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Abstract: Background/Objectives: Some individuals with obesity may exhibit fewer metabolic disturbances
and face a lower long-term risk of complications. However, the existence of this so-called "metabolically
healthy obesity” (MHO) compared to "metabolically unhealthy obesity" (MUO) remains a topic of debate. The
aim of this study was to comparatively assess glucose metabolism and insulin sensitivity markers between
children and adolescents diagnosed with MHO and MUO. Methods: This study recruited prospectively 104
children and adolescents (aged 6-16 years, 47 boys) with obesity. All participants underwent an oral glucose
tolerance test (OGTT), and a comparative analysis was performed on HOMA-IR, QUICK]I, insulin sensitivity
index (ISI), insulinogenic index (IGI), disposition index (DI), and oral disposition index (oDI). Glucose
metabolism indices were compared in subgroups according to pubertal status. Results: Forty-seven children
(45.2%) were diagnosed with MHO. The whole-body ISI differed significantly between MHO and MUO groups
(4.02 vs. 2.7,p<0.01). The IGI was statistically lower in the MHO group compared to MUO (1.26 vs. 1.54,p<0.01),
while neither the DI nor the oDI differed significantly between the two groups. A significantly higher ISI (4.5
vs. 3.9,p<0.01) was observed in prepubertal MHO individuals compared to MHO adolescents. Conclusions:
Nearly half of the children with obesity were classified as having MHO. However, insulin sensitivity and
glucose metabolism markers indicated that these children do not exhibit a much better glycemic control overall
compared to their MUO peers, suggesting that MHO patients could be at increased risk of developing obesity-
related complications compared to their normal-weight counterparts.
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1. Introduction

Childhood obesity represents one of the most prevalent and complex chronic diseases, with
serious short- and long-term morbidities and an increased risk of early mortality [1]. Among the wide
range of obesity-related morbidities, cardiovascular disease, type 2 diabetes, dyslipidemia, fatty liver
disease, and depression are well-established consequences, with prevalence increasing with age [1,2].

Obesity demonstrates significant heterogenicity, and it has been recognized that a subset of
individuals with obesity do not exhibit the aforementioned cardiometabolic sequelae [3,4]. This
phenotype is referred to as "metabolically healthy obesity (MHO)", and in contrast to individuals
with "metabolically unhealthy obesity (MUQ)", the metabolic profile is more favorable, characterized
by normal blood pressure, lipids, and glucose metabolism.

MHO has been described since the 1980s and is generally defined in adults as the absence of
components of the metabolic syndrome [5]. A universal definition of MHO in the pediatric
population has yet to be established. It has been suggested that since the metabolic syndrome is not
clearly defined in children, childhood obesity should be classified as MHO or MUO based on the
absence or the presence of a cluster of cardiometabolic risk factors, respectively [4-6]. A considerable
variation is observed in the reported prevalence of MHO among youth with obesity [3]. In addition
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to heterogeneity in the criteria used to define MHO amongst studies, a discrepancy in the definition
of obesity and differences in study population characteristics are responsible for the wide variation
in rates of MHO [3,4,7].

The MHO phenotype has been associated with gender, with an increased prevalence in females,
possibly due to hormonal or lifestyle differences with males [3,7]. In addition, pubertal status has
been shown to affect the occurrence of cardiometabolic disorders in obese children. Physiological
changes, including increased insulin resistance during puberty, are potentially responsible for the
decreased incidence of MHO in adolescents compared to younger children [4,8]. Few studies have
examined the clinical and laboratory profile of children with MUO compared to those with MHO,
while no study to date has compared glucose metabolism indices derived from the oral glucose
tolerance test (OGTT) in these two groups of children and adolescents with obesity. We hypothesized
that children with MHO should have less impaired indices of glucose metabolism compared to
children with MUO.

The objective of this study was to compare markers of glucose metabolism and insulin sensitivity
between children and adolescents diagnosed with MHO and MUO.

2. Materials and Methods

The registry of all children and adolescents aged 6-16 years who attended the Pediatric Obesity
Outpatient Clinic of the University Hospital of Ioannina between January and December 2023 was
reviewed to assess eligibility for inclusion in the study. Exclusion criteria included chronic conditions
not associated with obesity, recent acute illness or medication, and recent significant (>10%)
alterations in body weight.

The study protocol was reviewed and approved by the Institutional Scientific Review Board at
Ioannina University Hospital. The parents of all participants were informed and provided consent.

