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Abstract
Aims/hypothesis To investigate exercise-related fuel metabo-
lism in intermittent high-intensity (IHE) and continuous mod-
erate intensity (CONT) exercise in individuals with type 1
diabetes mellitus.
Methods In a prospective randomised open-label cross-over
trial twelve male individuals with well-controlled type 1 dia-
betes underwent a 90min iso-energetic cycling session at 50%

maximal oxygen consumption (V
⋅
O2max), with (IHE) or with-

out (CONT) interspersed 10 s sprints every 10 min without
insulin adaptation. Euglycaemia was maintained using oral
13C-labelled glucose. 13C Magnetic resonance spectroscopy
(MRS) served to quantify hepatocellular and intramyocellular
glycogen. Measurements of glucose kinetics (stable isotopes),
hormones and metabolites complemented the investigation.
Results Glucose and insulin levels were comparable between
interventions. Exogenous glucose requirements during the last

30 min of exercise were significantly lower in IHE (p=0.02).
Hepatic glucose output did not differ significantly between
interventions, but glucose disposal was significantly lower in
IHE (p<0.05). There was no significant difference in glyco-
gen consumption. Growth hormone, catecholamine and lac-
tate levels were significantly higher in IHE (p<0.05).
Conclusions/interpretation IHE in individuals with type 1 di-
abetes without insulin adaptation reduced exogenous glucose
requirements compared with CONT. The difference was not
related to increased hepatic glucose output, nor to enhanced
muscle glycogen utilisation, but to decreased glucose uptake.
The lower glucose disposal in IHE implies a shift towards
consumption of alternative substrates. These findings indicate
a high flexibility of exercise-related fuel metabolism in type 1
diabetes, and point towards a novel and potentially beneficial
role of IHE in these individuals.
Trial registration: ClinicalTrials.gov NCT02068638
Funding: Swiss National Science Foundation (grant number
320030_149321/) and R&A Scherbarth Foundation
(Switzerland).
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IMCL Intramyocellular lipids
MRS Magnetic resonance spectroscopy
Ra Rate of glucose appearance
Raexo Rate of exogenous glucose appearance
Rahep Rate of hepatic glucose appearance
Rd Rate of glucose disappearance
RER Respiratory exchange ratio
V
⋅
O2 Oxygen consumption

V
⋅
O2max Maximal oxygen consumption

Introduction

Despite its well-defined health benefits, exercise imposes high
demands on individuals with type 1 diabetes [1]. Adaptation
of exercise-related insulin may prevent hypoglycaemia but in
clinical practice not all patients with type 1 diabetes follow
treatment recommendations to adapt exercise-related insulin
due to different reasons.

Intermittent high-intensity exercise (IHE) has become a wide-
spread training modality given its well-established benefits on
exercise performance and cardiovascular and metabolic vari-
ables [2, 3]. IHE consists of repeated bouts of supramaximal
efforts interrupting longer periods of low to moderate intensity
activity. So far, a limited number of studies have investigated
IHE in type 1 diabetes, generally reporting a glycaemia-
stabilising effect when compared with continuous moderate in-
tensity exercise (CONT) [4–11]. However, exercise in the ma-
jority of these studies was of limited duration and data regarding
longer IHE duration are scarce [7]. In clinical practice the prob-
lem of exercise-associated hypoglycaemia is frequently encoun-
tered during activities of longer duration, and it is currently un-
clear whether IHEmight even be beneficial for type 1 diabetes in
this context. Moreover, since the majority of previous studies
investigating IHE essentially focused on blood glucose dynam-
ics, the underlying physiological mechanisms are still ill defined.
It is thought that a major glucose-stabilising effect of IHE lies in
the increased hepatic glucose output stimulated by counter-
regulatory hormones [12]. More recent data suggest that addi-
tional mechanisms may be involved, particularly pointing to-
wards a change in peripheral glucose disposal induced by
high-intensity exercise [13].

