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Background: Obesity is characterized by the disproportionate expansion of the fat mass and 
is most commonly diagnosed using the Body Mass Index (BMI) z-score or percentile in 
children. However, these measures associate poorly with the fat mass. This is important, as 
adiposity is a more robust predictor of cardiometabolic risk than BMI-based measures, but 
there are limited clinical measures of adiposity in children. A new measure, the Tri-ponderal 
Mass Index (TMI, kg/m3) has recently demonstrated robust prediction of adiposity in 
children. The aim of this study is to explore the association of leptin, a validated biomarker 
of the fat mass, with TMI.
Methods: One hundred and eight children and adolescents were included in this cross-sectional 
study. Height and weight were used to calculate TMI. Plasma leptin was measured using ELISA. 
Multivariable regression analysis was applied to determine the predictors of TMI.
Results: The age range of participants included in this study was 8.00–16.90 years (female 
n=48, 44%). Leptin correlated with BMI percentile (r=0.64, p-value <0.0001) and TMI 
(r=0.71, p-value <0.0001). The multivariable regression analysis revealed that BMI percen-
tile (Estimated Beta-coefficient 0.002, 95% CI 0.002–0.003, p-value <0.0001) and Leptin 
(Estimated Beta-coefficient 0.05, 95% CI 0.02–0.07, p-value 0.013) were associated with 
TMI.
Conclusion: Leptin is associated with TMI in healthy children. The TMI is a feasible 
clinical measure of adiposity that may be used to stratify children and adolescents for further 
assessments and interventions to manage and attempt to prevent cardiometabolic 
comorbidities.
Keywords: Tri-ponderal mass index, adiposity, leptin, children

Introduction
One of the consequences of the lifestyle changes embraced over the past few 
decades is the emergence of an obesity epidemic that is impacting a third of the 
world’s population.1–4 Children have been affected by the obesogenic environment, 
and childhood obesity rates have tripled over the past 30 years.4,5

While many obese adults were lean as children,6 obese children have 
a significant risk of obesity persisting into adulthood.7,8 Obesity or rapid weight 
gain during childhood are substantial risk factors for future type 2 diabetes, 
cardiovascular disease, hypertension, dyslipidemia, fatty liver disease, and sleep 
apnea.6,9–11

While obesity is characterized by the disproportionate expansion of the adipose 
tissue compared to the muscle and bone compartments,12 the current tools used to 
measure obesity in children, namely the Body Mass Index (BMI) z-score and 
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percentiles, are limited in their reliability in measuring 
adiposity.13,14 Also, the use of devices including Dual 
Energy X-ray Absorptiometry (DXA) scans and bioelectrical 
impedance (BIA) scales is limited in the clinical setting and 
population-based studies due to their cost and relative 
unavailability.

As adiposity may be a predictor of future cardiometabolic 
risk in children,15–18 the definition of clinical and molecular 
measures of adiposity and its associated cardiometabolic 
outcomes are critical. It will help prioritize those children 
and adolescents in need of monitoring and interventions to 
improve their future cardiometabolic outcomes.

The Tri-ponderal Mass Index (TMI, kg/m3) has recently 
been proposed as a feasible and reliable clinical marker of the 
fat mass in 8–17 year old children.14,19–23 TMI is derived 
from the measurement of weight and height cubed (kg/m3), 
allowing for the age-driven change in pediatric growth 
trajectories.14 The variables used in TMI calculation are 
derived from routine clinical measures, height and weight, 
and TMI has critical advantages over BMI-based measures, 
being age- and puberty-independent.14

Leptin is an adipocyte-derived anorexigenic hormone 
that plays a critical role in metabolic regulation and is 
a biomarker of fat mass.24–27

Previous work did demonstrate that leptin is associated 
with BIA-measured adiposity and that BMI correlated with 
the TMI.2,3,19 In this exploratory study, we tested the hypoth-
esis that in healthy children, leptin is associated with TMI.

