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ABSTRACT

Purpose: Few studies have investigated the independent and joint associations of
cardiorespiratory fitness (CRF) and body fat percentage (BF%) with insulin resistance in
children. We investigated the independent and combined associations of CRF and BF% with
fasting glycaemia and insulin resistance and their interactions with physical activity (PA) and
sedentary time among 452 children aged 6-8 years. Methods: We assessed CRF with a
maximal cycle ergometer exercise test and used allometrically scaled maximal power output
(Wmax) for lean body mass (LM**3) and body mass (BM?) as measures of CRF. BF% and LM
were measured by dual-energy X-ray absorptiometry, fasting glycaemia by fasting plasma
glucose, and insulin resistance by fasting serum insulin and Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR). PA energy expenditure (PAEE), moderate-to-vigorous
PA (MVPA), and sedentary time were assessed by combined movement and heart rate
sensor. Results: Wmax/LM® was not associated with glucose (B=0.065, 95% CI1=-0.031 to
0.161), insulin (B=-0.079, 95% CI=-0.172 to 0.015), or HOMA-IR (B=-0.065, 95% Cl=-0.161
to 0.030). Wmax/BM? was inversely associated with insulin (=-0.289, 95% CI1=-0.377 to -
0.200) and HOMA-IR (=-0.269, 95% CI1=-0.359 to -0.180). BF% was directly associated
with insulin (=0.409, 95% CI1=0.325 to 0.494) and HOMA-IR ($=0.390, 95% CI=0.304 to
0.475). Higher Wmax/BM?, but not Wma/LM*13, was associated with lower insulin and
HOMA-IR in children with higher BF%. Children with higher BF% and who had lower
levels of MVVPA or higher levels of sedentary time had the highest insulin and HOMA-IR.
Conclusion: Children with higher BF% together with less MVVPA or higher levels of
sedentary time had the highest insulin and HOMA-IR. CRF appropriately controlled for body

size and composition using LM was not related to insulin resistance among children.

Key words: diabetes, youth, exercise, performance, insulin, insulin sensitivity, obesity
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INTRODUCTION

The incidence of type 2 diabetes in children and adolescents has increased during this
millennium (1) and represents a significant health and economic burden. Type 2 diabetes
typically affects adults but has a long aetiology related to insulin resistance and impaired
glucose regulation which are observed in overweight and obese youth (2). Insulin resistance
during childhood may also increase the risk of atherosclerotic cardiovascular diseases in
adulthood (3). Furthermore, children with a mild insulin resistance, measured by fasting
plasma insulin concentration and Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR), have been found to be at increased risk of pre-diabetes and type 2 diabetes in
adulthood (4). In addition to increased body fat content, low cardiorespiratory fitness (CRF),
physical inactivity, and high levels of sedentary lifestyle have been identified as independent
risk factors for insulin resistance in children (5,6). However, few studies have investigated
the independent and joint associations of CRF, physical activity, and sedentary time with

insulin resistance in children after accounting for body fat content (7,8).

Increased body mass index (BMI) has been found to have a graded dose-response
relationship to insulin resistance and overall cardiometabolic risk in children and adolescents
(9,10). Poor CRF has also been associated with increased insulin resistance in children and
adolescents (11,12). Furthermore, the results of few studies suggest that higher CRF
attenuates the unfavourable effects of overweight and obesity on insulin resistance in children
(9,13). However, these studies have assessed CRF using measures scaled by whole body
mass (BM), submaximal estimates of CRF (13), or 20 metre shuttle run test (9). Measures of
CRF scaled by BM are not justified from a physiological or statistical perspective in children
(14-16), because they do not remove the effect of body size and composition on CRF (16).

Furthermore, body fat content explains 40% of variance in running performance during 20-



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

metre shuttle run test (17,18). Increased body fat content, but not peak oxygen uptake
(VOazpeak) determined during an incremental exercise test, has been found to be strongly
related to insulin resistance (19). Therefore, the assessment of CRF using measures scaled by
BM using the ratio standard method or the 20-metre shuttle run test may lead to spurious
associations with insulin resistance (20,21). Allometric scaling of CRF by lean body mass
(LM) has been recommended to account for variation in body size and composition among
children and adolescents (19,22), but few studies have utilised this approach to explore the
associations of CRF with fasting plasma insulin and glucose concentrations with adjustment

for adiposity.

