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Abstract

Children and adolescents with type 1 diabetes can have impaired body composition. The aim of this study was to assess and
compare body composition and phase angle, a cellular health indicator, in young patients with diabetes and healthy peers
using a dual-frequency bioelectrical impedance analysis. Moreover, the influence of physical activity, glycemic control,
disease duration, insulin dose, and delivery mode on body composition were explored. This was a prospective case—control
study conducted on 46 patients with diabetes and 92 healthy subjects matched on the basis of pubertal status. BIA-ACC®
analyzer, a dual-frequency device, was used to perform bioelectrical impedance analysis, and fat mass index and percentages
of fat mass, free fat mass, total water content, extracellular and intracellular water, as well as basal metabolic rate and phase
angle, were assessed; in patients with diabetes, information about disease duration, glycated hemoglobin, time in range, time
above range, time below range, total daily insulin dose, and insulin delivery mode were collected. Patients with diabetes
showed lower phase angle than controls, and the median phase angle of patients with diabetes that practiced extracurricular
physical activity was comparable to healthy subjects. No other body composition parameters differed between cases and
controls. Longer disease duration and higher daily insulin dose were both correlated with higher basal metabolic rate and
higher phase angle.

Conclusion Children and adolescents with good management of type 1 diabetes showed comparable body composition meas-
urements but a lower phase angle to their healthy peers. Patients with diabetes practicing extracurricular physical activity
had phase angle values comparable to healthy subjects.
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Abbreviations CGM  Continuous glucose monitoring
AHCL  Advanced hybrid closed loop ECW  Extracellular water

BIA Bioelectrical impedance analysis FGM  Flash glucose monitoring

BMI Body mass index FFM Fat free mass

BMR  Basal metabolic rate FM Fat mass

FMI Fat mass index
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HbAlc Glycated hemoglobin

HPA Hypothalamic—pituitary—adrenal
ICwW Intracellular water

MDI Multiple daily injections

PA° Phase angle

TAR Time above range
TBR Time below range
TBW  Total body water

TIR Time in range
T1D Type 1 diabetes

Introduction

Assessing and maintaining optimal body composition is
of particular importance in people suffering from type 1
diabetes (T1D), as higher fat and lower muscular masses
have been described in patients with diabetes [1-3].

Bioelectrical impedance analysis (BIA) is a widely used
method to estimate body composition, as it is non-inva-
sive, safe, cost-effective, and rapid, and can be performed
by operators after minimal training [4]. Its functioning is
based on different conductivity, permittivity, and resistiv-
ity properties of each body compartment, estimated by
applying alternating low-voltage electrical current to the
body [5]. Advanced BIA devices can precisely estimate
muscle, bone, extracellular tissue, and energy balance
[6]. BIA has been previously used in both healthy and ill
children to assess the impact of various diseases on body
composition, hydration status, and also on cellular health,
through the assessment of phase angle (PA°) [7]. PA° rep-
resents the relationship between resistance and reactance
in body tissues and provides information about cellular
performance and body water distribution between extracel-
lular and intracellular spaces, with low values suggesting
altered integrity and permeability of cell membranes [8].

The literature offers few studies assessing body compo-
sition with BIA in pediatric patients with diabetes, which
have been performed at diabetes onset [9] or in patients
not using diabetes technology [10]. Consequently, such
investigations should be extended to patients with differ-
ent disease durations and using advanced technologies to
monitor the disease, such as continuous glucose monitor-
ing (CGM) or flash glucose monitoring (FGM), and pumps
to deliver insulin.

