked in ascending order of peak wattage). The 
CAN V̇O2peak value represented 83.9 ± 9.3% of that for the 
NO CAN cohort.

Sympathoadrenal system responses

Adrenaline  Figure 1a details plasma adrenaline concentra-
tions during GXT in both groups. A significant interaction 
effect was found between CAN status and adrenaline con-
centrations over time (F [1.264, 51.837]=9.559, p=0.002). 
Adrenaline concentrations were higher in the NO CAN 
group both at peak workload (NO CAN 0.38 ± 0.27 ng/
ml vs CAN 0.17 ± 0.12 ng/ml, p=0.002) and at recovery 
15 min after test cessation (NO CAN 0.08 ± 0.04 vs CAN 
0.04 ± 0.05 ng/ml, p=0.010). Peak adrenaline concentra-
tions were significantly elevated from all other timepoints 
in both groups (NO CAN, all within-condition differences 
p<0.001; CAN, all within-condition differences p≤0.02). 
The magnitude of change in adrenaline concentrations 
from rest to peak workload was ~84% greater in the NO 

Table 2   Cardiopulmonary and exerciser performance responses to 
GXT at the AT and at peak intensity domains

Data are presented as mean ± SD
a RER was calculated as V̇CO

2
 divided by V̇O

2

b O2 pulse was calculated as V̇O
2
 divided by HR

BF, breathing frequency; PETCO2, partial pressure of CO2; PETO2, 
partial pressures of O2; RPE, rating of perceived exertion; VE, min-
ute ventilation; VE/V̇CO

2
 , ventilatory equivalents for carbon dioxide; 

V̇E/V̇O
2
 , ventilatory equivalents for O2

Intensity domain NO CAN CAN p value

AT
  Time to reach (min) 8.2 ± 1.5 7.2 ± 1.2 0.013
  Power (W) 60 ± 25 41 ± 19 0.004
  V̇O

2
 (ml kg−1 min−1) 13.0 ± 3.7 10.3 ± 2.7 0.008

  V̇O
2
 (l/min) 1.0 ± 0.2 0.8 ± 0.2 0.045

  V̇O
2
 relative to V̇O2peak (%) 47.2 ± 6.3 53.4 ± 10.2 0.015

  V̇CO
2
 (l/min) 0.8 ± 0.3 0.7 ± 0.2 0.054

  RERa 0.8 ± 0.1 0.8 ± 0.1 0.523
  HR (beats/min) 95 ± 14 93 ± 11 0.736
  O2 pulse (ml per beats/min)b 10.7 ± 3.0 8.8 ± 1.9 0.015
  VE (l/min) 24.4 ± 6.7 20.4 ± 4.1 0.015
  VE/V̇O

2
25.9 ± 3.6 25.4 ± 3.4 0.638

  VE/V̇CO
2

32.4 ± 4.2 32.0 ± 3.3 0.717
  PETO2 13.9 ± 0.7 13.7 ± 0.7 0.319
  PETCO2 5.0 ± 0.5 4.7 ± 0.7 0.404
  BF (l/min) 18.0 ± 2.3 18.2 ± 3.7 0.810
  RPE (Borg) 9.5 ± 2.6 8.9 ± 2.3 0.388
Peak
  Time to reach (min) 16.9 ± 3.4 14.5 ± 2.8 0.010
  Power (W) 197 ± 63 150 ± 42 0.003
  V̇O

2
 (ml kg−1 min−1) 27.5 ± 7.8 19.6 ± 5.4 <0.001

  V̇O
2
 (l/min) 2.0 ± 0.7 1.6 ± 0.4 0.006

  V̇O
2
 (% of predicted) 88.9 ± 18.1 64.9 ± 15.0 <0.001

  V̇CO
2
 (l/min) 2.4 ± 0.8 1.8 ± 0.5 0.004

  RERa 1.2 ± 0.1 1.2 ± 0.1 0.259
  HR (beats/min) 156 ± 22 136 ± 17 0.001
  HR (% of predicted) 97.7 ± 9.7 83.8 ± 9.4 0.001
  O2 pulse (ml per beats/min)b 13.2 ± 3.2 11.5 ± 2.7 0.056
  V̇E (l/min) 82.2 ± 30.9 58.0 ± 17.4 0.002
  BF (l/min) 36.1 ± 9.5 30.3 ± 5.2 0.013
  VE/V̇O

