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Abstract: Resistance exercise improves daily glycemic control. Low-intensity resistance exercise
with slow movements and tonic force generation (LST) is a resistance exercise protocol that can
increase skeletal muscle mass and strength without considerable physical burden; however, its effect
on glycemic variability is unknown. The aim of this study was to investigate the effect of LST on
short-term glycemic variability, expressed as the M-value, in healthy individuals. We recruited
20 healthy subjects (mean age: 27.9 ± 3.9 years) with normal glucose tolerance, and subjects were
randomly assigned to the control (n = 10) or LST (n = 10) groups. Subjects in the LST group performed
the resistance exercise with 40–50% of the one-repetition maximum for 40 min. All subjects wore a
subcutaneous continuous glucose monitoring system and a triaxial accelerometer, and their daily
glycemic variability and physical activity were measured. One hour after the intervention, in the LST
group, the variability of blood glucose levels was significantly decreased compared to the control
group (M-values in the LST group: pre 3.5 ± 6.2, post 2.7 ± 2.7, p = 0.575; M-values in the control
group: pre 0.4 ± 0.7, post 2.7 ± 2.0, p = 0.017). However, there were no differences in total physical
activity and daily glycemic control between groups. The findings of this study suggest that LST
improves short-term glycemic variability in healthy subjects.

Keywords: low-intensity resistance exercise with slow movement and tonic force generation;
short-term glycemic variability; healthy subjects

1. Introduction

High glycemic variability (GV) induces oxidative stress and inflammation [1], and pre-
vious studies have shown that GV is associated with the progression of vascular compli-
cations such as neuropathy, retinopathy, and cognitive impairment [2–4] in patients with
diabetes. GV is also associated with the development of atherosclerosis due to vascular
endothelial dysfunction [5]. Hanefeld et al. [6] reported that the relative risks of developing
cardiovascular disease (CVD) (−35%) and myocardial infarction (−64%) can be reduced by
improving post-prandial hyperglycemia in patients with type 2 diabetes; thus, it is crucial
to improve GV to reduce the occurrence of CVD. In addition, post-prandial glucose fluctua-
tions specifically induce oxidative stress compared to sustained chronic hyperglycemia [1].
Improving GV is important for the prevention of atherosclerosis-related disease in healthy
individuals, as well as vascular complications in patients with diabetes.

Recently, a continuous glucose monitoring system (CGMS) was developed that can
measure subcutaneous interstitial glucose levels [7]. Current evidence suggests that not
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only is long-term glycemic control important for the management of diabetes, but short-
term GV also has an impact [1]. Yardley et al. [8] showed that resistance exercises more
effectively reduce the incidence of glycemia, with smaller fluctuations, than aerobic exercise
in patients with type 1 diabetes. Cruz et al. [9] also showed that low-intensity resistance
exercise improves hyperglycemia and daily glycemic control in female patients with type
2 diabetes. These two studies suggest that resistance exercise, even at a low intensity,
is effective for improving GV. Generally, the intensity required for resistance exercise to
improve skeletal muscle mass and strength is not less than 65% of the one-repetition
maximum (1-RM) [10]; however, moderate- to high-intensity resistance exercise might
be harmful to the cardiovascular system of physically weak older individuals due to the
increase in systolic blood pressure [11,12]. Low-intensity resistance exercise with slow
movements and tonic force generation (LST) has beneficial effects on skeletal muscle
mass and strength, although the intensity is only 30–50% of that of the 1-RM [13,14].
Watanabe et al. [15] reported that LST significantly increases muscle mass and strength in
older adults. Kanda et al. reported that LST leads to improvements in ambulatory function
and lower-limb muscle strength in frail elderly patients [16].

Moreover, the increases in blood pressure during exercise caused by Valsalva maneu-
vers [17] are very limited in LST; thus, it is safe for individuals with arteriosclerotic disease.
Recently, Hamasaki et al. [18] reported that 12 weeks of LST training had beneficial effects
on body composition, lipid profile, and glycemic control in patients with type 2 diabetes.

However, to date, there are no studies investigating the effect of LST on GV. If per-
forming LST is beneficial for GV in healthy subjects, it will also be useful for patients with
diabetes who have reduced muscle strength and impaired physical function [19]. The aim
of this study was to investigate whether LST can improve GV in healthy subjects.