Subjects and Methods
This study is a secondary cross-sectional analysis of a data 
subset from the Canadian Study of Determinants of 
Endometabolic Health in Children (CanDECIDE study), 
a prospective cohort study examining inflammation and 
endometabolic health outcomes in healthy children who are 
compared to a group of childhood brain tumor survivors.28,29

Study Participants
The participants included healthy children recruited from the 
Orthopedic clinics at McMaster Children’s Hospital, 
a tertiary pediatric academic center in Hamilton, Ontario, 
Canada. These children would have attended the clinic hav-
ing sustained a fracture or injury. They were recruited to 
perform study procedures after the healing of their injury 
and the return to their normal lifestyle.

We included boys and girls, 8–17 years of age, who had 
not received immunosuppressants or steroids above the 
daily maintenance dose of 6–8 mg/m2/day or had an 

infection two weeks before enrolment. Participants were 
included regardless of their ethnicity and BMI z-scores. 
Exclusion criteria included smoking, pregnancy, and inabil-
ity to consent to study procedures. None of the participants 
in this substudy were on maintenance steroid therapy.

Consents and Ethical Considerations
Potential participants were scheduled to attend a research 
clinic visit. The study was presented to participants and 
their guardians, and if there was an agreement to proceed 
with participation, written informed consent was obtained. 
Those participants who were 16 years and older provided 
their consents. For participants between 7 and 15 years of 
age, written informed consent was obtained from parents 
or guardians, and the participants signed an assent form.

This project complies with the Declaration of Helsinki 
regarding the ethical conduct of research involving human 
subjects. The Hamilton Integrated Research Ethics Board 
has approved the study.

Study Procedures
A detailed description of the CanDECIDE study procedures 
has already been reported.28,29 Participants were recruited 
between November 2012-December 2016. To avoid selection 
bias, we consecutively recruited participants from clinics. 
After signing the consent forms, participants had their height 
measured to the closest 0.1 cm using a stadiometer and weight 
measured using an electronic scale (Seca, USA). BMI was 
calculated from the measured height and weight and reported 
in kg/m2, while the TMI was calculated from the measured 
height and weight and reported in kg/m3. The BMI z-score was 
calculated based on the CDC charts, while the BMI percentile 
was calculated using the Children’s BMI Tool for Schools.

Adiposity was assessed using a BIA fat mass scale (Tanita 
Corporation, Illinois, USA) and reported as a percentage.

Waist and hip circumferences were measured to the clo-
sest 0.1 cm using a spring-loaded tape measure. Pulse rate 
and systolic and diastolic blood pressure (mmHg) was mea-
sured in duplicate while participants were seated using 
a digital device.

Participants and their parents or guardians then filled 
several questionnaires to enquire about their diet, physical 
activity, sleep, mental wellbeing, built environment, and 
puberty. We also collected data regarding medical history, 
family history, birth and feeding history, schooling, and 
sociodemographic variables.30–35
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Biological Sampling
Certified personnel collected whole blood samples into EDTA 
tubes and isolated plasma for measurement of leptin.28,29 

Sampling was done in the fasted state, and samples were 
centrifuged at 1500 g for 15 minutes at room temperature. 
All samples were aliquoted into cryovials, and stored at −80° 
C until further processing.

Enzyme-Linked Immunosorbent Assay 
(ELISA) Quantification of Leptin
The samples were thawed on ice and centrifuged once at 
1500 g for 15 minutes at room temperature for processing. 
Leptin levels were assayed using the Human Leptin 
Quantikine ELISA Kit (R&D Systems, Minneapolis, 
USA) as per the manufacturer’s recommendations. Some 
of the participant and leptin data for the current research 
question have been reported in a prior manuscript that 
addressed a separate research question describing the asso-
ciation of leptin with BIA-measured adiposity.36

Statistical Analyses
SPSS Version 25.0 (IBM Corporation, Armonk, NY, USA) 
was used to conduct the statistical analyses. Sample size cal-
culation was performed according to Norman and Steiner, 
assigning at least 10 participants per variable tested in the 
analyses.37 We assessed the data for the presence of outliers 
and normality of distribution using the Shapiro–Wilk test; log 
transformation was performed for non-normally distributed 
data. Multiple imputations were used to deal with missing 
data.38 Statistical analyses involved calculating the mean 
(SD) and proportions (%) from participants’ data unless other-
wise reported. An independent sample t-test was used to define 
sex differences in leptin. Correlation analyses were performed 
using the Spearman correlation test. A multivariable regression 

analysis was conducted with TMI as the dependent variable 
and adjusted for age, sex, puberty, BMI z-score, and leptin 
levels as the predictor variables. Data are reported as unstan-
dardized coefficients with 95% Confidence Intervals (95% CI), 
with alpha set at 0.05 to delineate statistical significance. The 
Receiver Operating Characteristic (ROC) curve and Area 
Under the Curve (AUC) analyses were used to determine the 
association between leptin level and TMI.