This study employed a dual-frequency bioimpedance device
(BIA-ACC®) to accurately assess several parameters of body
composition in T1D children and adolescents compared to a
group of healthy peers. In addition, we explored the influence
of physical activity, glycemic control, disease duration, insulin
dose, and type of insulin therapy on body composition.
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Methods
Study Design and Participants

This was a prospective, case—control study. Cases were
children and adolescents with T1D referred to the Pedi-
atric Endocrinology and Diabetes Clinic of the Pediatric
Unit of our Institution between May 2024 and October
2024. The inclusion criteria for both cases and controls
were as follows: age 4 to 18 years; absence of comorbidi-
ties with an impact on body composition such as elec-
trolyte disorders, extensive skin issues, nephrotic syn-
drome, heart and liver failure, dehydration, uncontrolled
thyreopathy, uncontrolled celiac disease, hypocortisolism,
severe obesity (defined as a BMI > 99° pct according to
WHO tables for sex and age); absence of use of drugs that
can impact body composition, such as systemic corticos-
teroids, hormonal therapies, fluid therapies, or previous
chemotherapy.

Controls were prospectively recruited as the two next
children attending the Pediatric Endocrinology Clinic
of our Hospital with minor endocrine disorders such as
thyroid nodules with normal function and isolated pre-
mature pubarche, non-severe familial short stature, and
other minor conditions such as enuresis or innocent heart
murmurs. Controls were matched for pubertal status using
the Tanner scale, as it is among the main determinants of
body composition during childhood and adolescence [11].
The case—control ratio was 1:2.

Procedures and measurements

A wall-mounted stadiometer was used to measure body
height to the nearest 0.1 cm in an upright position and bare-
foot. Body weight was assessed with a digital scale with an
accuracy of 0.1 kg. Body mass index (BMI) was calculated
as weight (kg)/height (m)2. BMI z-scores were calculated
using PediTools Electronic Growth Chart Calculators based
on Centres for Disease Control growth charts. The pubertal
status was assessed using the Tanner scale.

In the T1D group, glucose profiles referred to the two
weeks before BIA measurement were obtained from CGM
or FGM. The reports included: time in range (TIR%), time
above range (TAR%), and time below range (TBR%). Gly-
cated hemoglobin (HbA1c%) was measured by DCA Van-
tage® Analyzer Siemens as part of the routine evaluation.
Insulin delivery method (multiple daily injections—MDI;
insulin pump: tubeless insulin pump or advanced hybrid
closed loop—AHCL) was recorded, and total daily insu-
lin dose was estimated on the basis of the average daily
insulin requirement.
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All participants were interviewed and asked whether
they practiced any extracurricular physical activity; if so,
they were classified in the “active lifestyle” group. No
validated questionnaires were used to characterize physi-
cal activity.

BIA was performed using BIA-ACC® analyzer (Biotekna
s.r.l., Marcon, Venice), a dual-frequency device that uses
a high (50 kHz) and a low (1.5 kHz) frequency [12]. The
measurements were carried out in a standard clinical setting
during outpatient visits, and fasting was not required; par-
ticipants did not practice any physical activity in the previ-
ous 2 h. Patients were in a supine position with legs slightly
spread and arms not touching the body, on a non-electricity-
conducting surface. Disposable electrodes (BioTekna) were
used; for the upper extremities, electrodes were placed on
the right hand, one on the metacarpal and one on the wrist
areas, and for the lower extremities, electrodes were placed
on the right foot, one on the metatarsal and one on the ankle
areas.

The results were transferred and analyzed by specialized
software (BioTekna Plus), and the specific parameters were
assessed by the software using algorithms and validated with
reference standards.

The BIA variables analyzed were fat mass percent-
age (FM%), fat-free mass percentage (FFM%), total body
water percentage (TBW%), extracellular water percentage
(ECW%), intracellular water percentage (ICW %), and basal
metabolic rate (BMR, kg/day). Moreover, BIA allows also
the estimation of phase angle degree (PA°) derived from
conditions under 50 kHz according to the following formula:
phase angle 50 = arctangent (reactance at 50 kHz/resistance
at 50 kHz) [13]. Fat mass index (FMI) was calculated as fat
mass (kg)/height (m).