2. Materials and Methods
2.1. Study Subjects

We recruited 20 healthy subjects between 20 and 40 years of age who consented to
the disclosure of their health examination results. We excluded subjects with diabetes and
physical disabilities such as cardiovascular disease, infectious disease, and musculoskeletal
disorders. The study protocol was registered in the UMIN Clinical Trials Registry (Registra-
tion No. UMIN000025661) and approved by the Medical Ethics Committee of the National
Center for Global Health and Medicine (Reference No. NCGM-G-002161) on 27 March
2017, and all study subjects provided written informed consent prior to participation in
this study. The study was performed in accordance with the Declaration of Helsinki.

2.2. Study Protocol

Randomization

Randomization was applied using simple randomization with sex stratification. An in-
dependent researcher randomly allocated the subjects to the control and intervention
groups at a 1:1 ratio using computer-generated random numbers.

Day 0

We measured 40–50% of the 1-RM for bench press, leg extension, and leg flexion
exercises in each subject in the LST group. We instructed the subjects on how to perform
LST, and they were able to practice the training movements before the study.

Day 1

Fasting subjects were fitted with a CGMS device and a triaxial accelerometer at
8:00 a.m. and took Torelan G (75 g glucose solution; 300 kcal per bottle; A Y pharmaceutical
Co., Ltd., Tokyo, Japan) immediately thereafter. Subjects in the LST group performed the
following training program: LST (bench press, leg extension, and leg flexion) with 3 s
for eccentric and concentric actions, 1 s pause, and no relaxation phase, for 40 min from
10:00 a.m. They performed 3 sets of 10 repetitions at an intensity of 40–50% of their 1-RM
with intervals of 1 min. Experienced physiotherapists supervised the subjects to ensure
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that they performed the training movements correctly. On the contrary, subjects in the
control group were instructed to perform daily activities as usual without engaging in
volitional exercise. Subjects in both groups took standard meals (CalorieMate; 400 kcal per
4 block, 8.7 g of protein, 22.4 g of fat, 41.7 g of carbohydrates; Otsuka Pharmaceutical Co.,
Ltd., Tokyo, Japan) at 12:00 p.m. and 6:00 p.m., respectively. According to the Japanese
dietary reference intakes [16], male subjects took 8 blocks each and female subjects took
6 blocks each at 12:00 p.m. and 6:00 p.m., respectively. Calorie intake was adjusted to
1900 kcal/day in men and 1500 kcal/day in women. Subjects did not consume any food or
drink except for the standard meals, water, and green tea.

Day 2

We removed the subjects’ CGMS devices and triaxial accelerometers at 8:00 a.m.
We checked whether adverse events had occurred and that the devices had worked correctly.
The results of a one-time test were used for the analysis. Figure 1 shows a flow chart of the
subject recruitment, randomization, and study procedure.

Figure 1. A flow chart of the subject recruitment, randomization, and study procedure. LST, low-
intensity resistance exercise with slow movements and tonic force generation.

2.3. Continuous Glucose Monitoring System

The primary endpoints of this trial were GV measured by CGMS such as mean glucose
levels, standard deviation (SD) values of 24 h glucose levels, the mean amplitude of glucose
excursion (MAGE) [20], the M-value [21], the 24 h area under the curve (AUC) of glucose,
and time spent in hypoglycemia and hyperglycemia. In addition, we evaluated clinical
parameters, including fasting glucose levels and glucose levels at 1 and 2 h after the
75 g oral glucose tolerance test. We evaluated GV using CGMSR iPro2™ (Medtronic,
Inc., Northridge, PA, USA) for 24 h. The device was inserted into the abdominal wall,
and interstitial glucose levels were recorded every 5 min. Blood glucose levels were also
measured from a finger using a glucometer Medisafe Mini GR-102 (TERUMO, Inc., Shibuya,
Tokyo, Japan) seven times a day in order to calibrate the interstitial glucose levels measured
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by the CGM device. The M-value is an index used to evaluate GV, as well as the quality of
the glycemic control [22]. In the 24 h AUC analysis, the area between the glucose level of 0
mg/dL and the 24 h glucose curve was determined, and the AUC was calculated using the
trapezoidal rule. The M-value was calculated using the following equation [21]:

MBS
BS =

∣∣∣∣10 × log
BS
120

∣∣∣∣3. (1)

2.4. Physical Activity Assessment

The secondary endpoint of this trial was daily physical activity measured using a
triaxial accelerometer. Daily physical activity was measured using a triaxial accelerometer
(Active Style Pro HJA-750C, Omron Co., Ltd., Kyoto, Japan). The method for physical
activity assessment has been described in detail elsewhere [23,24]. Subjects were asked
to wear the accelerometer, except under specific circumstances such as sleeping, bathing,
and during aquatic activities, in accordance with the manufacturer’s instructions. Activity
data were stored on a minute-by-minute basis and were downloaded onto a personal
computer before analysis. The basal metabolic rate (BMR) was estimated from the following
multiple regression equation, including age, sex, height, and ideal body weight (IBW) as
variables:

BMR (kcal/day) = (0.1283 + (0.0481 × IBW (kg) + 0.0234 × height (cm) − 0.0138 × age (year) − 0.5473 × sex coefficient) × 293
(2)

The sex coefficient was 1 for men and 2 for women [25].
The total energy expenditure (TEE) was calculated with a manufactured regression

equation using METs assessed by the triaxial accelerometer [24]. The physical activity level
(PAL) was calculated via the following equation [26]:

PAL = TEE/BMR (3)

2.5. Statistical Analysis

Statistical analyses were performed using SPSS version 24 (IBM Co., Ltd., Chicago,
IL, USA). All values are expressed as the mean ± standard deviation. The Kolmogorov–
Smirnov test was performed to assess the normal distribution. Student’s t-tests (if normal
data distribution) and Mann–Whitney U-tests (if non-normal data distribution) were
performed to examine the differences in clinical parameters between groups. A two-way
ANOVA (time × group) was applied for comparing the time courses of the 75 g oral glucose
tolerance test (OGTT) in the LST and control groups. The Wilcoxon signed-rank test was
performed to evaluate the changes in parameters during the study period. In addition,
p-values of <0.05, determined by performing a two-sided test, were considered to be
statistically significant.

3. Results
3.1. Characteristics of the Study Subjects

Table 1 shows the descriptive characteristics of the study subjects. There were no
significant differences in age, height, weight, or body mass index (BMI) between the LST
and control groups. Table 2 shows the results of OGTT in the LST and control groups.
No significant interaction was observed in time × group. Table 3 shows the CGMS of
the primary endpoints and physical activity data of the secondary endpoint for the study
subjects. No significant differences were observed between the groups. In addition, the 75 g
OGTT showed that all subjects had normal glucose tolerance.
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Table 1. Descriptive characteristics of the participants in the LST and control groups.

(Index) LST Group Control Group p-Value

Participants 10 10
Males 5 5
Females 5 5
Age † (year) 28.6 ± 3.9 27.2 ± 4.21 0.449

(range) 22–34 23–36
Height † (cm) 163.3 ± 12.3 167.4 ± 8.9 0.408

(range) 149.4–177.5 156.9–181.0
Weight † (kg) 60.8 ± 15.6 59.6 ± 10.8 0.841

(range) 44.5–93.0 41.0–79.0
BMI † (kg/m2) 22.5 ± 3.3 21.1 ± 2.6 0.331

(range) 19.0–31.1 16.0–24.1

Data are displayed as the mean ± standard deviation (SD). † t-test. LST, low-intensity resistance exercises with
slow movements and tonic force generation; BMI, body mass index.

Table 2. The results of the 75 g oral glucose tolerance test (OGTT) in the LST and control groups.

(Index) LST Group Control Group Group × Time Group Time

F p-Value F p-Value F p-Value

0.152 0.860 0.053 0.820 17.477 <0.001
Glucose before
measurement (mg/dL) 94.7 ± 6.2 96.5 ± 12.1

OGTT 1 h (mg/dL) 140.7 ± 50.8 134.7 ± 28.7
OGTT 2 h (mg/dL) 117.2 ± 30.6 114.3 ± 25.4

Data are displayed as mean ± standard deviation (SD). LST, low-intensity resistance exercises with slow movements and tonic force generation.

Table 3. A comparison between the LST and control groups.

