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Abstract: The glycemic response to ingested glucose for the treatment of hypoglycemia following
exercise in type 1 diabetes patients has never been studied. Therefore, we aimed to characterize
glucose dynamics during a standardized bout of hypoglycemia-inducing exercise and the subse-
quent hypoglycemia treatment with the oral ingestion of glucose. Ten male patients with type 1
diabetes performed a standardized bout of cycling exercise using an electrically braked ergometer at
a target heart rate (THR) of 50% of the individual heart rate reserve, determined using the Karvo-
nen equation. Exercise was terminated when hypoglycemia was reached, followed by immediate
hypoglycemia treatment with the oral ingestion of 20 g of glucose. Arterialized blood glucose (ABG)
levels were monitored at 5 min intervals during exercise and for 60 min during recovery. During
exercise, ABG decreased at a mean rate of 0.11 + 0.03 mmol/L-min ! (minimum: 0.07, maximum:
0.17 mmol/L-min~1). During recovery, ABG increased at a mean rate of 0.13 + 0.05 mmol /L-min~!
(minimum: 0.06, maximum: 0.19 mmol/L-min~!). Moreover, 20 g of glucose maintained recovery
from hypoglycemia throughout the 60 min postexercise observation window.

Keywords: type 1 diabetes; exercise; hypoglycemia; insulin therapy; glycemic excursion; hypo-
glycemia treatment

1. Introduction

The risk of hypoglycemia is substantially increased during exercise in type 1 diabetes
patients [1]. This poses a significant challenge to diabetes self-management and remains a
major barrier to participation in regular exercise [1,2].

The physiology of exercise-related hypoglycemia in diabetes has been reviewed in
detail [3,4]. Below, we provide a short summary.

During a bout of moderate-intensity aerobic exercise (50-80%. VO, max) in healthy
individuals, several counter-regulatory mechanisms are gradually activated to maintain
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euglycemia. First, endogenous insulin secretion from the (3-cells is suppressed to below
fasting levels. The reduced insulin concentration enables the secretion of glucagon, which
stimulates hepatic glucose output to match the rate of glucose uptake into the skeletal
muscles. The decrease in insulin also sensitizes the liver to glucagon causing stimulation
of glycogenolysis and gluconeogenesis. As the exercise bout progresses, other counter-
regulatory hormones are released, including catecholamines, growth hormone, aldosterone,
and cortisol, which stimulate hepatic glucose production and adipose tissue lipolysis, as
well as inhibiting skeletal muscle glucose uptake, in order to protect against hypoglycemia.
As exercise intensity increases above 60% of VO;nay, lipid oxidation decreases, particularly
in untrained individuals, and there is increased reliance on carbohydrates for energy
provision [3,4].

In type 1 diabetes patients, the glucoregulatory response to moderate-intensity exer-
cise is impaired, mainly due to the absence of the secretion of physiological amounts of
endogenous insulin. Insulin is given artificially, but current therapeutic approaches are
not able to precisely mimic physiological metabolic regulations. Consequently, circulating
systemic insulin concentrations in type 1 diabetes patients may lead to relative hyperinsu-
linemia during and after exercise, promoting excessive glucose uptake and predisposing
the patients to hypoglycemia. This is compounded by a dysregulated «-cell response,
leading to lower glucagon levels and, hence, reduced hepatic glucose production. High
concentrations of circulating insulin and skeletal muscle contractions exert additive effects
on GLUT-4 translocation, resulting in heightened peripheral glucose uptake and further
declines in glycemia, particularly in the postexercise period. Exercise-induced increases in
muscle perfusion further increase insulin-mediated glucose disposal and, consequently,
induce a drop in glycemia. Additional metabolic effects of higher insulin concentrations
include the suppression of adipose tissue lipolysis and, therefore, increase fat oxidation in
the skeletal muscle. These changes in fuel selection and oxidation alongside the imbalance
between peripheral glucose disposal and hepatic glucose production eventually result in
a significantly increased risk of hypoglycemia. The muscle glucose uptake remains in-
creased for several hours as well as the muscle-enhanced insulin sensitivity. These changes
may result in higher glucose uptake from blood to muscle and thus increase the risk of
hypoglycemia in the postexercise period [3,4].