Statistical analysis

A formal sample size calculation could not be performed
a priori due to the lack of preliminary information that
would serve as a basis for the calculation. Thus, the study
included a convenient sample with a 1:2 case:control ratio,
where the cases were all eligible subjects (children and ado-
lescents with T1D) who were referred to our unit during
the study period. Data were summarized as frequency and
percentage (categorical data) or median and interquartile
range (numerical data). Comparisons between groups were
performed using Mann—Whitney test, Kruskal-Wallis test,
and Chi-Square test. In the comparison of BIA parameters
between cases and controls, the effect sizes were reported
as median difference with 95% confidence interval. Cor-
relations between numerical variables were assessed using
Spearman rank correlation coefficient. Subgroup analy-
ses by age categories (4—10 years, 11-18 years) were also
carried out given the broad age range spanning different

Table 1 Baseline characteristics in patients with T1D and controls
matched for Tanner stage

Variable Patients with T1D (n=46) Controls (n=92) P-value
Tanner stage
16 (35%) 32 (35%)
2 2 (4%) 4 (4%)
3 4 (9%) 8 (9%)
4 7 (15%) 14 (15%)
5 17 37%) 34 (37%)
Females 22 (48%) 49 (53%) 0.67
Age, years 13.7 (10.7; 15.1) 129 (9.7;154)  0.77

TID type 1 diabetes. Data summarized as n (%) or median (IQR).
Tanner stage was not compared between cases and controls because
they were matched for this variable during the participant selection

Table 2 Weight, height, BMI, BMI z-score, active lifestyle in patients
with T1D and controls

Variable Patients with T1D Controls (n=92) P-value
(n=46)

Weight, kg 48.7 (33.8;59.0) 49.8 (31.3;65.2) 0.63

Height, cm 155.0 (139.5; 166.8) 153.5 (134.9; 166.2) 0.97

BMI, kg/m? 19.3 (17.4; 21.6) 19.4 (16.3; 23.8) 0.59

BMI z-score 0.2 (-0.3;0.8) 03(-0.3;1.2) 0.74

Active lifestyle 21 (46%) 52/88 (59%) 0.19

BMI body mass index; 71D type 1 diabetes. Data summarized as n
(%) or median (IQR)

developmental stages. Adjustment for multiple testing was
not applied given the exploratory (rather than confirmatory)
nature of the study. All tests were two-sided, and a p-value
less than 0.05 was considered significant. Statistical analy-
sis was performed using R 4.4 (R Foundation for Statistical
Computing, Vienna, Austria) [14].

Results
Baseline participant characteristics

The analysis included 46 cases and 92 controls. Age and sex
were comparable between patients and controls (Table 1).

Cases and controls had comparable weight (p =0.63),
height (p =0.97), BMI (p =0.59), and BMI z-score
(p=0.74), as well as prevalence of active lifestyle (p =0.19)
(Table 2).

Among patients with T1D, the median level of HbA1c%
was 7.5 (IQR 6.9; 8.0), and the mean level of HbAlc% was
7.7 (standard deviation 1.2). The median activity time of
the sensors used to monitor blood glucose levels was 97.2%.
Data from glucose sensors showed a median TIR% of 61%
(IQR 46.2; 71.0). Half of our patients used MDI (n =23,
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Table 3 Information on patients with T1D

Variable Patients with T1D (n=46)

48.0 (14.5; 82.5)
7.5 (6.9; 8.0)

97.2 (93.9; 98.6)
61.0 (46.2; 71.0)
32.0 (25.2; 48.7)

Disease duration, months
HbAlc, %

CGM/FGM activity time, %
TIR last 2 weeks, %

TAR last 2 weeks, %

TBR last 2 weeks, % 2.0(1.0;4.4)
Total daily insulin dose, U/kg/die 0.6 (0.4;0.7)
Insulin delivery method: 23 (50%)
MDI 10 (22%)
Tubeless insulin pump 13 (28%)
AHCL

AHCL advanced hybrid closed loop; CGM continuous glucose moni-
toring; FGM flash glucose monitoring; HbAlc glycated hemoglobin;
MDI, multiple daily injections; TAR time above range; TBR time
below range; TBW total body water; TIR time in range; T1D type 1
diabetes. Data summarized as n (%) or median (IQR)

50%), whereas the other half used insulin pump (tubeless
insulin pump n=10, 22%; AHCL n=13, 28%).
Further details about the cases are reported in Table 3.