Definition of MHO

Children and adolescents included in the current study were classified as having MHO or MUO
in accordance with the criteria proposed by Abiri et al. in 2023. Based on the consensus, individuals
characterized as having MHO should fulfill all of the following criteria: triglycerides (TGs) <150
mg/dl, high-density lipoprotein cholesterol (HDL-C) >40 mg/dl, systolic BP (SBP) and diastolic BP
(DBP) <90th percentile, fasting glucose (FG) <100mg/dl. Conversely, children and adolescents were
classified as having MUO if at least one criterion was not met [3].

Anthropometric and Clinical assessment

An appointment was scheduled for all individuals eligible for inclusion in the study. A single
Pediatric Endocrinologist conducted all anthropometric measurements and clinical evaluations
(A.S.).

Height and body weight were measured, with the participants wearing no shoes and only light
clothing for the measurements. A digital medical scale was used to measure weight to the closest
0.1kg. A wall-mounted stadiometer was used to measure height to 0.1 cm accurately. Body mass
index (BMI) was calculated as the ratio of body weight (kg) to the square of height (m?) and plotted
on the WHO curves for BMI for age and sex. Values greater than +2 standard deviations (SD) defined
obesity [9].

For each participant, blood pressure was measured three times from the left arm with a mercury
sphygmomanometer after a 15-minute period of rest in a sitting position, and the lowest value was
recorded. Z-scores were calculated for both SBP and DBP [10]. Tanner staging was used to assess
pubertal development [11,12].

Biochemical assessment

All participants were required to fast overnight for at least 8 hours before blood sampling.
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Biochemical parameters were calculated for all participants using the Siemens Advia 1650
Clinical Chemistry System (Siemens Medical Solutions, Erlangen, Germany). HDL-C and TGs were
measured. Fasting glucose and fasting insulin were measured, and the Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR) index and Quantitative Insulin Sensitivity Check Index
(QUICKI)were calculated. Specifically, the HOMA-IR index was calculated as the product of the FG
and insulin concentrations (in mg/dl and mIU/mL, respectively) divided by 405 and the QUICKI by
the following formula 1/[log(fasting insulin in uU/mL) +log (FPG in mg/dL)] [13,14].

An oral glucose tolerance test (OGTT) was performed on all participants, with the
administration of 1.75 g/kg glucose, with a maximum dose of 75 g. Blood samples were obtained at
baseline, 30, 60, 90, and 120 minutes to measure insulin and glucose. Matsuda insulin sensitivity index
(ISI) was calculated using the following formula: 10000/square root of [(fasting plasma glucosex
fasting plasma insulin)x(mean plasma glucose xmean plasma insulin during OGTT)]. The
insulinogenic index (IGI) was calculated as the ratio of (fasting insulin-insulin at 30 minutes)/(fasting
glucose-glucose at 30 minutes). The disposition index (DI) and oral disposition index (oDI) were
calculated using the formulae ISI x IGI and IGI/fasting insulin, respectively [15-17].

3. Statistical Analysis

The comparisons between the study groups of patients with obesity and the control group and
the subgroups were made respectively either by the t-test and analysis of variance (ANOVA) or with
Mann Whitney U—test and Kruskal Wallis after examination of parameters for normal or not normal
distribution. The Benjamini-Hochberg procedure to adjust for the multiple comparisons was also
used. A p<0.05 was considered significant, while values are expressed as mean value + standard
deviation (SD) or as median and interquartile range (IR). A sample size of 100 children was found to
be appropriate to demonstrate a 20% difference in the variables under examination with an above
80% power at the level of 0.05 that was set in the present study [18]. The Stat View software
application of SAS Institute Incorporation (Cary, USA) was used.

4. Results

The medical records of 118 children and adolescents potentially eligible for inclusion in the study
were retrieved from the registry of the Pediatric Obesity Outpatient Clinic of the University Hospital
of Ioannina over a 1-year period. In accordance with the exclusion criteria, 4 youths were excluded
from the study, while an additional 10 were not included due to parental refusal to participate.

Of the 104 youths included in the study, 47 (45.2%) were identified as having MHO, while 57
(54.8%) were diagnosed with MUO (Table 1). No statistically significant difference was observed with
regard to age, sex, BMI, and pubertal development between the two groups. Regarding the
parameters used to discriminate between MHO and MUQ, significant differences were found
between the two groups of participants. Specifically, the value of TG was significantly lower and
HDL-C significantly higher in the MHO compared to the MUO group (91426 vs.108+40and 49.8+8.1
vs. 40.449.2, respectively). Blood pressure measurements, both SBP and DBP, were lower in the MHO
group. There was no significant difference in FG levels between the two groups.