The aim of the present study was to investigate the meta-
bolic and hormonal response to IHE and CONT in individuals
with type 1 diabetes under conditions reflecting daily clinical
practice (i.e. euglycaemia maintained by oral glucose, no spe-
cific pre-exercise insulin adaptation). The study combined
stable isotope techniques, non-invasive measurement of gly-
cogen in liver and skeletal muscle by magnetic resonance
spectroscopy (MRS), and assessment of whole body substrate
utilisation, and continuous glucose monitoring (CGM) to fol-
low post-exercise glycaemia. Our main hypothesis was that
the amount of exogenous glucose required to maintain

euglycaemia would be lower during IHE compared with
CONT. The secondary hypothesis was that such a difference
would be explained by a higher consumption of glycogen
during IHE.

Methods

Inclusion criteria Twelve recreationally active young male
adults with well-controlled, complication-free type 1 diabetes
(three, multiple daily injections; nine, continuous s.c. insulin
infusion) were recruited for this study. Volunteers were eligi-
ble if they had undetectable C-peptide, stable insulin regimen
for at least 3 months prior to the study and were not taking any
prescribed medication other than insulin. Written informed
consent was obtained and the Local Ethics Committee ap-
proved the study.

Experimental design and protocol This was a prospective,
randomised, crossover trial. Randomisation was performed by
sealed opaque envelopes. Preliminary study visits included an
indirect calorimetry to determine basic metabolic rate (BMR),
a bioimpedance analysis for lean body mass calculation (BIA
101, Akern, Pontassieve FI, Italy) and a stepwise incremental
exercise test on a bicycle ergometer with breath-to-breath
spiroergometry (Cardiovit AT-104 PC; Schiller, Baar,
Switzerland) as described previously [14].

The exercise intervention consisted of a 90 min iso-
energetic (based on energy expenditure assessed by oxygen

consumption [V
⋅
O2] measurements) cycling session at 50%

maximal oxygen consumption (V
⋅
O2max) with IHE or without

CONT interspersed 10 s supramaximal sprints every 10 min
(at 120% of individual peak work load, followed by a 50 s
recovery phase to equalise energy expenditure of the two ex-
ercise protocols, first sprint after 10 min). Interventions were
separated by 2–4 weeks. Prior to the first intervention, patients
were familiarised with study procedures including a full ride
over 90 min with the first half involving repeated 10 s sprints.
Over the entire study period glycaemia was targeted at
8 mmol/l by oral administration of a 10% dextrose solution
according to a pre-specified carbohydrate (CHO) intake algo-
rithm with individual adaptations [15]. The primary outcome
was the CHO intake within the last 30 min of the exercise
session.

Pre-study standardisation procedures and post-exercise
follow up During the 48 h before exercise interventions par-
ticipants consumed a standardised diet with a pre-defined dai-
ly CHO quantity corresponding to 50% of their calculated
energy expenditure [16] and diet was replicated prior to the
second exercise intervention. Foods naturally enriched in
13C-labelled CHO were avoided to limit baseline shifts in
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expired 13CO2 [17]. In addition, they were requested to avoid
strenuous exercise (pedometer record <5,000 steps/day), alco-
hol and caffeine. Patients adhered to their usual insulin regi-
men and glycaemia was assessed using CGM (Dexcom G4
Platinum) and frequent capillary glucose measurements. On
study day participants had a standardised breakfast (1/6 of
individual daily CHO amount) covered by their usual insulin
dose before 07:00 hours and were admitted to the research
facility at 09:30 hours. No adjustment in insulin therapy was
made in anticipation of exercise and insulin dosage was the
same for both trials.

After exercise patients were offered a standardised
meal, fitted with a new CGM system and discharged at
17:00–18:00 hours. This was followed by an outpatient
investigation of CGM, CHO intake and activity level until
06:00 hours the following day.