BIA analysis results

The comparison of BIA parameters between cases and con-
trols is summarized in Table 4. PA° was lower in patients
with T1D than in controls (p =0.02), while the other BIA
data were not statistically different between cases and con-
trols (Table 4). The comparison of BIA parameters between
cases and controls within children aged 4-10 years and
children aged 11-18 years is reported in Supplementary
Tables 1 and 2. The sample size reduction prevented finding
any statistically significant differences, but the confidence
intervals may provide useful information for the reader.

Median PA° was 1.2 (IQR 1.0-1.6) in sedentary cases,
1.8 (IQR 1.4-2.1) in active cases, 1.8 (IQR 1.3-2.5) in sed-
entary controls, and 1.9 (IQR 1.4-2.2) in active controls
(p=0.02, Fig. 1).

Among cases, an active lifestyle was associated with higher
PA° (median 1.8; IQR 1.4-2.1) compared to sedentary habits

Table 4 BIA parameters in

BIA data Patients with T1D (n=46) Controls (n=92) P-value Median difference
cases and controls (95% confidence
interval)
FM% 19.0 (14.2; 27.0) 19.0 (9.0; 31.0) 0.96 0.0 (-5.0t0 4.5)
FFM% 81.0 (73.0; 85.7) 81.0 (69.0; 91.0) 0.96 0.0(—4.5t05.5)
FMI, kg/m? 3.8(2.5;5.7) 3.6(1.4;7.3) 0.96 02(-12t01.1)
TBW% 52.0 (44.2; 59.0) 51.5 (44.7; 60.2) 0.91 0.5(-5.5t05.0)
ECW% 46.0 (44.0; 49.0) 46.0 (42.0; 49.0) 0.43 0.0 (-1.0to 1.0)
ICW% 54.0 (51.0; 56.0) 54.0 (51.0; 58.0) 0.43 0.0 (-1.0to 1.0)
BMR, kcal/day  1200.5 (999.5; 1300.0) 1196.0 (966.0; 1357.0)  0.55 3.5(—116.0to 98.0)
PA° 1.4 (1.0, 2.0) 1.9 (1.4;2.3) 0.02 —-0.5(-0.7t0—-0.1)

BIA bioelectrical impedance analysis; BMR basal metabolic rate; ECW extracellular water; FFM fat free
mass; FM fat mass; FMI fat mass index; /ICW intracellular water; PA° phase angle; TBW total body water;
T1D type 1 diabetes. Data summarized as median (IQR)
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Fig.2 Correlation between BIA r=0.39, p=0.007 r=0.54, p=0.0001
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(median 1.2; IQR 1.0-1.6) (»p=0.04), while no significant
associations were found with the other BIA variables (Sup-
plementary Table 3).

Longer disease duration was correlated with higher BMR
(r=0.39, p=0.007) and PA° (r=0.54, p=0.00019) (Fig. 2,
Supplementary Table 4). Higher total daily insulin dose was
correlated with higher BMR (r=0.30, p=0.04) and PA°
(r=0.30, p=0.04) (Fig. 2, Supplementary Table 4).

The subgroup analyses by age categories suggested that the
relationships between disease duration and BMR, between disease
duration and PA®, and between total daily insulin dose and PA°
may be different within children aged 4-10 years and children aged
11-18 years, but the limited sample size of the subgroups pre-
vented drawing definitive conclusions (Supplementary Figs. 1-4).

Older age was correlated with longer disease duration
(r=0.58, p<0.0001) and higher total daily insulin dose
(r=0.39, p=0.007).

Insulin delivery method (MDI, tubeless insulin
pump, or AHCL) was not associated with BIA variables
(Supplementary Table 5).