Table 1. Comparison of population characteristics and mean values of parameters used for
discrimination of metabolically healthy obesity (MHO) and metabolically unhealthy obesity (MUO).

Parameters MHO (n=47) MUO(n=57)
Sex, female 26 31
Age, years 11+2.8 11.5+2.7
Prepubertal/pubertal 22/27 21/36
BMI, z-score 4.1+1.7 4.2+1.7
HDL-C, mg/dl 49.848.1 40.449.2
TG, mg/dl 91+26 10840

SBP, z-score 0.87+0.6 1.8+0.7

d0i:10.20944/preprints202412.1374.v1
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DBP, z-score 0.58+0.55 1.02+0.89
FG, mg/dl 86.9+7 87.4+9
BMI: Body mass index; HDL-C: high-density lipoprotein cholesterol; TG: triglycerides; SBP: systolic blood

pressure; DBP: diastolic blood pressure; FG: fasting glucose.

Fasting insulin and insulin sensitivity indices, HOMA-IR and QUICKI, were not significantly
different between youths identified as having MHO and MUO (2.65+1.7 vs. 3.23+3.4 and 0.32+0.05 vs.
0.33£0.02, respectively) (Table 2).

The OGTT results were used to assess indices of glucose metabolism in both groups (Table 2).
The Matsuda Index (ISI) was significantly higher in the MHO group, 4.02, compared to 2.7 in the
MUO group (p<0.01), demonstrating greater whole-body insulin sensitivity in individuals with
MHO. Furthermore, insulin resistance was demonstrated to be lower in the MHO population by
significantly lower values of the insulinogenic index (1.26 vs. 1.54, p<0.01). However, DI and oD],
although not significantly different between the two groups of obese youths, were lower in the MHO
group. Since these indices correlate with the body's response to glucose, with higher values indicating
more efficient pancreatic beta cell function, these findings suggest that beta cell function and glycemic
control are also affected in children with MHO.

Table 2. Indices of glucose metabolism in obese youths with metabolically healthy obesity (MHO) or
metabolically unhealthy obesity (MUO).

Parameters MHO (n=47) MUO(n=57)
Glucose 120 110+21 113+18
Insulin 120 56+44* 81+65
Insulinogenic index 1.26 (0.66,1.8)* 1.54(1.0, 2.4)
Disposition index 3.8(2.8,6.2) 3.56 (2.6,7.1)
Oral Disposition index 0.13 (0.07,0.18) 0.11 (0.07,0.21)
Insulin sensitivity index 4.02 (2.4,5.3)** 2.7 (1.9,3.4)
HOMA-IR 2.65+1.7 3.23+34
QUICKI 0.32+0.05 0.33+0.02
Weight/height 0.88+01 0.90+0.06
Torso/height 0.51+0.03 0.52+0.04

HOMA-IR: Homeostasis Model Assessment of Insulin Resistance; QUICKI: Quantitative Insulin Sensitivity
Check Index. *, ** p<0.01, 0.05 denotes the statistical significance between MHO vs. MUO groups.

Furthermore, the study population was divided according to pubertal status, and glucose
metabolism indices were compared in prepubertal and pubertal individuals classified as having
MHO and MUO (Table 3). As anticipated, insulin 120 was higher in adolescents compared to younger
children. In adolescents, insulin 120 and IGI were significantly lower in the MHO group compared
to the MUO group (62+51 vs. 88+77 and 1.33 vs. 1.7, respectively). However, no significant difference
in the above indices or the HOMA-IR and QUICKI indices was observed according to pubertal status.
The Matsuda index was significantly higher in the MHO group than in the MUO group in both
prepubertal and pubertal subjects. Younger children classified as having MHO showed higher
insulin sensitivity compared to adolescents with MHO, as indicated by a significantly higher
Matsuda index (4.5 vs. 3.9,p<0.01).

Table 3. Indices of glucose metabolism in obese youths with metabolically healthy obesity (MHO) or
metabolically unhealthy obesity (MUO) categorized by pubertal status: prepubertal vs pubertal.