Sampling procedures for metabolites and hormones On
arrival an 18G cannula was inserted into an antecubital vein
of each forearm. Glycaemia was measured every 10 min
(YSI2300; Yellow Springs Instruments, Yellow Springs,
OH, USA). Sampling for insulin, counter-regulatory hor-
mones (catecholamines, growth hormone [GH], glucagon,
cortisol) and metabolites (lactate, NEFA) was performed
50 min prior to exercise, at 10, 30, 60 and 80 min of exercise,
as well as in the recovery phase 120 min after exercise.
Insulin, GH and cortisol were measured using immunoassays
(insulin: Architect, Abbott, Baar, Switzerland; GH:Immulite,
Siemens, Zürich, Switzerland; cortisol: Modular, Roche,
Rotkreuz, Switzerland). Glucagon was measured using a dou-
ble radioimmunoassay (Siemens, Zürich, Switzerland) in
EDTA plasma mixed with aprotinin, immediately cooled
and frozen after separation. NEFA were assessed using a kit
from Wako Chemicals (Dietikon, Switzerland). Lactate, pH,
bicarbonate, oxygen and CO2 tension were determined elec-
trochemically using the ABL 835/837 FLEX (Radiometer,
Thalwil, Switzerland) analyser. Plasma catecholamines were
quantified using ultraperformance liquid chromatography-
tandem mass spectrometry (Waters Acquity UPLC/TQD,
Manchester, UK) [18].

Cardiopulmonary monitoring, respiratory gas exchange
and substrate oxidation Resting CO2 consumption (V

⋅
CO2)

and V
⋅
O2 were measured immediately before exercise and in

the recovery phase 120 min after exercise. The 90 min exercise
session involved six spirometric recording phases, each per-
formed over 5 min prior to the next sprint to avoid excess
CO2 arising from the bicarbonate buffering system. Net sub-
strate oxidation and energy expenditure were calculated from
standard indirect calorimetry equations [19]. Heart rate was
recorded continuously by a portable three channel ECG
(Lifecard CF, Del Mar Reynolds Medical, Irvine, CA, USA).

Stable isotopes Orally supplied glucose (100 g glucose/l;
Glucosum monohydricum, Hänseler AG, Herisau,
Switzerland) labelled with 0.5% [U-13C6]glucose was used in
combination with infused [6,6-2H2]glucose (Cambridge Isotope
Laboratories, Tewksbury, MA, USA). Double background en-
richment measurements (blood and breath samples) were taken
immediately after i.v. cannulation at test onset. Twenty minutes
before exercise, a primed (0.6 mg kg−1[mmol/l glucose]−1) con-
stant infusion of 30 μg ([6,6-2H2]glucose) kg

−1 min−1 was initi-
ated. With exercise onset the [6,6-2H2]glucose infusion rate was
quadrupled to minimise changes in enrichment [20].
Measurements were obtained during the last 30 min of exercise
(at 59, 69, 79 and 89 min), thereby allowing for a 60 min equil-
ibration period, which was deemed adequate given the high
glucose turnover rate during exercise. Plasma [6,6-2H2]glucose
and [13C]glucose isotopic enrichment (IE) were measured using
GC-MS (Hewlett-Packard Instruments, Palo Alto, CA, USA) in
chemical ionisationmode as previously described [21]. 13CO2 IE
was measured by isotope-ratio MS (SerCon, Crewe, UK).

Calculations of glucose kinetics The total rate of glucose ap-
pearance (Ra) reflects the sum of hepatic glucose production
(Rahep) and the rate of exogenous glucose appearing in the cir-
culation (Raexo). Ra and rate of disappearance (Rd) during the
last 30 min of exercise were calculated from [6,6-2H2]glucose
dilution using Steele’s equation for non-steady state conditions
assuming an effective fraction of 0.65 and a distribution volume
of 0.22 l/kg [22]. Raexo was computed as plasma [13C]glucose
IE/oral [13C]glucose IE×Ra. The oxidation rate of plasma glu-
cose was calculated from 13C IE in plasma and breath, using a
13CO2 recovery factor of 1.0 [23]. The ratio of

13C-abundance in
the expired air and ingested glucose drink provided an estimate
of the amount of oxidised exogenous glucose. The oxidation rate
of glucose released by the liver was estimated by the difference
between the oxidation rate of plasma and exogenous glucose.
The difference between net CHO oxidation and the oxidation of
plasma glucose was used to compute oxidation of muscle gly-
cogen. A bicarbonate correction factor assuming a bicarbonate
pool of 14.2 mmol/kg was applied for estimating [13C]glucose
oxidation [24].