To prevent hypoglycemia during and after continuous moderate-intensity exercise, pa-
tients are typically advised to consume additional carbohydrates and reduce basal and/or
bolus insulin doses/infusion rates [5-8]. However, even in patients treated with continuous
subcutaneous insulin infusion (CSII), such changes to diabetes self-management require
significant prior planning, which limits real-world applicability. In addition, current guide-
lines focus on fixed amounts of carbohydrates, which do not take into account glucose
dynamics during exercise or recovery from exercise-induced hypoglycemia. Thus, hypo-
glycemia during exercise in type 1 diabetes patients remains both frequent and dangerous
despite the application of current guidelines for hypoglycemia avoidance [3,9]. An intake
of 15-20 g of glucose is generally recommended for nonsevere hypoglycemia treatment,
irrespective of the particular hypoglycemia circumstances [10]. However, whether the
glucose dynamics to ingested glucose for the treatment of hypoglycemia following exercise
in type 1 diabetes patients is individualized has never been studied.

Therefore, in this study, we evaluated the glucose dynamics in individuals with type 1
diabetes during a standardized bout of hypoglycemia-inducing exercise and following the
subsequent hypoglycemia treatment with oral carbohydrate administration.

We hypothesized that 20 g of glucose ingested after the bout of exercise would be
individualized and would not be able to restore glycemia to the level above 3.9 mmol/L
and keep it above this value for a period of 60 min after the end of exercise.
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2. Material and Methods
2.1. Study Participants

Ten male adults with type 1 diabetes (mean £ SD: age 34.4 + 3.9 years, diabetes
duration 7.7 + 1.7 years, BMI 23.4 + 0.8 kg/m?, HbAlc 57 & 4.8 mmol/mol (7.4 4 0.62%)
with undetectable levels of C-peptide participated in the study. Inclusion criteria were:
otherwise healthy type 1 diabetes patients; an absence of diabetes complications and
impaired awareness of hypoglycemia; the ability to follow the study protocol; and the
performance of at least 1 h of physical activity three times a week. All participants were not
taking any prescribed medications other than replacement insulin therapy via continuous
subcutaneous insulin infusion. The clinical characteristics of the patients included in this
study are shown in Supplemental Table S1.

2.2. Study Protocol

Following prescreening and enrollment, participants attended the laboratory at
08.00 a.m. on a single occasion after having a standardized breakfast (2 rolls, 50 g of
ham, and 5 g of butter; total energy 1212 kJ; proteins 13.2 g, carbohydrates 41 g, and
fat 7.9 g) at home at approximately 07.00 with an unaltered insulin dose. Visits to the
laboratory were rescheduled in the event of a hypoglycemic episode such that no patient
experienced severe hypoglycemia within 4 weeks and no mild hypoglycemia was expe-
rienced within 48 h of their laboratory visit. Furthermore, patients omitted participation
in physical activity during the 48 h period prior to their experimental laboratory visit
(stated by patients). Following arrival at the laboratory, patients assumed a seated rested
position whilst placement of an indwelling catheter in the dorsal vein on the non-dominant
hand was performed. The heated-hand procedure was performed with a warming blanket
wrapped around the hand of the patient for the duration of the study [11]. At approxi-
mately 120 min post-breakfast (most of the food moves out of stomach [12]), participants
performed a standardized bout of cycling exercise using an electrically braked ergometer
(Ergoline 800, Ergoline GmbH, Bitz, Germany) at a target heart rate (THR) of 50% of the
individual heart rate reserve, calculated using the Karvonen equation (THR = ((HRmax
— HRrest) x %Intensity) + HRrest); HRmax was determined by subtracting age from
220 [13]. Exercise intensity was adjusted using a heart rate monitor (Polar Electro, Finland)
to maintain THR. Exercise was interrupted when hypoglycemia occurred, defined as an
ABG of <3.5 mmol/L with symptoms of hypoglycemia (mainly palpitations, shaking,
drowsiness, sweating, hunger, incoordination, speech difficulty, and confusion [14]), or
<3.0 mmol/L, irrespective of symptoms of hypoglycemia, or voluntary cessation during
remarkable symptoms of hypoglycemia [15]. Upon achievement of hypoglycemia, exercise
was terminated, and the patients received 20 g of glucose diluted in water (150 mL) for oral
ingestion. ABG was continuously monitored at 5 min intervals during exercise and for up
to 60 min postexercise. The ABG was measured immediately (Beckman Glucose Analyzer;
Beckman Coulter Inc., Fullerton, CA, USA).