2
40.5 ± 7.8 37.4 ± 6.7 0.148

  VE/V̇CO
2

34.3 ± 5.9 32.3 ± 4.0 0.184
  PETO2 15.8 ± 0.8 15.4 ± 0.6 0.052
  PETCO2 4.7 ± 0.7 5.0 ± 0.5 0.124
  RPE (Borg) 16.8 ± 0.5 16.6 ± 0.5 0.338

Table 3   Cardiopulmonary responses to GXT when participants with 
CAN were matched to those without the condition (NO CAN) based 
on a paired external workload

Data are presented as mean ± SD
a RER was calculated as V̇CO

2
 divided byV̇O

2

b O2 pulse was calculated as V̇O2 divided by HR
BF, breathing frequency; VE, minute ventilation

Variable NO CAN CAN p value

Power (W) 152 ± 43 152 ± 43 0.987
V̇O

2
 (l/min) 1.72 ± 0.57 1.57 ± 0.43 0.321

V̇CO2 (l/min) 1.74 ± 0.56 1.80 ± 0.54 0.687
RERa 1.01 ± 0.05 1.16 ± 0.09 <0.001
HR (beats/min) 134 ± 22 136 ± 17 0.760
O2 pulse (ml per 

beats/min)b
13.1 ± 3.8 11.5 ± 2.7 0.096

VE (l/min) 51.7 ± 15.9 58.0 ± 17.4 0.194
BF (l/min) 24.3 ± 3.6 30.3 ± 5.2 <0.001
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CAN group (NO CAN Δ +0.32 ± 0.24 ng/ml vs CAN Δ 
+0.13 ± 0.12 ng/ml, p=0.005).

Simple linear regression analysis was conducted to evalu-
ate the extent to which CRF, as quantified via V̇O2peak (ml 
kg−1 min−1), could predict the magnitude of change in adren-
aline from rest to peak workload. A significant regression 
was found (F [1, 41]=20.323, p<0.001, R2=0.332, Fig. 1c), 
with the indication that for each 1 ml min−1 kg−1 increase in 
V̇O2peak , the change in adrenaline increased by ~0.016 ng/
ml (95% CI 0.009, 0.023]). Strong positive correlations were 

also found between the degree of increase in change in HR 
and adrenaline (r[42]=0.551, p<0.001, Fig. 1e).

Noradrenaline  Figure  1b provides a graphical illustra-
tion of plasma noradrenaline concentrations at the four 
pre-identified timepoints during GXT in both groups. A 
significant interaction effect was found between CAN sta-
tus and noradrenaline concentrations over time (F [1.450, 
58.018]=7.234, p=0.004). Noradrenaline concentrations 
were higher in the NO CAN group at the peak workload 

Fig. 1   Plasma adrenaline (a) 
and noradrenaline (b) concen-
trations at various GXT stages, 
as well as their respective 
correlation with V̇O2peak values 
when expressed as a change 
from rest to peak workload 
(c, d) and the corresponding 
change in HR from rest to peak 
(e, f). In (a, b) white circles and 
squares represent a significant 
difference in the point concen-
tration of a biomarker relative 
to the within-cohort value taken 
at rest (i.e. before commencing 
exercise). *p≤0.05 for CAN vs 
NO CAN point concentration of 
a biomarker. Data are presented 
as mean ± SEM
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(NO CAN 2.85 ± 1.23 vs CAN 1.86 ± 1.04 ng/ml, p=0.007) 
but were comparable at all other stages. Peak noradrenaline 
concentrations were significantly elevated from all other 
timepoints in both groups (NO CAN, all-within condition 
differences p<0.001; CAN, all within-condition differ-
ences, p<0.001). The magnitude of change in noradrena-
line from rest to peak workload was ~55% greater in the NO 
CAN group (NO CAN Δ +2.33  ± 1.30 ng/ml vs CAN Δ 
+1.33 ± 0.89 ng/ml, p=0.005).