MRS Glycogen content in quadriceps muscle and liver was
assessed using natural abundance 13C MRS [25, 26].
Measurements were performed on a 3 Tesla MR system
(Trio, Siemens, Erlangen, Germany) before and after exercise.
To avoid interference (e.g. increased stress response induced
by the need to permanently hold an inconvenient position in
the MR) a baseline MRS was scheduled 1 week prior to the
experiments after an identical standardisation period. A
1H/13C-transmit–receive surface coil (RAPID Biomedical,
Rimpar Germany) was tightly positioned over the tissues of
interest. Positioning and repositioning of the coil were moni-
tored by a series of localiser images and an additional fixation
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point on the body. 13C spectra were acquired by a pulse-and-
acquire sequence using an adiabatic excitation pulse and
1H-decoupling (TR 200 ms, acquisition time 14 min [muscle]
and 21 min [liver]). A chromium-doped acetone solution
served as an external reference to correct for coil loading ef-
fects. In liver spatial saturation bands were applied to suppress
glycogen signals (placed at carrier frequency) from the ab-
dominal wall muscles. Glycogen content was quantified by
integration of the C1 glycogen resonance at 100.5 parts per
million (ppm). Glycogen levels are indicated in arbitrary units
(AU).

Sample size considerations and statistical analysis To de-
tect a difference of 64 ml (SD 70 ml) of 20% glucose given
during exercise with 5% significance and a power of 80%, a
sample of ten participants was deemed necessary [7]. To ac-
count for potential dropouts the final sample size was set at 12
participants. There were no dropouts, therefore all analyses
were performed with 12 individuals.

Data were analysed using Stata 13.0 (Stata Corporation,
College Station, TX, USA), Matlab R2015a (The MathWorks,
Natick,MA,USA) andGraphPad Prism software 5.0 (GraphPad
Software, San Diego, CA, USA). Differences in hormones, me-
tabolites and substrate oxidation were identified by paired com-
parison of AUCs. Glucose kinetics were compared based on
values during the last 30 min of exercise. Continuous variables
were analysed for normal distribution using Shapiro–Wilk test
and qq-plots. Student’s paired t tests were used to identify differ-
ences for normally distributed data, and Wilcoxon’s signed rank
tests were used for non-parametric data. A p value of <0.05 was
considered statistically significant. Values are expressed as mean
±SEM, unless otherwise specified.

Results

Patient characteristics and pre-study standardisation
Detailed physical and functional characteristics are shown in
Table 1. During the pre-study phase daily CHO intake and insu-
lin dosage were similar (CHO: 348±9 vs 359±11 g, p=0.22;
insulin: 72±5 vs 72±4 U, p=0.97 for IHE and CONT). The
average basal insulin dose did not differ between trials (29.0
±2.5 vs 28.6±2.5 U/24 h for IHE and CONT, p=0.25).

Glycaemia, insulin levels and CHO requirements During
exercise, glucose (7.88±0.22 vs 7.29±0.20 mmol/l, p=0.16)
and insulin (150.7 ± 11.5 vs 148.5 ± 15.1 pmol/l, p= 0.50)
levels did not differ between IHE and CONT. Insulin levels
120 min after end of exercise were 80.4±12.2 pmol/l in IHE
and 102.6±20.8 pmol/l in CONT (p=0.13). Corresponding
glycaemia was 8.02±0.61 and 10.09±1.13 mmol/l following
IHE and CONT (p=0.08) (Fig. 1a, d). Total energy expendi-
ture over 90 min exercise was 3.35±0.15 and 3.30±0.13 MJ

for IHE and CONT (p=0.67). Average heart rate was similar
in IHE and CONT (142±2 vs 136±4 beats/min, p=0.28).
CHO requirements during the last 30 min of exercise were
significantly lower in IHE (6 ± 2 g) when compared with
CONT (15± 4 g, p=0.02). CHO amounts supplied during
the 120 min post-exercise were comparable (IHE 10 ± 3,
CONT 14±3 g, p=0.22).