10 12 14

02 04

06 08 10 12 14

Total daily insulin dose, U/kg

Discussion

The most important finding of the present study is the
lower PA°, a BIA-derived parameter [8], in children with
T1D compared to control subjects. PA° is an indicator
of cellular performance, and its reduction suggests the
occurrence of cellular stress in the diabetic population. By
contrast, FM%, FFM%, FMI, TBW %, ICW %, and ECW %
were comparable between patients and controls.

Beyond common body composition measurements, the
present study employed BIA-ACC®, which is a dual-fre-
quency bioelectrical impedance analysis device that can
provide insights on cellular health by evaluating PA° and
the energy expenditure through the assessment of basal
metabolic rate (BMR). PA° is a direct measure of the
electric properties of body tissues [15]. Oxidative stress
and inflammation can cause cellular injuries, affecting
cell structure and integrity and consequently causing an
altered cellular water content distribution. Deranged fluid
distribution can be efficiently detected by PA° variations,
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and as a consequence, PA° can be used as an early indica-
tor of cellular health [16].

Assessment of PA° may represent a useful tool to iden-
tify patients that are at an increased risk of deranged body
composition, as it was the only detectable BIA abnormality
in our cohort of children with T1D and as it was better in
those with an active lifestyle.

The hypothalamic—pituitary—adrenal (HPA) axis is related
to cortisol release; a flattened or reversed circadian corti-
sol curve can be observed in patients exposed to chronic
stress and inflammation, and derangement of the circadian
cortisol curve can be associated with poor cellular function
and altered fluid distribution. As PA° measures altered fluid
distribution, studies suggest that it can be also considered an
index of the HPA axis [13]. Therefore, we can speculate that
in T1D, chronic low-grade inflammation appears early in
the disease and is persistent over time [17, 18]. In addition,
patients with diabetes are more exposed to psychological
stress due to the demanding daily management of the disease
[19, 20]. We hypothesized that our patients, despite showing
acceptable glycemic control, still suffered from the effects
of chronic inflammation and increased stress levels, poten-
tially causing alterations in the HPA axis and contributing
to reduced PA°.

Low PA° values have been already described in many
pathological conditions in adults [21, 22] and children [23],
and PA° has also been analyzed as a prognostic factor in a
recent review suggesting an association between lower PA°
and poor outcomes in hospitalized children [24].

Previous studies have already reported lower PA° in pedi-
atric patients with T1D compared to peers at diabetes onset
[9] and later on during the disease course [10]. In the same
study, patients with diabetes showed higher FMI compared
to controls, while this finding was not observed in our data.
Of note, some relevant differences in terms of settings and
patient characteristics should be underlined, as the previous
study was conducted in Uganda (where there is a high bur-
den of malnutrition and infectious diseases) and all patients
were on insulin therapy using MDI or Mixtard without
access to advanced devices to deliver insulin. All partici-
pants used sensors (CGM or FGM) with a high percentage
of sensor usage time, ensuring the reliability of the data, and
spent very low time in hypoglycemia and acceptable time
in hyperglycemia [25]. Although the median TIR was 61%,
not optimal according to the present recommendation for the
pediatric population, our patients were characterized by gen-
erally satisfactory glycemic control consistent with the Ital-
ian pediatric diabetic population, therefore representative of
a real-world population of pediatric patients with T1D [26].

It should be also be considered that the good TIR and the
low TBR in our patients were also obtained thanks to the
use of advanced devices to deliver insulin (tubeless insulin
pumps or AHCL). Additionally, approximately half of our

@ Springer

patients declared that they regularly practiced extracurricular
sports.

PA° has been shown to be higher in individuals practicing
regular sports [27, 28], and regular physical activity induces
adaptation of the HPA axis to stress [29].

In our patients with diabetes, PA° significantly differed
based on an active or non-active lifestyle, and patients with
diabetes engaging in regular extracurricular physical activ-
ity showed PA° values comparable to those of the control
group, probably due to better stress adaptation. The benefits
of an active lifestyle on body composition in young patients
affected by T1D have been recently confirmed in a study that
showed lowering body fat in those practicing physical activ-
ity [30]. However, our data did not show further differences
in other BIA parameters according to an active lifestyle, sug-
gesting that PA° may be a more sensitive parameter when
studying cellular well-being.