Peak aerobic rate was considered a significant predic-
tor of the change in noradrenaline from rest to peak (F[1, 
40]=9.134, p=0.004, R2=0.186, Fig. 1d). For each 1 ml 
min−1 kg−1 increase in V̇O2peak , the change in noradrena-
line increased by ~0.067 ng/ml (95% CI 0.022, 0.112). 
Strong positive correlations were also found between the 
degree of increase in change in heart rate and noradrenaline 
(r[41]=0.529, p<0.001, Fig. 1f).

Fig. 2   PG (a) and PLa (b) con-
centrations at various stages of 
GXT. White circles and squares 
represent a significant differ-
ence in the point concentration 
of a biomarker relative to the 
within-cohort value taken at 
rest (i.e. before commencing 
exercise). *p≤0.05 for CAN vs 
NO CAN point concentration of 
a biomarker. Data are presented 
as mean ± SEM
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PG responses

Figure  2a displays the PG responses throughout and 
acutely after GXT in both groups. No interaction effect 
was found, nor was there any evidence that CAN status 
influenced PG responses to GXT in main effects follow-
up (F [1, 44]=1.200, p=0.279). In both groups, PG con-
centrations measured at each stage of the GXT remained 
stable and equivalent to those taken at the respective rested 
workload.

The change in PG from the start (rest) to end (i.e. 
after a 3 min passive recovery phase) of GXT was simi-
lar between groups (NO CAN Δ+0.24 ± 1.24 mmol/l vs 
CAN Δ+0.01 ± 0.75 mmol/l, p=0.445). A proportionate 
number of participants experienced an increase in PG over 
exercise in each group (NO CAN, n=13 [54%] vs CAN, 
n=14 [58%], χ2 [1, n=48]=0.085, p=0.771).

Table 4 displays glycaemic variables for both groups 
from exercise onset to 15 min after GXT cessation.

PLa responses

Figure 2b displays the PLa responses to GXT in both 
groups. There was a significant time × condition interac-
tion effect in PLa responses (F [1.568, 68.994]=6.524, 
p=0.005). PLa concentrations were higher in the NO 
CAN group at the peak (NO CAN 5.4 ± 2.1 mmol/l vs 
CAN 4.0 ± 1.6 mmol/l, p=0.018), dynamic cool down 
(NO CAN 7.3 ± 2.8 mmol/l vs CAN 5.3 ± 1.9 mmol/l, 
p=0.007) and end of exercise (NO CAN 7.4 ± 2.8 mmol/l 
vs CAN 5.4 ± 2.0 mmol/l, p=0.009) timepoints, with a 
statistically non-significant elevation 15 min after exercise 

cessation (Δ +1.01 ± 3.6 mmol/l, p=0.064). PLa concen-
trations were raised from rested concentrations at each 
stage of GXT from the AT timepoint onwards in both 
groups.

CAN demonstrated an attenuation in the magnitude 
of rise in PLa during GXT from rest to end compared 
with NO CAN (NO CAN Δ +6.4 ± 2.7 mmol/l vs CAN Δ 
+4.4 ± 1.9 mmol/l, p=0.007).

Discussion

This study profiled the cardiopulmonary, sympathoadrenal 
system and metabolic responses to GXT in an age-, sex- 
and BMI-matched cohort of adults with type 1 diabetes 
with and without CAN. The presence of CAN was associ-
ated with the following: (1) lower functional capacity and 
exercise tolerance characterised by attenuations in several 
cardiopulmonary responses across the exercise intensity 
spectrum; (2) impaired sympathoadrenal system responses 
to maximal effort exercise; (3) a lower PLa profile from 
the AT onwards; and (4) stable and similar glycaemic 
responses throughout the exercise test.

Cardiopulmonary findings

Our findings demonstrate that CAN was associated 
with significantly lower rates of O2 consumption ( V̇O2 ) 
expressed in absolute or relative values or when indexed 
against predicted values at both submaximal (AT) or 
maximal ( V̇O2peak ) workload domains (Table 2). Indeed, 
in those with CAN, V̇O2peak was reduced by 34% (7.85 
ml min−1 kg−1 or 2.2 METs) and quantifiably more indi-
viduals with the condition failed to achieve a V̇O2peak of 
>30 ml min−1 kg−1 (CAN n=23 vs NO CAN n=15, χ2 
[1, n=48]=8.084, p=0.004), a reference standard using 
the 50th percentile for adults within our study cohort age 
range [31]. While only one participant in the NO CAN 
group had a V̇O2peak that fell below <5 METs, the number 
of people for whom this was the case in CAN was tenfold 
higher (χ2 [1, n=48]=9.553, p=0.002). On the other hand, 
no participant with CAN achieved a V̇O2peak >10 METs, 
yet four individuals without CAN surpassed this threshold 
(Fisher’s exact test, p=0.109).