Counter-regulatory hormones and metabolites There were
no significant baseline differences for all assessed variables
(Fig. 1a–i). Mean glucagon levels during exercise were
14.9±0.9 and 13.3±0.6 pmol/l in IHE and CONT (p=0.21).
GH was significantly higher during IHE when compared with
CONT (15.6 ±2.0 vs 10.3±1.3 ng/ml, p=0.02). Exercise-
induced increase in cortisol was comparable between interven-
tions withmean levels of 510.8±35.8 and 461.5±27.3 nmol/l in
IHE and CONT (p=0.28). During exercise catecholamines were
significantly higher in IHE compared with CONT (p<0.001 for
noradrenaline [norepinephrine] and 0.002 for adrenaline [epi-
nephrine]). Hormones did not differ in the post-exercise period.
During IHE lactate was significantly higher when compared
with CONT (7.3±0.4 vs 2.0±1.2 mmol/l, p<0.001) but not at
120 min after exercise completion. During exercise significantly
lower pH was observed in IHE when compared with CONT
(pH: 7.27±0.01 vs 7.38±0.00, p<0.001). NEFAs during exer-
cise were 0.3±0.03 mmol/l in IHE and 0.5±0.04 mmol/l in
CONT (p=0.06).

Substrate oxidation and glucose kinetics There were no
significant differences in pre-exercise or post-exercise
respiratory exchange ratio (RER) values between IHE
and CONT (Table 2). During exercise, CHO oxidation
rate was 24.74 ± 0.77 mg kg−1 min−1 in IHE and
25.73 ± 0.74 mg kg−1 min−1 in CONT (p = 0.60). Fat
oxidation tended to be higher in IHE compared with

Table 1 Baseline characteristics of study patients

Characteristic n = 12

Age (years) 26.2 ± 3.9

Weight (kg) 82.0 ± 10.8

Height (m) 1.80 ± 0.04

BMI (kg/m2) 25.2 ± 3.4

Fat-free mass (%) 77.24 ± 6.9

BMR (MJ/day) 8.60 ± 0.83

V
⋅
O2max (ml [kg body weight]−1min−1) 47.9 ± 10.2

Diabetes duration (years) 14.2 ± 6.2

HbA1c (%) 7.0 ± 0.6

HbA1c (mmol/mol) 54 ± 6

Total average daily insulin (U kg−1 day−1) 0.72 ± 0.10

Data are expressed as mean ± SD
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Table 2 Respiratory gas ex-
change and net substrate oxida-
tion rates

Variable Pre-exercise Exercise 0–60 min Exercise 60–90 min Post-exercise

RER

IHE 0.83± 0.01 0.93± 0.01 0.92± 0.01 0.77± 0.02

CONT 0.85± 0.01 0.95± 0.01 0.93± 0.01 0.78± 0.02

p value 0.17 0.13 0.14 0.51

CHOox (mg kg−1 min−1)

IHE 2.42± 0.26 24.90± 1.03 24.21 ± 0.97 1.15± 0.37

CONT 3.01± 0.30 25.92± 0.99 25.58 ± 0.93 1.34± 0.42

p value 0.09 0.58 0.26 0.34

FATox (mg kg−1 min−1)