Low CRF and adiposity are relatively stable correlates of insulin resistance, whereas low
levels of moderate-to-vigorous physical activity (MVPA) and high levels of sedentary time
are more modifiable risk factors for insulin resistance in children (6,23,24). A sedentary
lifestyle has been found to impair insulin signalling, increase insulin resistance, reduce
skeletal muscle glucose uptake, and thereby increase the risk of type 2 diabetes in adults (24).
Nevertheless, few studies have investigated differences in insulin resistance among children

with varying levels of CRF, adiposity, MVPA, and sedentary time (25).

Evidence on the associations of CRF appropriately adjusted for body size and composition
with risk factors for type 2 diabetes is urgently required (17), because it would help develop
effective strategies for the early identification of individuals at increased risk and the
prevention of the disease. We therefore investigated the associations of CRF, scaled by BM
or LM using ratio standard and allometric modelling, and body fat content with insulin
resistance in a population sample of children. Second, we studied the joint associations of the

measures of CRF and body fat content with insulin resistance. Third, we investigated whether
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physical activity energy expenditure (PAEE), MVPA, and sedentary time are associated with
insulin resistance in children with varying CRF and body fat content. We hypothesised that
CREF that is scaled using appropriate methods has weak associations with insulin resistance
and that body fat content has the strongest association with insulin resistance. We also
hypothesised that higher levels of MVPA or lower levels of sedentary time are related to

lower insulin resistance in children with higher body fat content.

METHODS

Study design and study participants

The present data are from the Physical Activity and Nutrition in Children (PANIC) Study,
which is a physical activity and dietary intervention and follow-up study in a population
sample of children from the city of Kuopio, Finland. Altogether 736 children 6-8 years of
age from primary schools of Kuopio were invited to participate in the baseline examination in
2007-2009. A total of 512 children, who represented 70% of those invited, participated in the
baseline examinations. Six children were excluded from the study at baseline because of
physical disabilities that could hamper participation in the intervention or no time or
motivation to attend in the study. The participants did not differ in sex distribution, age, or
BMI standard deviation score (BMI-SDS) from all children who started the first grade in
2007-2009 based on data from the standard school health examinations performed for all
Finnish children before the first grade (data not shown). Complete data on variables used in
the analyses on the associations of CRF and body fat content with the indicators of insulin
resistance were available for 452 children (236 boys, 216 girls). Complete data on variables
used in the analyses on the joint associations of CRF, body fat content, PAEE, MVPA, and
sedentary time with the indicators of insulin resistance were available for 388 children (196

boys, 192 girls). The study protocol was approved by the Research Ethics Committee of the
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Hospital District of Northern Savo. Both children and their parents gave written informed

consent.

Assessment of body size, body composition, and pubertal status

Whole BM was measured twice with the children having fasted for 12 hours, emptied the
bladder, and standing in light underwear by a calibrated InBody® 720 bioelectrical impedance
device (Biospace, Seoul, South Korea) to an accuracy of 0.1 kg. The mean of these two
values was used in the analyses. Stature was measured three times with the children standing
in the Frankfurt plane without shoes using a wall-mounted stadiometer to an accuracy of 0.1
cm. The mean of the nearest two values was used in the analyses. BMI was calculated by
dividing BM (kg) by body height (m) squared. BMI-SDS was calculated based on Finnish
reference data (26). The prevalence of overweight and obesity was defined using the cut-off
values provided by Cole et al. (27). Total fat mass, body fat percentage (BF%), and LM were
measured by the Lunar® dual-energy X-ray absorptiometry device (GE Medical Systems,

Madison, W1, USA) using standardised protocols.

The research physician assessed pubertal status using the 5-stage scale described by Tanner
(28). The boys were defined as having entered clinical puberty if their testicular volume
assessed by an orchidometer was >4 mL (stage >2). The girls were defined having entered
clinical puberty if their breast development had started (stage >2). Maturity offset as the
difference between the current age from the age at predicted peak height velocity was

computed using a sex-specific formula (29).
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Assessment of fasting glycaemia and insulin resistance

A research nurse took venous blood samples from the antecubital vein in the morning after a
12-hour overnight fast. Plasma glucose was measured by a hexokinase method and serum
insulin was measured by an electrochemiluminescence immunoassay. Intra-assay and inter-
assay coefficient of variation for the insulin analyses were 1.3-3.5% and 1.6-4.4%,
respectively. Insulin resistance was also assessed using HOMA-IR and the formula fasting

serum insulin x fasting plasma glucose/22.5) (30).