(Index) LST Group Control Group p-Value

CGMS data
OGTT 1 h baseline † (mg/dL) 46.0 ± 49.1 38.2 ± 27.0 0.665
OGTT 2 h baseline † (mg/dL) 22.5 ± 28.1 17.8 ± 26.5 0.705
24 h average glucose levels † (mg/dL) 93.8 ± 9.8 99.0 ± 9.9 0.259
Glucose SD † (mg/dL) 19.5 ± 7.9 15.9 ± 5.6 0.262
High blood sugar integration time (>140 mg/dL) ‡ (%) 0.8 ± 1.6 0.1 ± 0.3 0.684
Low blood sugar integration time (<70 mg/dL) ‡ (%) 11.0 ± 12.8 4.9 ± 12.8 0.481
Range of the target (70~140 mg/dL) ‡ (%) 88.2 ± 12.5 95.0 ± 12.7 0.353
Total area under the curve † 128,797.0 ± 13,510.7 135,860.8 ± 13,425.0 0.256
Area under the curve >140 mg/dL ‡ 371.8 ± 784.6 11.0 ± 34.8 0.684
Area under the curve <70 mg/dL ‡ 1269.5 ± 1623.1 604.0 ± 1798.5 0.353
Mean amplitude of glycemic excursions ‡ (mg/dL) 39.5 ± 13.3 48.1 ± 39.0 0.579
M-value 120 † 5.3 ± 3.4 2.9 ± 3.7 0.152
M-value 100 ‡ 2.1 ± 1.4 1.1 ± 1.5 0.190
Physical activity
Basal metabolic rate † (kcal) 1346.8 ± 292.0 1361.6 ± 219.4 0.899
Total energy expenditure † (kcal) 3982.5 ± 945.4 4316.5 ± 974.5 0.447
Walking † 348.5 ± 204.7 304.9 ± 169.0 0.630
Daily living activities † (METs) 491.8 ± 178.7 505.7 ± 92.4 0.830
Physical activities (walking and daily activities) † (METs) 840.3 ± 341.4 810.6 ± 231.7 0.822
Number of steps † (steps) 12,281.2 ± 6755.9 10,329.3 ± 5303.2 0.482
Physical activity level ‡ 3.0 ± 0.2 3.2 ± 0.5 0.579

Data are displayed as mean ± standard deviation (SD). † t-test; ‡ Mann–Whitney U-test. LST, low-intensity resistance exercises with slow
movements and tonic force generation; CGMS, continuous glucose monitoring system; OGTT, 75 g oral glucose tolerance test.
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3.2. Comparison between Pre- and Post-LST

Table 4 and Figure S1 show a comparison of the pre-LST (10:00–10:40 a.m.) and
post-LST (10:40–11:40 a.m.) physiological measurements, which are the primary endpoints.
In the LST group, the mean glucose levels decreased and the AUC increased 1 h after
the intervention. Furthermore, the SD significantly decreased 1 h after the intervention.
Conversely, in the control group, the mean glucose levels decreased, and the AUC increased
over the time same period; however, the M-value significantly increased at the same time
as the LST intervention.
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Table 4. A comparison of pre-LST (10:00–10:40 a.m.) and post-LST (10:40–11:40 a.m.) physiological measurements.

(Index)
LST Group Control Group

Pre Post p-Value Pre Post p-Value

Average glucose levels (mg/dL) 135.3 ± 41.9 97.0 ± 19.7 0.007 124.1 ± 16.2 91.8 ± 10.4 0.005
Glucose SD (mg/dL) 11.8 ± 7.0 6.0 ± 4.4 0.022 9.0 ± 4.9 6.6 ± 4.7 0.114
In target range (70~140 mg/dL) (%) 69.2 ± 47.8 93.3 ± 21.1 0.066 76.7 ± 37.6 99.2 ± 2.6 0.068
High blood sugar frequency (>140 mg/dL) (times/day) 4.1 ± 6.2 0.9 ± 2.8 0.066 1.8 ± 3.6 0 ± 0 0.109
Low blood sugar frequency (<70 mg/dL) (times/day) 0 ± 0 0 ± 0 1.000 0 ± 0 0.1 ± 0.3 0.317
Total area under the curve 8149.8 ± 2549.4 5864.8 ± 1183.9 0.007 7444.8 ± 969.8 5490.0 ± 629.8 0.005
Total area under the curve >140 mg/dL 946.8 ± 1775.7 44.8 ± 141.5 0.068 175.8 ± 379.5 0 ± 0 0.109
Total area under the curve <70 mg/dL 0 ± 0 0 ± 0 1.000 0 ± 0 0.3 ± 0.8 0.317
M-value 120 3.5 ± 6.2 2.7 ± 2.7 0.575 0.4 ± 0.7 2.7 ± 2.0 0.017
M-value 100 7.9 ± 14.1 0.9 ± 1.3 0.508 1.9 ± 2.9 0.5 ± 0.4 0.114