IHE 1.36± 0.16 2.72± 0.28 3.03± 0.26 1.49± 0.20

CONT 1.31± 0.17 2.04± 0.25 2.49± 0.24 1.63± 0.22

p value 0.80 0.09 0.26 0.29

Data presented as mean ± SEM

Values represent average of 5 min recording phases

CHOox, carbohydrate oxidation, FATox, fat oxidation
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Fig. 1 Effect of 90 min of IHE (black circles) and CONT (white circles) on blood glucose (a) (p= 0.16), lactate (b) (p< 0.001), NEFA (c) (p= 0.06),
insulin (d) (p= 0.50), glucagon (e) (p= 0.21), GH (f) (p= 0.02), cortisol (g) (p= 0.28), adrenaline (h), (p= 0.002) and noradrenaline (i) (p< 0.001) levels



CONT (2.82 ± 0.20 vs 2.30 ± 0.19 mg kg−1 min−1,
p= 0.13).

Figure 2 summarises glucose kinetics during the last 30 min
of exercise. Ra was significantly lower in IHE compared with
CONT (6.68±0.30 vs 8.02±0.46 mg kg−1 min−1, p<0.01).
This was essentially due to a significantly lower rate of Raexo
in the systemic circulation in IHE when compared with CONT
(Raexo: 3.06±0.33 vs 4.53±0.45 mg kg−1 min−1, p<0.001). In
contrast, Rahep did not differ significantly between interven-
tions (3.63±0.20 vs 3.49±0.29 mg kg−1 min−1 for IHE and
CONT, respectively; p=0.69). Rd was significantly lower in
IHE when compared with CONT (6.80 ± 0.36 vs
8.15±0.55 mg kg−1 min−1, p<0.01). Accordingly, metabolic
clearance rate was significantly lower in IHE when compared
with CONT (5.31±0.34 vs 6.46±0.51 ml kg−1 min−1, p=0.02).

13C IE in expired air and plasma revealed a lower oxidation
rate of exogenous glucose in IHEwhen compared with CONT
(2.62±0.28 vs 3.59±0.32 mg kg−1 min−1, p<0.01). The ox-
idation rate of plasma glucose was 5.81 ± 0.33 vs
6.33±0.38 mg kg−1 min−1 for IHE and CONT, respectively
(p=0.12). Similarly, the rate of oxidised hepatic glucose did
not differ significantly between interventions (3.20±0.30 vs
2.74±0.31 mg kg−1 min−1 for IHE and CONT, respectively;
p=0.29). Calculated rate of muscle glycogen oxidation was
similar (17.86±0.77 vs 18.89±0.90 mg kg−1 min−1 for IHE
and CONT, respectively; p=0.41).

Glycogen assessment by MRS Exercise-related relative
changes in intramyocellular and hepatocellular glycogen
levels are depicted in Fig. 3. The 90 min exercise session
resulted in a significant decrease in glycogen levels in skel-
etal muscle (−59± 8 AU in IHE, −56±7 AU in CONT,
p< 0.01) and liver (−54 ± 13 AU in IHE, −41 ± 12 AU,
p<0.01). The relative change in intramyocellular glycogen
levels was −42.9±5.3% in IHE and −40.5±4.6% in CONT
(p=0.63). Liver glycogen decreased by 38±8.8% in IHE
and 29.2%±7.5% in CONT (p=0.36).

Post-exercise follow-up overnight Figure 4 shows results of
post-exercise overnight CGM. Mean glucose was
7.85 ± 0.72 mmol/l for IHE and 8.80 ± 0.64 mmol/l for
CONT (p=0.04). The average number of hypoglycaemic
(<3.5 mmol/l) events was 1.18±0.42 (IHE) and 0.58±0.32
(CONT, p= 0.39). Average time spent in hypoglycaemia
( IHE 20 ± 9 vs CONT 10 ± 6 min , p = 0.52) and
hyperglycaemia (IHE 107 ± 40 vs CONT 106 ± 35 min,
p=0.87) was similar. In both interventions, 64% of observed
hypoglycaemias were above 3 mmol/l. There was no signif-
icant difference in glucose variability measures between IHE
and CONT (SD: 2.45±0.33 vs 2.38±0.21 mmol/l, p=0.95;
CV: 0.31±0.03 vs 0.28±0.03, p=0.54; mean amplitude of
glycaemic excursions: 5.13±0.51 vs 5.31±0.55, p=0.63).