2.3. Statistical Analysis

A generalized additive model (GAM) [16] with smoothing spline [17] was applied
to ABG data against time and was used to compute glucose concentration curves during
exercise and 60 min after for each individual patient. Such elaborate statistical processing
is necessary to overcome occasional data irregularity and discrete time spacing. The data
analysis proceeded in three steps: (1) Fitted GAM was used to estimate glucose concentra-
tion on fine spaced time points (every 10 s from the start of the exercise until the end of
the ABG measurements); (2) estimated ABG curves (penalized-likelihood-based estimates)
were used to evaluate characteristics of interest (functionals such as maximal and minimal
glycemic values and rate and duration of ABG changes); (3) characteristics from the previ-
ous point were summarized across the group, namely mean, median, standard deviation
(SD), minimum (min), and maximum (max) to elucidate the extent of interindividual
variability in various glycemia trajectory aspects. This approach allowed us to quantify not
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only the estimated glycemia trajectory but also its uncertainty (via asymptotic confidence
intervals). We also fitted several regression models relating individual characteristics to
age and BMI as obvious possible interindividual variability sources. All computations
were in the R statistical environment, R [16].

3. Results

All participants completed the standardized bout of exercise but two patients did not
complete the 60 min period recovery period due to personal reasons (they had to leave for
unexpected duty) not related to the study; partial incorporation of their data was included in
the final analysis as marked in Table 1. Each subject reached then maintained their individual
target heart rate (range 120-137, mean 127 £ 5 beats per minute). Exercise was suspended
in five patients due to eliciting glucose levels <3.5 mmol/L and in five patients experiencing
remarkable symptoms of hypoglycemia at levels >4 mmol/L (mean + SD 4.56 + 0.36, range:
4.1 to 5.11 mmol/L). The mean exercise duration was 67.8 min (range: 27.8 to 108.8 min). The
mean ABG value at the end of exercise was 3.63 £ 1.00 mmol/L (range: 2.45 to 5.11 mmol/L).
The mean rate of ABG change during exercise was —0.11 + 0.03 mmol/L.min~! (range: —0.07
to —0.17 mmol/L.min~1).

During recovery, the mean rate of ABG increased after glucose ingestion was
0.14 + 0.04 mmol/L.min~! (range: 0.07 to 0.19 mmol/L.min_l). As such, ABG increased
at a rate of 1 mmol/L per 16.5 & 5.4 min (range: 9.2 to 25.8 min) on average. The maximal
ABG level within 60 min after glucose ingestion was 8.62 &+ 1.11 mmol/L (range: 7.70
to 10.60 mmol/L) and was reached on average 40.0 £ 9.9 min (range: 28.0 to 55.5 min)
following cessation of exercise. An example of the curve of glucose concentration values is
shown in Figure 1. The curves of each individual patient obtained during the study can be
found in Figure 2 and in higher resolution in Supplemental Figure S1.

Regression models relating the duration of the BG increase from glucose ingestion to
maximal glycemic value, the duration of the BG increase per the first 1 mol/1 since glucose
ingestion, and the rate of the BG increase since glucose ingestion until the maximal BG
value to age, BMI, and weight were not significant.