Assessment of cardiorespiratory fitness

We assessed CRF by a maximal exercise test using an electromagnetically braked Ergoselect
200 K® cycle ergometer coupled with a paediatric saddle module (Ergoline, Bitz, Germany)
(22). The exercise test protocol included a 2.5-minute anticipatory period with the child
sitting on the ergometer; a 3-minute warm-up period with a workload of 5 watts; a 1-minute
steady-state period with a workload of 20 watts; an exercise period with an increase in the
workload of 1 watt per 6 seconds until exhaustion, and a 4-minute recovery period with a

workload of 5 watts.

The children were asked to keep the cadence stable and within 70-80 revolutions per minute.
Exhaustion was defined as the inability to maintain the cadence above 65 revolutions per
minute regardless of vigorous verbal exhortation. The exercise test was considered maximal
by an experienced physician (TT) supervising the test, if objective and subjective criteria
(heart rate >85% of predicted, sweating, flushing, inability to continue exercise test
regardless of strong verbal encouragement) indicated maximal effort and maximal
cardiovascular capacity (22). Heart rate was measured continuously during the last five

minutes of the supine rest prior to commencing the exercise test protocol right through to the
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5-minute supine post-exercise rest period using a 12-lead electrocardiogram registered by the
Cardiosoft® V6.5 Diagnostic System (GE Healthcare Medical Systems, Freiburg, Germany)
and the highest heart rate during the test was defined as peak heart rate (31). Maximal power
output (Wmax) measured at the end of the exercise test divided by BM* and LM?* were used as
measures of CRF. We used Wnax as a measure of CRF because we did not perform
respiratory gas analyses at baseline and it has been found to be a good surrogate measure of

CREF in children (32).

Wmax/BM! had a strong inverse association with BM (B = -0.498, 95% confidence interval
(CI) =-0.584 t0 -0.412, p < 0.001) and Wma/LM* had a weak positive association with LM
(B =0.086, 95% C1=0.003 to 0.169, p = 0.043) indicating that ratio scaling by BM or LM
did not completely remove the effect of body size on CRF. Therefore, allometric scaling of
Whax was performed by log- linear regression models (20). The scaling exponent for BM
was 0.48 (95% CI = 0.39 to 0.57) and for it LM was 1.13 (95% CI = 1.01 to 1.26). These
power function ratios removed the associations of Wmax with BM (B = -0.024, 95% CI=-0.108
t0 0.059, p = 0.569) and LM (B =-0.004, 95% CI =-0.109 to 0.101, p = 0.940) suggesting the

validity of scaling CRF for body size.

Assessment of physical activity and sedentary time

PA and sedentary time were assessed using a combined heart rate and movement sensor
(Actiheart®, CamNtech Ltd., Papworth, UK) for a minimum of four consecutive days
without interruption, including two weekdays and two weekend days, analysed in 60 second
epochs (33,34). The combined heart rate and movement sensor was attached to the child’s
chest with two standard eletrocardiogram electrodes (Bio Protech Inc, Wonju, South Korea).

The children were asked to wear the monitor continuously, including sleep and water-based



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

activities, and not to change their usual behaviour during the monitoring period. Data on
heart rate were cleaned and individually calibrated with parameters from the maximal
exercise test and combined with movement sensor data to derive PAEE. Instantaneous PAEE,
i.e. PA intensity, was estimated using branched equation modelling as explained in detail
earlier (35) and summarised as daily PA volume (kJ/day/kg) and time spent at certain levels
of standard metabolic equivalents of task (METS) in minutes per day, weighting all hours of
the day equally to reduce diurnal bias caused by imbalances in wear-time. Initially, the
summarised data included 25 narrowly defined intensity categories. For the present analyses,
we re-categorised these intensity categories into a broader format of sedentary time (<1.5
METSs) and MVPA (>4 METSs), which have been commonly applied in investigations of PA
among children and youth. In order to estimate the time spent sedentary whilst awake, we
subtracted average daily sleep duration from total ST. We only included children who had
sufficient valid data, i.e. a recording period of at least 48 hours of wear data with the
additional requirement that enough data were included from all four quadrants of a 24 hour
day to avoid bias from over-representation of specific parts of days (36). This resulted in at
least 12 hours of wear data from morning (3 am — 9 am), noon (9 am — 3 pm), afternoon /

evening (3 pm — 9 pm), and night (9 pm — 3 am).