Prepuberty Puberty
Parameters MHO MUO MHO MUO
Patients 21 20 26 37
Age, years 8.5+2 9.1£2 129+1.7 129 +1.9

Glucose 120 111+22 119+14 108+21 110+19
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Insulin 120 49+34 69+33 62451 8877+
Insulinogenic index 1.01 (0.651.5) 145(0.6,22) 133 (0.6,1.6) 1.7 (1125
Dispositionindex 3.7 (2.8,628) 34 (1551) 3.9 (2.6,54) 41(3,6)
| Disoositi
Ora i;fg’(smon 0.09 (0.07,0.15) 0.11(0.05,0.18) 0.11 (0.07,0.15) 0.11 (0.09,0.17)
Insulinsensitivity o) g5 gy 24(1828)  392142°  28(213.6)
index
HOMA-IR 24414 2.7+0.8 2.9+2 3.7+4.5
QUICKI 0.34+0.3 0.3320.1 0.3240.1 0.33£0.1
Weight/height 0.92+01° 0.94+0.05 0.86:02 0.890.05
Torso/height 0.53+0.02 0.540.027 0.53+0.05 0.51:0.02

HOMA-IR: Homeostasis Model Assessment of Insulin Resistance; QUICKI: Quantitative Insulin Sensitivity
Check Index obesity. *, ** p<0.01, 0.05 denotes the statistical significance within each pubertal group between
MHO vs MUO 2" p<0.01, 0.05 denotes the statistical significance between prepubertal and pubertal respective
subgroups.

5. Discussion

The aim of this study was to compare the glucose metabolism and insulin sensitivity markers
between children and adolescents classified as having MHO and MUO. Our findings indicate the
already described presence of distinct metabolic profiles between the study groups. However, both
groups exhibited shared metabolic abnormalities.

A universal definition of MHO in the pediatric population has yet to be established. The first
scoping review to propose a universal definition of MHO in children and adolescents was conducted
in 2018 by Damanhoury et al. A consensus-based definition of MHO was developed through a Delphi
process; however, the consensus was not reached on all parameters, namely, the measurement of
glucose and the inclusion of insulin as a criterion of glucose metabolism [7]. More recently, Abiri et
al. also conducted a Delphi process using a panel of experts to develop a consensus-based definition
of MHO in the pediatric population [3]. Both consensus groups suggested that weight status should
be assessed by WHO BMI-for-age curves and proposed the following criteria to define MHO: high-
density lipoprotein cholesterol (HDL-C) >40 mg/d], triglycerides (TGs) <150 mg/dl, systolic BP (SBP)
and diastolic BP (DBP) <90th percentile [3,7]. In addition, Ariti et al. included fasting glucose (FG)
<100mg/dl in the criteria and the measurement of insulin; however, a consensus was not reached
regarding the assessment method for the latter [3].

In this cross-sectional study of a cohort of 104 obese children and adolescents, 45.2% were
classified as having MHO and 54.8% as having MUO. Similarly, a recent study conducted in another
Mediterranean country utilizing the same diagnostic criteria reported a 49% prevalence of MHO in a
cohort of youths with obesity [19]. However, the reported prevalence of MHO varies widely between
studies due to heterogeneity in the classification criteria used and differences in the characteristics of
the study populations in terms of stage of pubertal development and ethnicity, with estimates of the
prevalence of MHO in pediatric populations with obesity ranging from 3% to as high as 85% [3].

No significant differences were observed between the two groups with regard to gender, BMI,
and pubertal status. However, adolescents were less frequently classified as having MHO than as
MUO.

Children in this study with MHO had a more favorable profile, especially regarding the Matsuda
Index, which was significantly higher in the MHO group, demonstrating greater whole-body insulin
sensitivity in individuals with MHO. A similar observation was reported by Vukovic et al. in a study
comparing children and adolescents with MHO and MUO. More specifically, the Matsuda index was
significantly higher in the MHO group (4.43 + 2.75) compared to the MUO group (2.48 + 1.61),
suggesting preserved insulin sensitivity despite obesity, in individuals with MHO [20]. The same
authors classified obese children as insulin resistant or insulin sensitive, using either HOMA or
Matsuda index values. They observed that in both classifications, children in the insulin-sensitive
group exhibited significantly healthier metabolic profiles [21]. In a more recent study, OGTT was
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performed in a cohort of youths classified as having MHO or MUO based on the HOMA index or the
presence of metabolic syndrome components, and it was concluded that ISI was the strongest
predictor of MHO in both classifications [22]. In a study comprising adults with obesity, the Matsuda
index was used among other indices to classify MHO vs. MUQ, showing that both adults with MHO
and MUO had an increased risk of cardiovascular disease, irrespective of the classification criterion
[23]. A possible explanation of such a difference in Matsuda index between subjects with MHO and
MUQO is the observation that individuals with MHO have less ectopic fat (namely visceral and liver
fat) and higher amounts of subcutaneous fat, particularly in the buttocks and legs. This fat
distribution pattern is linked to better whole-body insulin sensitivity, less inflammation, and a
healthier metabolic profile overall [24].