Arterialized blood glucose
concentration (mmol/fl)
S

09:00 09:30 10:00 10:30
Time of the day (hours:minutes)

Figure 1. The curve of glucose concentration values during the study (Patient 1). The first vertical line represents the
beginning of the exercise, and the second one represents the end of exercise and ingestion of 20 g of glucose.
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Table 1. Characteristics of blood glucose changes during and after exercise in individual patients.
. Rate of BG . Duration of BG
Duration of Increase Since Glycemia Increase Since Maximal BG
BG at the Rate of BG Duration of BG BG) Increase Difference after s .
A . BG at the End . Glucose © s Glucose within 60 min
. Beginning of Decrease Decrease until . per the First . . 15 min Since .
Subject . . . of Exercise . Ingestion until Ingestion to after Glucose
Exercise during Exercise the End of 1 mol/L Since . Glucose . .
.1 . . (mmol/L) the Maximal . Maximal Ingestion
(mmol/L) (mmol/L-min—1)  Exercise (min) Glucose Ingestion . s
Ingestion (min) BG Value (mmol/L) Glycemic Value (mmol/L)
8 (mmol/L-min~1) (min) ***
1 7.4 0.10 45.3 29 14.5 0.14 1.03 34.8 7.7
2 14.0 0.10 93.0 4.6 25.8 0.06 0.58 28.0 % 6.4*
3 11.8 0.10 72.0 4.6 13.2 0.14 1.14 44.0 10.6
4 14.2 0.12 93.8 2.6 13.0 0.14 1.15 36.7 7.7
5 9.1 0.17 38.7 2.7 9.2 0.19 1.60 28.0 7.9
6 7.2 0.10 47.7 2.5 24.2 0.15 0.62 33.7 7.9
7 13.2 0.07 108.8 51 18.2 0.08 0.82 53.2 9.2
8 8.2 0.08 63.2 3.5 16.0 0.18 0.94 34.0 9.8
9 9.9 0.12 47.5 41 142 0.07 1.06 55.5 8.2
10 8.6 0.14 27.8 44 14.7 0.18 1.02 422 ** 12.0 **
Statistical characteristics
Mean 10.57 0.107 67.8 3.63 16.5 0.136 0.996 40.0 8.62
Median 9.94 0.100 63.3 3.53 14.5 0.138 1.02 35.8 8.07
SD 2.79 0.028 25.5 1.00 54 0.042 0.291 9.9 1.11
Min 7.2 0.074 38.7 2.45 9.2 0.074 0.58 28.0 7.70
Max 14.2 0.166 108.8 5.11 25.8 0.186 1.60 55.5 10.60

BG = blood glucose; * patient completed only 28 min of the 60 min resting period; ** patient completed only 42.2 min of the 60 min resting period; *** data of the patients 2 and 10 who did not complete 60 min
resting period after glucose ingestion were not involved to this analysis.
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Figure 2. The curves of glucose concentration values of all participants during the study. The first vertical line represents

the beginning of the exercise, and the second one represents the end of exercise and ingestion of 20 g of glucose.

4. Discussion

Understanding the dynamic nature of glycemia during exercise and recovery from
exercise-induced hypoglycemia is paramount to effective type 1 diabetes self-management.
As such, the aim of this study was to evaluate the speed of glycemic excursions during a
defined level of hypoglycemia-inducing exercise and especially the rate of glucose recovery
after oral hypoglycemia treatment.

To the best of our knowledge, this is the first study focused on such an important part
of physical activity in type 1 diabetes patients. We showed that glucose concentrations
decreased at a mean rate of 0.11 + 0.028 mmol/L-min~! during a steady state of cycling.
However, we observed marked variability in glycemic responses both to exercise and
following hypoglycemia treatment, with some individuals eliciting a glucose decline rate
of 25% slower than the average, and other patients eliciting a more rapid glucose decline
(~22-66% faster). Considering that trained individuals with type 1 diabetes typically show
greater reductions in glycemia during aerobic exercise than individuals with reduced physi-
cal fitness [15], it is possible that the differences in the rates of glucose change in the present
study may be due to differences in training status between patients. A further follow-up
study assessing the contribution of training status and physical fitness on the rates of
glucose change would help shed light on the possible mechanisms at play. Irrespective of
the mechanisms at play, our results show that, if no usual hypoglycemia preventive steps
were introduced, some patients could expect a drop of 3.3 mmol/L per a 45 min exercise
session of the same intensity whilst other patients may encounter a fall in glycemia of
7.5 mmol/L during the same type of exercise session.