Assessment of diet quality

Food consumption and nutrient intake were assessed by food records administered by the
parents on four pre- defined consecutive days, including two weekdays and two weekend
days (99.5% of participants) or three week- days and one weekend day (0.5% of participants),
as described previously (37). The food records were analysed using The Micro Nutrica
dietary analysis software, Version 2.5 (The Social Insurance Institution of Finland). We used

Finnish Children Healthy Eating Index (FCHEI) that summarises the consumption of



226  vegetables, fruit, and berries; vegetable oils and vegetable oil-based margarine; foods

227  containing high amounts of sugar; fish; and low-fat (<1%) milk based on deciles of these
228  dietary variables in the study population. Higher scores indicate a better diet quality.

229

230  Statistical methods

231  Statistical analyses were performed by SPSS statistical software, version 23.0 (IBM corp.
232 Armonk, NY, USA). Basic characteristics between the 236 boys and the 216 girls were

233 compared using the Student’s t-test for normally distributed continuous variables, the Mann-
234 Whitney U-test for continuous variables with skewed distributions, or the -test for

235  categorical variables. Differences in PAEE, MVPA, and sedentary time were compared

236 between 196 boys and 192 girls. Because of skewed distribution, insulin and HOMA-IR were
237  square-root transformed. The associations of the measures of CRF scaled by BM and LM
238  using allometry and ratio standard and BF% with glucose, insulin, and HOMA-IR were

239  investigated using linear regression analyses adjusted for age and sex.

240

241  Differences in glucose, insulin, and HOMA-IR between children with the combinations of
242 lower BF% (< sex-specific median) and higher Wmax/LM12 "1 or BM®48 01 (> sex-specific
243 median), lower BF% and lower Wma/LMY12 "1 or BM%48 01 "higher BF% and higher

244 Wmax/LMY0'L or BM%48 0L and higher BF% and lower Wmax/LM13°'1 or BM%480" L \were
245  investigated using analyses of covariance (ANCOVA) adjusted for age and sex and

246  considering the Sidak correction for multiple comparisons. Because the results were similar
247  for insulin and HOMA-IR, we only present the results on HOMA-IR. We found no

248  differences in the associations of CRF with glucose, insulin, and HOMA-IR, between boys
249  and girls (p>0.05 for interaction), and therefore performed all analyses sexes combined.

250



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

Because allometric scaling of CRF by LM has been considered the most appropriate method
to express CRF (19), we used only Wmax/LM® to study differences in PAEE, MVPA, and
sedentary time between children with the four combinations of CRF and BF% and the joint
associations of CRF, BF%, and PAEE, MVPA, or sedentary time with glucose, insulin, and
HOMA-IR. Differences in PAEE, MVPA, and sedentary time between children with the
combinations of lower BF% and higher Wmax/LM*3, lower BF% and lower Wmax/LM*23,
higher BF% and higher Wmax/LM*, and higher BF% and lower Wmax/LM** were
investigated using ANCOVA adjusted for age and sex and considering the Sidak correction

for multiple comparisons.

To investigate whether PAEE, MVPA, or sedentary time modified the joint associations of
BF% and Wma/LM® with glucose, insulin, and HOMA-IR we compared glucose, insulin,
and HOMA-IR in the four combinations of BF% and Wmax/LM**3 in children with lower (<
sex-specific median) or higher (> sex-specific median) levels of PAEE, MVPA, and
sedentary time using ANCOVA adjusted for age and sex and considering the Sidak
correction for multiple comparisons. We also investigated the independent associations of
Wna/ LMY, BF% and PAEE, MVPA, or sedentary time with glucose, insulin, and HOMA-
IR using linear regression analyses and ANCOVA adjusted for age and sex. All data were

further adjusted for clinical puberty or maturity offset, or FCHEI.

RESULTS
Basic characteristics
Boys had lower maturity offset, higher stature, less fat mass, lower BF%, and higher LM than

girls (Table 1). Boys also had higher glucose, lower insulin and HOMA-IR, and higher CRF
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regardless of the scaling method used than girls. Furthermore, boys had higher PAEE and

accumulated more MVPA than girls.

Independent associations of measures of CRF, BF%, PA, and sedentary time with
fasting glycaemia and insulin resistance

Wnax/LM™ and Wmax/LM12 were not associated with glucose, insulin, or HOMA-IR after
adjustment for age and sex (Table 2). Wmax/BM?! was inversely and BF% was directly
associated with insulin and HOMA-IR. Wma/BM%*8 was inversely associated with insulin
but the inverse association with HOMA-IR was not statistically significant. Further

adjustments had no effect on these associations.