Numerous global research trials have documented the 
importance of CRF as a predictor of all-cause and CVD 
mortality among clinically referred populations. A meta-
analysis by Kodama et al consisting of 33 studies and 
nearly 103,000 participants showed that, compared with 
participants in the most fit tertile, those with low CRF had 
a 70% and 56% higher risk for all-cause and cardiovascular 
mortality, respectively [10]. Across all studies, a 13% and 

Table 4   Glycaemic variables during and acutely after graded exercise 
testing (i.e. from the start of the rested phase ahead of beginning the 
test to 15 min after test completion)

Data are presented as mean ± SD
Max, mean maximum PG concentrations; Min, mean minimum PG 
concentrations; TAR, time spent with PG above the target range 
(>10.0 mmol/l); TBR, time spent with plasma glucose below the tar-
get range (<3.9 mmol/l); TIR, time spent with PG levels within the 
target range (3.9–10.0 mmol/l)

Variable NO CAN CAN p value

Mean (mmol/l) 7.8 ± 1.8 8.4 ± 2.7 0.336
SD (mmol/l) 0.5 ± 0.3 0.4 ± 0.2 0.247
CV (%) 6.9 ± 4.8 5.2 ± 3.1 0.153
Max (mmol/l) 8.5 ± 1.8 9.0 ± 2.7 0.471
Min (mmol/l) 7.1 ± 1.9 8.0 ± 2.7 0.232
TBR (%) 2.4 ± 11.7 0.0 ± 0.0 0.328
TIR (%) 82.7 ± 31.5 75.0 ± 41.1 0.468
TAR (%) 14.9 ± 30.5 25.0 ± 41.1 0.338
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15% reduction in cardiovascular and all-cause mortality, 
respectively, was observed per 1-MET increase in exercise 
capacity [10]. In a recent update report, the findings were 
further reinforced [9] and have been consistently backed 
by other large meta-analyses with participant numbers in 
the multi-millions [11]. Data of this nature have given rise 
to the advocacy for routine GXT as a ‘vital sign’ in clinical 
practice by several leading scientific cardiac committees/
associations in both the USA and Europe [32–35]. Impor-
tantly, the greatest mortality benefits occur when pro-
gressing from the least fit to the next ‘least fit’ group [36, 
37], hence the emphasis on increasing physical activity in 
those with low CRF [25]. Considering the 2-MET deficit 
in those with type 1 diabetes and CAN noted in our study, 
a targeted approach in this cohort where intensified efforts 
are made to improve CRF by even small increments (as 
little as 1-MET), may have profound benefit in reducing 
an already elevated CVD risk profile. Worth considering 
when interpreting findings is the methodological differ-
ences in determining CRF across literature (e.g. whether 
aerobic capacity is reported as a true maximum / peak oxy-
gen intake or a predicted value using submaximal testing).

The present study also demonstrates that the condition of 
CAN when superimposed on type 1 diabetes was associated 
with lower minute ventilation and breathing frequency at 
the peak exercise workload. A low peak breathing reserve 
may signal a demand/capacity imbalance of the respira-
tory system; this is an important mechanism of exertional 
dyspnoea. During light- to moderate-intensity exercise (up 
to ≈55% V̇O2max ), ventilation increases linearly with oxy-
gen consumption and carbon dioxide production, averaging 
around 20–25 l of air per litre of oxygen consumed. Fit-
tingly, both our study cohorts fell within this bracket, with 
grouped means of ≈25 l at AT. Under these conditions, 
increases in ventilation are driven mainly by increases in 
tidal volume (i.e. the depth of breathing), whereas at higher 
exercise intensities, increases in breathing frequency pre-
dominate. Interestingly, this transpired in our data, whereby 
even though ventilation was lower at the AT (≈55% V̇O2peak 
in both of our study cohorts), both the VE/V̇O2 and breathing 
frequency were almost identical between groups. It was only 
when exercise intensity progressed that both ventilation and 
breathing frequency were impaired in those with CAN, with 
evidence of this impacting VE/V̇O2.