Moreover, the insulinogenic index was lower in the MHO group, implying high insulin
resistance in the MUO population. Insulin resistance has been recognized as a significant contributor
to the cardiometabolic consequences of obesity. On the other hand, indices such as HOMA and
QUICKI, which have been extensively used to estimate insulin resistance status and metabolic
syndrome, were similar in both groups. There are few studies that have compared these two indices
in children with MUO vs. MHO. In corroboration with our results, Nso-Roca et al., in a study of
similar design, found no differences in the HOMA index in two groups of children with obesity with
a mean age of 11 years [19]. A number of other studies, as well as an earlier study of our center, have
shown similar results [8,25]. Conversely, Genovesi et al., in a larger group of obese children with a
mean age of 12 years with either MUO or MHO, have found around 25% higher HOMA in the MUO
group [5]. Increased insulin resistance, as estimated by the HOMA index, in populations of youths
with MUO compared to those with MHO has been demonstrated in several studies [20,26,27].

The population of the current study was divided into two groups based on pubertal status, and
glucose metabolism indices were compared in prepubertal and pubertal individuals classified as
having MHO and MUO. Although not statistically significant, HOMA-IR, insulin 120, and IGI were
higher in the pubertal group compared to younger children in both subgroups, MHO and MUO. This
is in accordance with the expected appearance of the normal transient pubertal insulin resistance, as
a consequence of the hormonal and metabolic alterations that occur during this developmental period
[28]. The statistically significant difference observed in the Matsuda index, with higher values in
MHO compared to MUO youths, was maintained in both age groups, prepubertal and pubertal.
Moreover, prepubertal MHO subjects demonstrated a significantly higher Matsuda index than
pubertal MHO subjects, providing evidence of enhanced insulin sensitivity in younger individuals
with obesity.

It is important to note that an increasing body of evidence indicates that, despite the reduced
risk of complications in comparison to MUO, MHO individuals have a less favorable metabolic status
and are at an elevated risk of complications compared to those with a normal weight [3,25,29]. A
control group of normal-weight children was not included in this study. However, the metabolic
parameters of individuals with MHO demonstrated a mixed picture, either exhibiting better or
similar characteristics to those observed in MUO children.

The term MHO is used to describe the absence of cardiometabolic risk factors at a given time
point and is not indicative of a lifetime diagnosis. Indeed, while the concepts of MHO and MUO were
initially thought to represent fixed states, an increasing body of evidence suggests that these
phenotypes are dynamic, with the potential for individuals to transition back and forth between the
two over time. It has been observed that this phenomenon occurs in adult populations, but it is more
pronounced in children as they progress through the various developmental stages [4,30]. Reihner et
al. examined the transition between MHO and MUO over a one-year follow-up period in a large
cohort of obese children, with an average age of 11.6 years, and observed that MHO status was
maintained in 68% of youths; however, they reported an association between pubertal status and
status transition. In particular, they observed that adolescents at the onset of puberty were twice as
likely to switch to MUQO, and conversely, adolescents at the end of puberty were three times more
likely to switch to MHO [31]. Another large longitudinal study examined the metabolic status of
MHO children in adulthood and reported that MHO status was maintained in only 13% of them [32].
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However, the recognition of MUO is of considerable importance as it provides an opportunity to
identify individuals who would benefit the most from a more aggressive management strategy to
prevent the occurrence of metabolic complications [4,7,22].

There are some limitations to this study. Firstly, it is a single-center study, and the sample size
is relatively small. Secondly, a group of normal weight children was not included because OGTT
could not be performed without a medical reason. The strengths of this study are that the groups
were homogeneous in terms of sex, age, and pubertal status, and the categorization was done by a
senior Pediatric Endocrinologist.

In conclusion, according to the results of this study, youths classified as having MHO based on
the more recent criteria have a better metabolic profile than youths with MUO. However, a
completely healthy profile was not observed in the MHO group, as many crucial parameters of the
metabolic profile were similar to those observed in the MUO group. Based on the results of this study,
all children with obesity, regardless of whether they are classified as having MUO or MHO, need to
be closely monitored.
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