MVPA and PAEE were inversely and sedentary time was directly associated with insulin and
HOMA-IR (Table 2). These associations remained statistically significant after further
adjustment for BF% or Wmax/LM*® and other measures of CRF. Further adjustments had no

effect on these associations.

Joint associations of CRF and BF% with HOMA-IR

Children with higher BF% and higher Wmax/LM*!3 and those with higher BF% and lower
Wmax/LM* had higher HOMA-IR than children with lower BF% and higher Wma/LM*
and those with lower BF% and lower Wma/LM*® (Figure 1). The results were similar when

medians of Wmax/LM* was used. Further adjustments had no effect on these differences.

Children with lower BF% and lower Wmax/BM®* and those with lower BF% and higher
Wmax/BM®*8 had lower HOMA-IR than children with higher BF% and lower Wmax/BM%48

and those with higher BF% and higher Wma/BM®“8 (Figure 1). Furthermore, children with
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higher BF% and lower Wmax/BM? had higher HOMA-IR than those with other three
combinations of BF% and Wma/BM? (Figure 1). Children with higher BF% and higher
Wmax/BM™* also had higher HOMA-IR than those with lower BF% and higher Wma/BM™.

Further adjustments had no effect on these differences.

Joint associations of CRF and BF% with PA and sedentary time

Children with lower BF% and higher Wmax/LM*® had higher PAEE and they accumulated
more MVPA than those with other three combinations of BF% and Wmax/LM**3 (Figure 2).
Children with lower BF% and lower Wmax/LM*® and those with higher BF% and higher
Wma/LM*12 had higher PAEE and more MVPA than their peers with higher BF% and lower
Wma/LMY13, Furthermore, children with lower BF% and higher Wma/LM!? and those with
lower BF% and lower Wma/LM2 had less sedentary time than children with higher BF%
and lower Wmax x LM, All these differences remained statistically significant after further

adjustment for clinical puberty or maturity offset, or FCHEI.

Joint associations of CRF, BF%, PA, and sedentary time with HOMA-IR

Children with higher BF%, higher Wmax/LM**3, and lower PAEE and those with higher
BF%, lower Wmax/LM*3, and lower PAEE had higher HOMA-IR than children with lower
BF%, higher Wmax/LM*13, and higher PAEE and those with lower BF%, lower Wmax/LM13,
and higher PAEE (Figure 3). These differences remained similar when PAEE was replaced
by MVPA (Figure 3). Moreover, children with higher BF%, lower Wmax/LM**3, and lower
MVPA also had higher HOMA-IR than children with lower BF%, lower Wma/LM ™3, and

lower MVVPA. Further adjustments had no effect on these differences.
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Children with lower BF%, higher Wmax/LM, and less sedentary time and those with lower
BF%, lower Wma/LM13, and less sedentary time had lower HOMA-IR than children with
higher BF%, higher Wmax/LMY13, and more sedentary time and those with higher BF%, lower
Wnax/LMY13 and more sedentary time (Figure 3). Moreover, children with lower BF%, lower
Wma/LMY, and less sedentary time had lower HOMA-IR than those with lower BF%,
lower Wmax/LM, and more sedentary time. Further adjustments had no effect on these

differences.

DISCUSSION

Our main finding was that Wmax scaled by LM using either allometry or ratio standard was
not related to fasting glucose, fasting insulin, or HOMA-IR. However, Wmax scaled by BM?
had an inverse association with insulin and HOMA-IR, but these associations were attenuated
when body size was controlled for using allometry. We also observed that higher Wmax/BM?,
but N0t Wmax/LM™3, Winax/LM?, or Winax/BM®48, attenuated the association between higher
BF% and insulin resistance. Moreover, children with higher BF% and lower Wma/LM*13
were physically less active and more sedentary than other children, and lower levels of PA
and higher levels of sedentary time magnified the direct associations of BF% with insulin and

HOMA-IR.