Post-exercise CHO intake tended to be higher in IHE
(233±15 g) compared with CONT (212±15 g, p=0.06).
The concomitantly administered total insulin (bolus and
basal insulin) was comparable between the conditions
(43 ± 3 vs 44 ± 2 U for IHE and CONT, respectively;
p=0.56).

Discussion

This study comprehensively assessed the hormonal and met-
abolic response to an IHE and CONTof 90 min in male adults
with well-controlled type 1 diabetes under euglycaemia and
without insulin adaptation. The principal findings were: (1) a
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lower amount of exogenous CHO was required to maintain
euglycaemia during IHE compared with CONT; (2) this find-
ing was not related to an increased hepatic glucose output but
to a significantly lower glucose disposal in IHE compared
with CONT; (3) metabolically, this was paralleled by in-
creased levels of counter-regulatory hormones (mainly GH
and catecholamines), as well as substantially higher levels of
lactate in IHE; and (4) there was no measurable difference in
the consumption of intramyocellular and hepatic glycogen
between IHE and CONT.

The finding of ∼50% lower amounts of exogenous glucose
required to uphold euglycaemia during the last 30 min of IHE
confirmed our study hypothesis. However, the amount may
appear disproportionate compared with the significantly
smaller difference in the rates of exogenous glucose appearing
in the systemic circulation (Raexo). This discrepancy may be
explained by the physiological delay between glucose inges-
tion and systemic appearance given that Raexo in the present
study was assessed during the last 30 min of exercise,
exclusively.

The lower glucose disposal observed in IHE was somehow
unexpected and in contrast to the secondary hypothesis. As
suggested before by others, we had expected IHE, due to an
increase in counter-regulatory hormones, to translate into an
increased hepatic glucose output as a result of hepatic
glycogenolyis and/or gluconeogenesis [12]. Indeed, we ob-
served an increase in stress hormones, but resulting in a de-
creased glucose clearance instead of increased hepatic glucose
output. Interestingly, it has recently been shown that a single
10 s supramaximal sprint may acutely reduce the Rd while
leaving Ra unaffected in both healthy individuals and patients
with type 1 diabetes [13]. This points towards a rapid change
in peripheral insulin sensitivity associated with intensive ex-
ercise bouts. As shown in previous reports in individuals with
type 1 diabetes [6, 8, 9], IHE in the present study induced a
strong and persistent increase in counter-regulatory hormones,
mainly catecholamines and GH. Previous research consistent-
ly suggests that high levels of GH are associated with a com-
parably rapid reduction of peripheral glucose uptake [27]. In
addition, there is evidence that increased levels of catechol-
amines may also antagonise insulin-mediated glucose uptake
in skeletal muscle [28, 29].

Another potential explanation for the lower Rd in IHEmay be
related to competing substrates being used by the working mus-
cle during IHE. The significantly higher lactate levels in IHE in
the present study may be interpreted in this sense. The role of
lactate as a glucose-competing agent is supported by recent
clamp studies showing that increased lactate utilisation was as-
sociated with decreased glucose disappearance during moderate
intensity exercise [30]. Similarly, animal studies observed re-
duced glucose uptake by the muscle in the presence of
hyperlactataemia [31–33]. Due to the design of the present study
we can only speculate on potential mechanisms related to

elevated lactate levels during IHE. It may stem from working
muscle producingmore lactate during intensive exercise bouts in
IHE than in CONT. However, the finding of similar consump-
tion of intramyocellular glycogen in IHE and CONT somewhat
speaks against this being the sole explanation. Interestingly, pre-
vious research indicates that lactate may also be produced by
non-working muscle or splanchnic organs [34–36]. One may
thus speculate that part of lactate production during IHE may
have occurred in the liver, for instance as a result of an increased
hepatic glycolytic flux during IHE in individuals with type 1
diabetes in whom supraphysiological levels of insulin may have
inhibited glucose-6-phosphatase [37].