Our patients showed no significant differences in BMI or
BMI z-score compared to controls, despite previous studies
reporting an increased prevalence of overweight and obesity
in children and adolescents with T1D [31-33].

BMR, the energy required to sustain vital functions [34],
was comparable between the two groups, showing a bal-
anced energy expenditure in patients with diabetes, unlike
in cases of uncontrolled disease [35]. No other correlations
were found between body composition and glycemic control
parameters (HbA1lc%, TIR%, TAR%, and TBR%) (Supple-
mentary Table 4) or insulin delivery method (Supplementary
Table 5).

Higher PA° and BMR were correlated, in the present
study, to longer disease duration and higher daily insu-
lin dose, but it should be noted that PA° physiologically
increases with age in the first two decades of life, with a
marked increment after puberty [36], and so does energy
expenditure [37]. It is intuitive that disease duration is
directly related to the age of the patients. Moreover, age
and pubertal status are fundamental determinants of insulin
requirements [38, 39]. Unfortunately, due to the strict cor-
relation of older age to longer disease duration and higher
total daily insulin dose in our sample, we were unable to
determine if PA° and BMR increased with disease dura-
tion and insulin requirement as a sole consequence of the
increased age. Higher PA° values could also be the con-
sequence of better glycemic control reached after the start
of insulin therapy, which is expected to improve as time
passes from disease onset. Indeed, a previous study reported
adecrease in PA° at T1D onset, followed by an improvement
some months later [9].

Elevated BMR in people suffering from diabetes has
been described, and some causes have been hypothesized,
including impaired mitochondrial function and poor glyce-
mic control with consequent glucosuria and gluconeogen-
esis [35, 40]. A higher daily insulin dose can be necessary
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due to increased food intake, and it can be responsible for
an increase in BMR itself [41].

To our knowledge, this is the first study using BIA-
ACC® to assess and compare body composition in chil-
dren and adolescents with T1D and healthy peers. Moreo-
ver, our findings suggest that an active lifestyle can help
children and adolescents with T1D increase PA° to level
their healthy peers. The strengths of this study include the
prospective design and the inclusion of cases and controls
who were matched for pubertal status. However, our study
had also some limitations that should be noted. The limited
sample size did not allow us to fully explore if increasing
age might have influenced the relationship between BMR,
PA°, disease duration, and daily insulin dose. The analy-
sis did not include any adjustments for multiple testing
because of the exploratory purpose of the study; nonethe-
less, we acknowledge that multiple testing inflates type I
error, hence our findings should be interpreted with cau-
tion and require confirmation in further investigations. No
validated questionnaires were used to characterize physi-
cal activity. Moreover, the generalizability of the findings
should be limited to similar subjects and settings. To our
knowledge, there are no validation studies in the litera-
ture providing reference ranges for BIA-ACC in pediat-
ric populations. However, the device can be also used in
this population, with the same equations as adults for the
percentage values analyzed in our study (FM%, FFM%,
TBW%, ECW%, ICW%), for PA° and BMR. As a conse-
quence, is not yet possible to determine if the differences
found between cases and controls in our study are clinically
meaningful, although plausible; the issue will be tested in
future follow-up studies. Further studies may investigate
the potential role of age in the relationship between BMR,
PA°, disease duration, and daily insulin dose, and the
impact of different physical activities on PA° levels.

Conclusion

Children and adolescents with good management of T1D
showed comparable body composition measurements but
a lower phase angle to their healthy peers. Patients with
T1D practicing extracurricular physical activity had PA°
values comparable to healthy subjects, demonstrating the
importance of an active lifestyle in those patients and sug-
gesting impaired cellular function in those with sedentary
habits. To implement the follow-up evaluation of children
affected by T1D with BIA measures will allow detection
of PA° abnormalities that will alert clinicians to possible
body composition alterations at an early stage, allowing
particular efforts both to ensure optimal glycaemic control
and to encourage physical activity.
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