In conjunction with previous studies (20,38,39), we observed that children with lower CRF
scaled by BM were more insulin resistant than their more fit peers. However, these findings
are likely to be mediated by body size and composition because CRF scaled by BM also has a
strong inverse association with BM and fat mass (22) and therefore dividing CRF by BM
does not fully remove the effect of body size and adipose tissue on CRF (15). In addition, we

found a strong direct association of BF% with insulin and HOMA-IR. Furthermore, our
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observations that Wmax scaled by LM was not associated with insulin resistance is supported
by the findings of few previous studies showing that scaling CRF by LM reduced the
magnitude of the association between CRF and insulin resistance (21,40,41). However,
Ekelund and coworkers found that Wnax divided by fat-free mass, which was estimated using
skinfold thickness, had a weak inverse association with insulin and clustered cardiometabolic
risk independent of waist circumference (12). One reason for the discrepancy between the
results of our study and the study by Ekelund et al. (12) may be that the participants of their
study were older than those in the present study. It is possible that the role of CRF in insulin
resistance increases with increasing age and maturation (7). Their larger study population
also resulted in better statistical power and thereby increased the likelihood of observing
statistically significant associations between variables of interest. However, there is some
evidence that CRF scaled by fat-free mass derived from skinfold thickness may not
completely remove the influence of body size and composition on CRF (42). We also found
that allometrically scaled CRF was not associated with insulin resistance further suggesting
that an inverse association between CRF and insulin resistance in previous studies is largely

confounded by body size and composition.

We found that higher CRF divided by BM* was related to lower insulin resistance in children
with higher BF%. This observation agrees with the results of some previous studies
suggesting that higher CRF provides health benefits particularly in overweight and obese
youth (9,13). We are not aware of previous studies on the joint associations of BF% and CRF
scaled by LM or BM using allometric methods with insulin resistance in children. Children
with higher BF% had higher insulin resistance than those with lower BF% regardless of CRF
scaled by LM*13° 1 or BM%48, These results suggested that the inverse association of CRF

scaled by BMt with insulin resistance is largely explained by body composition. However,
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CRF may have even stronger association with insulin resistance among individuals with
obesity (7,9). Most children in our study were normal weight, and the mean BF% was 17%
in boys and 22% in girls. However, weight status has been found to be a more important
correlate of fasting insulin and HOMA-IR than 20 metre endurance shuttle run test
performance (43). Consistent with this observation, our results together with others
(21,23,40,41) suggest that body fat content is a stronger determinant of insulin resistance than

CRF in children.

Higher levels of PA and lower levels of sedentary time have been related to lower
cardiometabolic risk in children (6,23,44). The results of randomised controlled trials also
suggest that exercise training has beneficial effects on insulin resistance especially in
overweight and obese youth (45). In our study, there were no marked differences in fasting
insulin or HOMA-IR between children with higher PA or lower sedentary time levels with
varying levels of BF% and CRF. Nevertheless, physically less active and sedentary children
with higher BF% were more insulin resistant than their more active and less sedentary peers

with lower BF%.

There are few studies on the joint associations of CRF, adiposity, PA, and sedentary time
with insulin resistance in children (25). We found that children with higher BF% and lower
CRF had the lowest PA and highest sedentary time levels. They also had the highest fasting
insulin and HOMA-IR, especially when CRF was scaled by BM. Our findings suggest that
lower PA and higher sedentary time at least partly explain the increased insulin resistance in
children with lower CRF and higher BF%. The accumulation of free fatty acids in skeletal
muscle and liver impairing insulin signalling has been suggested as the underlying

mechanisms in obesity-induced insulin resistance (46), although this explanation has been
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questioned recently (47). In contrast, regular PA upregulates insulin-independent GLUT 4
pathway for glucose disposal (48), whereas a sedentary lifestyle may impair insulin-regulated
glucose disposal by down-regulating the insulin signalling pathway to translocate GLUT 4
and by reducing GLUT 4 protein content (24). Furthermore, previous studies have suggested
that changes in insulin signalling (24) or alterations in serum metabolome (49) induced by
physical exercise may explain the associations between higher CRF and lower insulin
resistance. However, our results together with others (50) suggest that the relationship
between CRF and insulin resistance is weak and is likely to be due to adiposity due to the
inappropriate scaling of CRF. Nevertheless, we cannot rule out the possibility, that CRF has
tissue specific associations that has not been covered in our or in previous studies. The
present findings together with the previous studies suggest that higher levels of PA and lower
levels of sedentary time, but not necessarily CRF, attenuate the harmful effects of increased

BF% on insulin resistance.