It is difficult to draw comparisons between our results related to exercise-induced
falls in glycemia and other published studies as they differ in design, featuring different
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exercise modalities, intensities, and durations. Moreover, previous studies have typically
fixed the duration of the exercise, whereas our study design intentionally guided patients
to hypoglycemia [18]. Soo at al. employed a fixed bout 45 min ergometer-cycling session
at a comparable intensity to that in our study in nine participants without carbohydrate
supplementation [19]. The authors reported venous blood glucose changed during exercise
in the range of —4.2 to 1.6 mmol /L (there was a glucose concentration elevation in some
of the patients). We calculated the rate of blood glucose decrease. The mean rate of
decrease was 0.026 mmol/L-min~! (the patient with the largest glucose drop reached the
rate of 0.093 mmol/L-min~?, similar to the average value found in our study), which
is substantially higher than what we found in our study. A possible explanation for
this difference is that the exercise sessions in the study of Soo at al. were performed in
the morning after an overnight fast and before the subjects’ morning insulin dose; low
concentrations of circulating insulin likely prevented rapid glycemia decreases, whereas
higher circulating insulin concentrations, following the administration of prandial insulin
in response to breakfast, likely accelerated the rate of decline in glycemia in our study.
Garcia-Garcia et al. in a systematic review meta-analyzed 10 studies of various design
focused on exercise in type 1 diabetes patients and found the rate of glycemia change
between continuous exercise of moderate intensity and rest to be —0.073 mmol/ L-min~!
(95 % confidence interval —0.10 to —0.05 mmol/L-min~!) [18]. These results seem to be
partly concordant with the glycemia decrease rate we found, although the mean rate of
blood glucose decrease calculated in our study was ~25% higher. This difference might be
explained by high design variability of exercise type (walking, treadmill running, sprints,
and ergometer cycling), intensity (20-65% VOpmax), and duration (20-60 min) of the studies
involved into the analysis, or the fasting/non-fasting states of the subjects performing
the exercise.

A study focusing on glucose kinetics after glucose ingestion to treat hypoglycemia
caused by exercise is not yet available. Thus, we consider this part of our investigation
the most important one. The mean rate of glycemia increase we found was similar to that
caused by insulin-triggered hypoglycemia. Slama et al. induced hypoglycemia by insulin
injection and tested the rate of glycemia increase after ingestion of 15 g of glucose [20]. The
mean glycemia increase 15 min after ingestion was 1.2 £ 0.4 mmol/L; in our study it was
1.0 £ 0.3 mmol/L. The rate of glycemia increase was very similar in seven patients of our
study group, but in two patients the change was slower by about 40%, whereas in one
patient it was faster by about 60%. We do not have a clear explanation for these differences
as gastric emptying of liquids has generally been found to be unaffected by cycling exercise
in type 1 diabetes patients at the exercise intensity used in our study [21,22]. There was
no history and there were no symptoms of gastrointestinal autonomic neuropathy in any
of the patients. Regression models relating the duration of BG increase from glucose
ingestion to maximal glycemic value, the duration of BG increase per the first 1 mol/L
since glucose ingestion, and the rate of BG increase since glucose ingestion until the
maximal BG value to age, BMI, and weight were not significant. It is important to note
that, while these variables were not detected as important players in this study, a much
larger (multicenter) study would be needed when attempting to disprove their effect in
modifying studied characteristics.

Eight patients completed the 60 min resting period after glucose ingestion. The
maximal glucose level was reached after 40 min on average. In six patients, there was
a decline in glucose concentration after the glucose peak, suggesting a possible risk of
recurrent hypoglycemia. The key study message is that 20 g of glucose, contrary to our
hypothesis, was able to maintain recovery from hypoglycemia in all study participants
who reached glycemic values under 3.9 mmol/L and to then maintain glycemia above this
limit for the period of 60 min after the end of exercise. The time of recovery among these
subjects ranged from 9.2 to 24.2 min; the longest period was associated with the lowest
glycemic value reached during cycling (2.5 mmol/L).
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The strength of the study is that this is, to our best knowledge, the only study designed
specifically to reveal the speed of blood glucose change during an exercise of a defined
level leading to hypoglycemia and also to analyze glucose concentration kinetics after
treatment of hypoglycemia caused by exercise. The intervals between points of blood
glucose sampling are short, and arterialized blood was taken for analysis, thus allowing us
to create a detailed picture of glucose concentration changes. The marked heterogeneity in
glycemic responses both to exercise and following hypoglycemia treatment was observed.
This suggests that individual evaluations of glycemic change during exercise might be
required for each patient who wants to exercise to keep their physical activities person
tailored and thus safer.