Could an increased lipid oxidation account for the differ-
ence in glucose disposal between IHE and CONT? Indeed, fat
oxidation was not significantly different when expressed in
absolute values, but fat contribution to total energy production
represented 25±2% vs 21±2% for fat oxidation in IHE and
CONT, respectively (p=0.03, data not shown). Of note, levels
of NEFA did not significantly differ but tended to be higher
during CONT. This paradox may indicate that fat oxidation
relied predominantly on intramyocellular lipids (IMCL) and
less on peripheral adipose tissue. Contrary to peripheral lipol-
ysis, intramuscular degradation of lipids is not suppressed by
insulin [38]. Furthermore, the greater catecholamine response
in IHE may have triggered IMCL utilisation due to a stimula-
tory effect on hormone sensitive lipase [39]. Increased alpha-
adrenergic vasoconstriction in adipose tissue during intense
exercise may have further decreased circulating NEFAs by a
capturing effect [28, 40]. This goes well along with the finding
of comparable NEFA levels in the recovery phase.

Previous studies have raised concerns regarding an in-
creased risk of delayed exercise-related hypoglycaemia in
IHE due a depletion of glycogen stores [11]. Our findings do
not point towards such an effect but we clearly acknowledge
that the present study was not powered to assess this specific
research question. Glycogen consumption in the present study
was comparable in IHE and CONT both in the muscle and the
liver. As supported by previous studies [41, 42], muscle gly-
cogen was the most relevant fuel source in both exercise con-
ditions (>50% of total energy yield, data not shown), indepen-
dently of the prevailing insulin levels.

The strengths of the present study are its standardised and
randomised design, comprehensively combining independent
techniques to investigate exercise-related fuel metabolism in a
setting reflecting a common clinical situation (e.g. exercise
without the usually recommended adaptation of insulin
doses). We, nevertheless, acknowledge several limitations.
First, the complex study design limited the number of partic-
ipants. Second, analysis of glucose kinetics during exercise
was restricted to the last 30 min of exercise in order to allow
sampling during a plateau phase of IEs. Third, oxygen con-
sumption was not continuously measured over the entire cy-
cling session, thereby limiting estimation of energy
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expenditure during and immediately after sprinting. Still, re-
sults of continuous heart rate monitoring, which is an accurate
estimate for exercise-related energy expenditure, suggest that
the investigated exercise protocols were entirely comparable
[43]. Fourth, baselineMRS examinations were measured once
for IHE and CONT on a separate day since it has been ob-
served during the pilot phase that an MRS directly prior to
exercise was too demanding and increased stress hormones.
This design might have increased the variations of baseline
glycogen values. Finally, we cannot fully exclude the possi-
bility that the 13C enrichment of the oral glucose solution may
have led to a small increase of the glycogen signal due to
higher enrichment. However, due to the low enrichment used
in the present study it can be estimated that a potential effect
would be in the order of 1% or below in liver and muscle, and
that an effect would be comparable in IHE and CONT, thereby
not affecting direct comparison.

In conclusion, the results of the present study suggest that
IHE performed over an extended time period in individuals
with type 1 diabetes without prior insulin adaptation translates
into lower exogenous glucose requirements compared with
iso-energetic CONT exercise. Interestingly, this difference
was not related to an increased consumption of hepatic or
muscular glycogen in IHE, but was accompanied by a similar
hepatic glucose output in both interventions. However, IHE
induced a significantly decreased glucose disposal compared
with CONT, implying a shift towards consumption of alterna-
tive, glucose-competing substrates in IHE. These findings cor-
roborate the flexibility of exercise-related fuel metabolism in
type 1 diabetes, indicating a novel and specific metabolic ben-
efit of IHE in addition to its well-known effects on exercise
performance. Further studies need to explore the relatedmech-
anisms in more depth.
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