There are strengths and weakness in the present study. The strengths of the present study
include the valid and reproducible measurements of CRF using an exercise test until
exhaustion, body composition using whole-body DXA, and insulin resistance using fasting
insulin and HOMA-IR in a population sample of children. We also assessed free-living PA
and sedentary time using individually calibrated movement and heart rate sensing.
Nevertheless, the measurement of free-living behaviours is not as precise as that of CRF and
body fat content, and therefore the magnitude of the associations of PA and sedentary time
with insulin resistance may be underestimated. In addition, our sample was relatively small
for the analysis of differences in insulin resistance between children with higher and lower
PA and sedentary time. Furthermore, we did not directly measure maximal oxygen uptake

which is considered the gold standard for measuring CRF. However, Wmax determined from



424  an exercise test until exhaustion has been found to be a valid measure of CRF in children
425  (32). It is possible that the associations of CRF, BF%, PA, and sedentary time with insulin
426  resistance in different tissues (51,52) or using more dynamic measures of insulin resistance
427  and insulin sensitivity, such as Cederholm index (53) may not be similar to those that we
428  observed by assessing whole-body insulin resistance using HOMA-IR calculated by fasting
429  serum and plasma glucose concentrations. Our study showed interesting results on the

430  associations of CRF, BF%, PA, and sedentary time in a sample of children who had

431  comparable levels of insulin resistance than other European children (54). Nevertheless, it
432 would be interesting to see whether these relations exist in populations with higher insulin
433  resistance or a higher prevalence of overweight and obesity. Because of a relatively small
434  sample size for combined analyses, we dichotomised CRF, BF%, PA, and sedentary time
435  using sex-specific medians instead of the lowest percentiles from international or national
436  reference values which may have affected on our results. However, our findings on the

437  associations of Wmax/BM?! with insulin resistance are comparable to those of studies in North
438  American cohorts of children 7-13 years of age that utilised CRF and BMI dichotomized at
439  median (13,55). Finally, our study was cross-sectional which limits our ability to make causal
440  inferences.

441

442  In conclusion, we found that CRF had negligible role in insulin resistance among children
443  aged 6-8 years when body size and composition were appropriately controlled for. Our

444  results also suggest that higher levels of PA and lower levels of sedentary time may be more
445  important than higher levels of CRF in improving insulin sensitivity in childhood. Additional
446  research is warranted to investigate whether these results are similar in other age and

447  maturation groups and using different cut-offs for CRF and body fat content. Finally, more

448  longitudinal studies on the associations of changes in different measures of CRF, such as
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maximal oxygen uptake and Wmax, scaled by LM with insulin resistance during growth and
maturation are needed to understand the long-term consequences of changes in CRF with

regard to the development of metabolic and cardiovascular diseases.
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660

661  Figure 1. Differences in HOMA-IR among children with different levels of body fat

662  percentage (BF%) and cardiorespiratory fitness scaled by lean body mass (LM) or body mass
663  (BM). N in Wmax/LM™113 or Wiax/LM* = Lower BF%/higher CRF=121; Lower BF%/lower
664 CRF=105; Higher CRF/higher BF%=121; Higher BF%/lower CRF=120. N in Wmax/BM®“8 or
665  Wmax/LM?! = Lower BF%/higher CRF=158; Lower BF%/lower CRF=68; Higher CRF/higher
666  BF%=68; Higher BF%/lower CRF=158. Lines between groups denotes a statistically

667  significant difference between groups at p<0.05.
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Figure 2. Differences in physical activity energy expenditure (PAEE), moderate to vigorous

physical activity (MVPA), and sedentary time (ST) among children with different levels of

body fat percentage and cardiorespiratory fitness normalised for lean mass (LM*). N =

Lower BF%/higher CRF=121; Lower BF%/lower CRF=105; Higher CRF/higher BF%=121;

Higher BF%/lower CRF=120. Lines between groups denotes a statistically significant

difference between groups at p<0.05.
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Figure 3. Differences in HOMA-IR among children with different levels of body fat
percentage (BF%), allometrically scaled cardiorespiratory fitness for lean mass (LM**3), and
physical activity energy expenditure (PAEE), moderate to vigorous physical activity
(MVPA), or sedentary time (ST). N=lower BF%/higher CRF/lower PA or higher ST = 32;
lower BF%/higher CRF/higher PA or lower ST = 75; lower BF%/lower CRF/lower PA or
higher ST = 37; lower BF%/lower CRF/higher PA or lower ST = 52; higher BF%/higher
CRF/lower PA or higher ST = 47; higher BF%/higher CRF/higher PA or lower ST = 45;
higher BF%/lower CRF/lower PA or higher ST = 79; higher BF%/higher CRF/higher PA or
lower ST = 45. Lines between groups denotes a statistically significant difference between

groups at p<0.05.