The study limitation is that, according to the study protocol, five patients terminated
the exercise sessions close to but above the formal hypoglycemia levels due to the remark-
able symptoms of hypoglycemia. Unfortunately, our study was limited by a tight budget
that prevented, firstly, the collection of data from a higher number of participants, and
secondly, an analysis of blood samples for cortisol, growth hormone, epinephrine, and in
particular, insulin, all of which would have provided more robust results and a greater
ability to explain the outcomes observed.

Regarding the number of participants, it should be noted that these types of studies,
even those commonly cited, frequently involve a rather low number of subjects. For
example, in the studies of Campbell et al. [6,7] ten and eight subjects were involved, while
only nine subjects participated in the study of Soo et al. [19]. It should also be mentioned
that our study participants showed great courage in “cycling to hypoglycemia” as this
is an unpleasant and potentially dangerous event. Awareness of this fact, in addition to
the demanding nature of the exercise itself, may contribute to the rather small number of
participants typical to date for this type of study.

The baseline ABG levels differed among the participants as it is generally difficult for
the patients to maintain a glycemic level close to the specific goal without an additional in-
sulin dose or carbohydrate snack (this would influence the study results). These differences
led to varying lengths of cycling (ranging from 27.8 to 108.8 min). To see the metabolic
effect of these disparities, it would be necessary to monitor glycemia for a longer period of
time (~up to 24 h), but this was not within the scope of our study.

We would like to conclude that, to our knowledge, our study is, at the moment, a
unique one targeting the treatment of hypoglycemia connected to exercise. Regardless of
its limitations, it presents valuable data showing “real lifelike” glycemic excursions during
physical activity leading to hypoglycemia, and the same is shown after the hypoglycemia
treatment. We also believe that the study, with its limitations, shows the hidden pitfalls
and might, in a way, guide other teams focusing on this area. One of the pitfalls mentioned
in the previous paragraph is the high variability of glycemia among the study participants
at the beginning of the exercise. Inviting patients to stay overnight in the hospital before
the study and using careful glycemia management could be a solution. Another pitfall is
the hypoglycemia definition. We applied the same definition used by Al Khalifah et al.
in their study [15], which allowed patients to terminate cycling due to hypoglycemia
symptoms before the glycemia 3.5 mmol/L was reached. We also considered a definition
based strictly on glycemic levels that would be more suitable for the study goals, but, as
we wanted to make the study procedure easier for the patients, we finally chose the current
one. We also took into account that hypoglycemia is unpleasant and is also a potentially
life-threatening condition.

In any event, studies with higher numbers of participants are warranted to elucidate
the effects of participants’ characteristics on glycemic excursions during exercise leading to
hypoglycemia and hypoglycemia treatment.
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5. Conclusions

We can conclude that a standardized bout of moderate-level hypoglycemia-inducing
physical activity without previously provided preventive steps (decreased insulin dosing
and extra portions of saccharides) led to hypoglycemia in all the participants. During
exercise, the ABG minimal decrease was 0.7 mmol/L and the maximal was 1.7 mmol/L
per 10 min. During recovery, after ingestion of 20 g of carbohydrates, the minimal ABG
increase rate was 0.6 mmol/ and the maximal was 1.9 mmol per 10 min. Such an amount of
glucose maintained recovery from hypoglycemia related to exercise in all study participants
who reached glycemia under 3.9 mmol/L and kept glycemia above this value during the
following resting period of 60 min.

Supplementary Materials: The Supplementary Materials are available online at https:/ /www.mdpi.
com/article/10.3390/nu13114165/s1. Table S1: Participants’ clinical characteristics, Figure S1: Spline
fits of individual patients.
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