The time to reach both the AT and peak exercise work-
loads was shorter in the CAN group (by 13% and 15%, 
respectively; Table 2). This was coupled with a reduced 
power output at both exercise intensity domains (by 38% 
and 27%, respectively, Table 2). Though the absolute work-
load (defined as the power output in W) at which participants 
exercised at the AT was proportionately lower in those with 
CAN (by 38%), the relativised exercise intensity (defined as 
a % of attained V̇O2peak ) at which they did so was higher (by 

12%) than those without CAN. Yet, despite significant dif-
ferences in both external mechanical workload and several 
cardiopulmonary variables between groups at the AT and 
peak exercise intensity domains, the subjective perception of 
effort was similar between groups. These findings align with 
early work by Hilsted et al [19], whereby comparable ratings 
of perceived exertion during GXT were noted in juveniles 
with diabetes with and without neuropathy.

Like Hilsted et al [19], we also found an elevated resting 
HR in our participants with CAN, supporting the notion of 
a defective vagal efferent baroreflex pathway. During GXT, 
our data revealed that a proportionately higher number of 
participants with CAN failed to achieve ≥85% of their cor-
responding age-predicted maximal HR compared with those 
without CAN ([i.e. 220 − age] n=14 vs n=2, respectively, 
χ2 [1, n=47]=12.888, p<0.001). This was corroborated by 
a significantly lower HR reserve in the CAN cohort, with 
the difference between resting and peak values in the CAN 
cohort being ≈27 beats/min lower for HR, ≈20 beats/min 
smaller for HRpeak and ≈2 ml per beats/min smaller for 
O2 pulsepeak. In the transition from rest to maximal exer-
cise, increases in HR rely on reciprocal antagonism of the 
parasympathetic and sympathetic branches of the auto-
nomic nervous system [38]. Indeed, increases in HR dur-
ing progressive exercise workloads transition from a 4:1 
vagal–sympathetic balance at rest to a 4:1 sympatho–vagal 
balance at higher intensity workloads [38]. Interestingly, we 
noticed a distinct cross-over profile in HR dynamics between 
groups wherein despite initially elevated HR values at rest 
(NO CAN 74 ± 10 beats/min vs CAN 81 ± 11 beats/min, 
p=0.021), values equalled out during the early phases of 
exercise (i.e. the warm-up [NO CAN 84 ± 13 beats/min vs 
CAN 90 ± 10 beats/min, p=0.141] and the AT; Table 2) 
but then became significantly lower as exercise intensity 
progressed towards peak (14% lower; Table 2). Hence, it 
appears that in individuals with type 1 diabetes and CAN, 
greater sympathetic dominance presides at rest and the defi-
ciency of the sympathetic autonomic system outflow may 
be the main driver preventing an adequate cardiovascular 
response to higher-intensity exercise. Fittingly, we saw 
strong positive correlations between the degree of change 
from rest to peak exercise workload in plasma catechola-
mines and HR (Fig. 1e, f).

Sympathoadrenal system findings

Adults with type 1 diabetes and CAN presented with sig-
nificantly lower absolute plasma catecholamine concentra-
tions at peak exercise coupled with an attenuation in the 
magnitude of increase from rest to peak values (ΔRest–Peak). 
These findings align with those of others who have reported 
impaired cardiovascular and sympathoadrenal system 
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responses to GXT in individuals with diabetes and auto-
nomic system dysfunction relative to those without evidence 
of autonomic dysfunction [39, 40]. The mechanisms driving 
the blunted sympathoadrenal system response in individuals 
with CAN may reflect the pathophysiological hallmarks of 
the condition due to damage to motor nerve fibres, metabo-
receptor and/or mechanoreceptor fibres and/or pre/post-
ganglionic nerve fibres. Worth noting was the uncontrolled 
use of concomitant medications by our participants, as some 
of those medications can exert modulatory effects on the 
cardiovascular system. Indeed, antidepressant treatment was 
used solely by individuals in our CAN cohort. Our clinical 
records revealed that two different classes of drugs were 
used, with a reported possible 1–10% increase in HR as a 
potential side effect. Though our regression analyses found 
no evidence of their use affecting our primary outcome (i.e. 
V̇O2peak ), it certainly warrants consideration and calls into 
question the appropriateness of utilising some of the conven-
tional variables provided by GXT (e.g. HR) for exercise pre-
scriptive purposes in those with type 1 diabetes and CAN.