Data are displayed as mean ± standard deviation (SD). LST, low-intensity resistance exercises with slow movements and tonic force generation.
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4. Discussion

The present study demonstrated that the indices of GV were improved 1 h before and
after the LST intervention. The M-value is an index of daily GV, which shows the deviation
from an ideal glycemic control [21,27]. The M-value is a useful clinical parameter that
can measure not only GV, but also the quality of the glycemic control [22]. The M-value
did not increase in the LST group, whereas it increased in the control group in the same
time period that the LST group underwent training. On the contrary, the SD decreased
in the LST group, whereas it did not decrease in the control group. The SD value of 24 h
glucose levels is a strong independent risk factor of mortality in critically ill patients [28–31].
The findings of this study suggest that LST has a beneficial effect on short-term GV in
healthy individuals. To the best of our knowledge, this is the first study to show the effect
of LST on GV using CGMS.

Although the underlying mechanism by which resistance training improves GV is
not yet fully understood, the following two mechanisms have been proposed in accor-
dance with the current evidence. First, increased growth hormone and catecholamine
levels due to resistance training stimulate lipolysis and glycogenolysis, which may lead
to stable glycemic control [32,33]. Second, rapid decreases in glucose levels after exercise
are suppressed by gluconeogenesis due to increased lactic acid levels when performing
resistance training [34]. LST is a low-intensity resistance training exercise; however, sus-
tained muscular contraction with slow movement restricts muscle blood flow, decreases
oxygen delivery to the contracting muscles, and results in the elevation of blood lactate and
growth hormone concentrations after training [35]. Moreover, Tanimoto et al. [13] showed
that LST can lead to a comparable increase in lactic acid of that caused by high-intensity
(approximately 80% of 1-RM) exercise training in young men [13]. These endocrine changes
may contribute to the improvement of GV.

There were no differences in age, gender ratio, anthropometric parameters, dietary
intake, or physical activity between the LST and control groups. There was also no change
in physical activity before and after the intervention in either group. Therefore, potential
confounding factors such as diet and physical activity appeared to have no influence on GV
in this study. However, a few limitations need to be addressed. First, we cannot claim that
LST has a favorable effect on GV in patients with diabetes because all study subjects were
healthy, young individuals. However, muscle mass declines at a rate of 3–8% every 10 years
after the age of 30 [36], and resistance training is an effective strategy for middle-aged and
older individuals to counteract age-related declines in muscle mass and insulin sensitivity
and to prevent and manage type 2 diabetes [37]. LST may exhibit more beneficial effects on
GV in patients with diabetes. Further studies in older patients with diabetes are warranted.
Second, the chronic effect of LST on long-term GV or glycemic control is unknown. Third,
we did not obtain dietary recall data or physical activity data from the study participants
at baseline. Therefore, there may be potential differences in dietary intake and physical
activity between groups prior to the study. However, we suggest that physical activity and
dietary intake before the study period do not affect the results because the study subjects
had a standardized diet during the study period, and no difference in physical activity
measured by a triaxial accelerometer between the control group and the intervention
group was observed. Despite these limitations, we demonstrated that LST is effective for
improving short-term GV. High-intensity resistance exercise increases blood pressure due
to the Valsalva maneuver. However, low-intensity resistance exercise such as LST that is
equivalent to 30–50% 1-RM does not increase blood pressure in healthy individuals [38].
Moreover, LST is a safe and effective intervention approach to treat obesity and type 2
diabetes [18]. In conclusion, the findings of this study suggest that LST improves short-term
GV in healthy subjects. These promising results may also be useful for the development of
practical exercise therapy that aims to improve GV in patients with diabetes.
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