695

696 Table 1. Basic characteristics

All Girls Boys P-value
Age (years) 7.6 (0.4) 7.6 (0.4) 7.7 (0.4) 0.182
Pubertal (%) 16 2.5 0.9 0.265
Maturity offset (years) -40(05)  -36(03) 4403  <0.001
Stature (cm) 1286 (5.7) 1275(56) 1296 (55) <0.001
Body weight (kg) 26.6(47) 262(47) 27047 0071
Fat mass (kg) 47(33-6.7) 53(3.9-7.7) 39(2.8.63) <0.001
Body fat percentage (%) 19.56 (8.11) 22.34(7.60) 17,02 (7.74) <0.001
Lean mass (kg) 20.6 (2.4) 19.4 (2.1) 21.6 (2.2) <0.001
Body mass index standard deviation score -02(11)  -02(1.0) 31 0661
Prevalence of overweight or obesity (%) 11.1 12.7 9.7 0.331
Fasting plasma glucose (mmol/L) 4.81(0.37) 4.75(0.37) 487(0.37) 0.001
Fasting serum insulin (mU/L) 4.49(236) 4.81(222) 419(2.46) 0.006
Homeostatic model assessment for insulin resistance ~ 0-98 (0.56) ~ 1.04(0.52) .93 (0.59) 0.040
Maximal power output (Watts) 76.3(154) 69.4(13.0) g25(147) <0.001
Maximal power output (W/kg of lean body masst3) ~ 2.5(0.3) 2.4(0.3) 2.6 (0.3) <0.001
Maximal power output (W/kg of lean body mass?) 3.69(0.51) 3.56(0.50) 381(050) <0.001
Maximal power output (W/kg of body weight®4€) 158(28)  145(23) 170(27) <0.001
Maximal power output (W/kg of body weight?) 2.87(054) 267(047) 309 (053) <0.001
Peak heart rate during maximal exercise test (beats/min) 195 (8.8) 195 (9.2) 196 (8.4) 0.413
PAEE (kJ/body mass/d) 99.1(32.9) 90.6(27.7) 107 (35.4) <0.001
Moderate-to-vigorous physical activity (min/d) 116 (63.9)  96.9(53.9) 135(67.3) <0.001
Sedentary time (min/d) 233(127)  240(127)  225(126) 0.255

697 Data are from the Student t-test or Mann-Whitney U test for continuous variables and from the Chi-square test
698 for categorical variables and are displayed as means (SD), medians (IQR), or percentages (%). PAEE = Physical
699 activity energy expenditure

700



Table 2. Associations of the measures of cardiorespiratory fitness, body fat percentage, physical activity, and sedentary behaviour with fasting glycaemia

and insulin resistance in children

Fasting plasma glucose
(mmol/L)

Fasting serum insulin (mU/L)

HOMA-IR

Cardiorespiratory fitness and body fat content (N=452)

Maximal power output (W/kg of lean body mass®*3)
Maximal power output (W/kg of lean body mass?)
Maximal power output (W/kg of body weight®4%)
Maximal power output (W/kg of body weight?)
Body fat percentage (%)

Physical activity and sedentary time (N=388)
Moderate to vigorous physical activity (min/d)
Sedentary time (min/d)

Physical activity energy expenditure (kJ/body mass/d)

0.065 (-0.031 to 0.161)
0.074 (-0.02 to 0.168)
0.059 (-0.047 to 0.166)
-0.015 (-0.108 t0 0.078)
0.083 (-0.010-0.176)

-0.023 (-0.126 t0 0.081)
0.099 (0.000 to 0.197)
-0.060 (-0.159 to 0.040)

-0.079 (-0.172 to 0.015)
-0.063 (-0.158 to 0.031)
-0.119 (-0.221 to -0.014)*
-0.289 (-0.377 t0 -0.200)***
0.409 (0.325 to 0.494)***

-0.261 (-0.356 to -0.165)***
0.272 (0.181 to 0.363)***
-0.269 (-0.360 to -0.178)***

-0.065 (-0.161 to 0.030)
-0.050 (-0.144 to 0.045)
-0.105 (-0.210 to 0.001)
-0.269 (-0.359 to -0.180)***
0.390 (0.304 to 0.475)***

-0.249 (-0.345 to -0.153)***
0.271 (0.176 to 0.369)***
-0.260 (-0.351 to -0.169)***

Data are standardised regression coefficient and their 95% confidence intervals from multivariate linear regression analyses adjusted for age and
sex.*p<0.05; **p<0.01; ***p<0.001. HOMA-IR = Homeostatic model assessment for insulin resistance