Metabolic findings

Glucose  Plasma glucose did not differ between groups, nor 
did it deviate from the pre-exercise concentration at any 
point during GXT. These observations are in keeping with 
findings across various in-house studies involving partici-
pants with type 1 diabetes using identical preparatory proce-
dures and exercise test protocols (pooled mean across three 
separate studies: Δ −0.1 ± 0.3 mmol/l) [20, 21, 41]. Hence, 
at least when the current GXT procedure is followed, it does 
not seem to matter whether one’s insulin regimen is that of 
injection therapy [20] or pump [21], whether the latter is a 
pump with non-automated vs automated features [21], or 
indeed which type of automated insulin delivery system it 
is, if it is one [41]. It also does not appear to matter if one 
is older (as per the present study), adolescent [41], male or 
female [41]; glucose concentrations are unlikely to change 
during GXT in those with type 1 diabetes. This glycaemic 
profile may reflect the counterbalance between the initial 
increase in the rate of intramuscular glucose uptake at lower-
intensity exercise with its accelerated release (from both 
glycogenolysis and gluconeogenesis) as exercise intensity 
progresses.

Though GXT represents a physiological ‘stressor’, its rel-
atively brief duration and progressive intensity are unlikely 
to prompt a rapid decline in blood glucose, providing a 
plausible explanation for the equivalency in PG throughout 
exercise between the groups. When coupled with the pre-
paratory procedures put in place ahead of test performance 
in the current study (i.e. the minimisation of overt hyper-
insulinaemia by the avoidance of bolus insulin within 2 h 
before laboratory attendance; the avoidance of antecedent 

hypoglycaemia and strenuous physical activity in the 24 h 
prior to testing; and a starting threshold in PG of >5 mmol/l 
to provide somewhat of a safety blanket from which any 
drops in PG could be caught early in our 3 min sampling 
schedule), there may be a reduced risk of hypoglycaemia.

Lactate  PLa concentrations were significantly lower in the 
CAN group at each stage of the GXT from the AT onwards. 
The β-adrenergic system, principally adrenaline, stimu-
lates muscle glycogenolysis, leading to an increase in the 
rate of glycolytic flux and, hence, lower lactate produc-
tion. We, like others, also observed associations between 
catecholamines and lactate concentration increases during 
progressive maximal exercise [42–44]. Indeed, in our data, 
the magnitude of change from rest to peak (ΔRest−Peak) in 
both adrenaline (r[43]=0.659, p<0.001) and noradrenaline 
(r[42]=0.419, p=0.006) were highly and positively corre-
lated with ΔRest–Peak in lactate. During progressive exercise, 
with developing lactic acidosis, ventilation increased mark-
edly to compensate for exercise-induced metabolic acido-
sis. Interestingly, minute ventilation only increased 2.8-fold 
from AT to peak workload in those with CAN but 4.4-fold 
in those with NO CAN.

Strengths, limitations and future directions

This study matched adults with type 1 diabetes with or with-
out CAN and profiles the sympathoadrenal, metabolic and 
cardiovascular responses to incremental, maximal exercise 
testing. The information within may help provide a basis 
from which targeted interventions aimed at reducing the 
development and/or progression of diabetes-related com-
plications can be formulated. Important limiting factors of 
this study are the uncontrolled use of concomitant medica-
tions, some of which may have influenced test outcomes, 
and differences in diabetes and/or anthropometric variables 
between groups. Consideration for the fact that a high per-
centage of our cohort had adult-onset type 1 diabetes should 
also be exercised. Longitudinal monitoring of CRF along-
side changes in complication status as well as interventions 
investigating the influence of regular exercise training on the 
pathogenesis of CAN in those with type 1 diabetes would 
be insightful considerations for future research incentives.

Conclusion

This study demonstrated that in adults with type 1 diabetes, 
CAN was associated with exercise intolerance characterised 
by impairments in various cardiopulmonary, sympathoad-
renal system and metabolic responses to GXT. These data 
support uncovering the presence of CAN when prescribing 
a personalised physical training plan.
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