Results
The characteristics of study participants are reported in 
Table 1. The study included 108 children and youth 
(female n=48, 44%) with an age range between 8.00 
and 16.90 years. The BMI z-score assessment revealed 
that 38.90% (n=42, female n=15 (31.30%)) of partici-
pants were overweight/obese with BMI z-score ≥85th 
percentile.

Table 1 Participants’ Characteristics (n=108)

Variables Mean±SD

Age (years) 14.00±2.00

Height (cm) 163.40±13.10

Weight (kg) 60.70±21.60

BMI percentile 62.50±30.90

TMI (kg/m3) 13.60±3.30

Mean pulse rate (bpm) 73.00±11.00

Mean systolic BP 108.00±11.00

Mean diastolic BP 68.00±9.00

Leptin (n=84, ng/mL) 10.14±1.23a

Note: aLeptin is reported as mean±S.E. 
Abbreviations: SD, standard deviation; BMI, body mass index; TMI, tri-ponderal 
mass index; bpm, beats per minute; BP, blood pressure.

Table 2 Correlation Analyses for BMI Percentile and TMI with Age, Sex, Puberty and Leptin Levels (n=108)

Variable BMI Percentile TMI (kg/m3)

Correlation Coefficient p-value Correlation Coefficient p-value

Age (years) −0.04 0.690 0.02 0.830

Sex −0.10 0.303 0.04 0.714

Puberty −0.07 0.502 −0.11 0.266

Leptin (ng/mL, n=84) 0.64 <0.0001 0.71 <0.0001

TMI (kg/m3) 0.95 <0.0001 - -

Abbreviations: BMI, body mass index; TMI, tri-ponderal mass index.
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The TMI values were similar between female and male 
participants (Female: 13.50±2.50 kg/m3; Male: 13.80 
±3.80 kg/m3, p-value 0.910). Leptin levels trended higher 
in females compared to males (Female (n=40): 10.98±1.50 
ng/mL; Male (n=44): 9.40±1.90 ng/mL, p-value 0.010).

The correlation tests are reported in Table 2 and Figure 1 
A-E. Both BMI percentile and TMI did not correlate with age 
(Figure 1A and B). Leptin levels strongly correlated with BMI 
percentile (r=0.64, p-value <0.0001, Figure 1C) and TMI 
(r=0.71, p-value <0.0001, Figure 1D). The BMI percentile 

and TMI correlated strongly with each other (r=0.95, p-value 
<0.0001, Figure 1E).

To determine the association of leptin with TMI, we 
performed multivariable regression analysis (Table 3). The 
BMI percentile (Estimated Beta-coefficient 0.002, 95% CI 
0.002–0.003, p-value <0.0001) and Leptin (Estimated 
Beta-coefficient 0.05, 95% CI 0.02–0.07, p-value 0.013) 
were associated with TMI. Furthermore, the ROC curve 
(Figure 2) and AUC demonstrated the association of leptin 
with TMI (0.87, 95% CI 0.82–0.91, p-value <0.0001).
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Figure 1 (A) Correlation of BMI Percentile with Age. (B) Correlation of TMI with age. (C) Correlation of BMI percentile with leptin. (D) Correlation of TMI with leptin. (E) 
Correlation of TMI with BMI percentile.
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Taken together, these data reveal that leptin is asso-
ciated with TMI in healthy children.

Discussion
The prediction of obesity-driven morbidities may require 
clinical and molecular biomarkers to pinpoint individuals at 
risk of developing cardiovascular disease and type 2 diabetes.

However, measuring adiposity biomarkers is not a routine 
clinical test. Also, some of the devices used to estimate the 
adipose mass, including DXA and BIA, are rather costly, not 
routinely available in clinical settings, and necessitate trained 
personnel for equipment use and result interpretation.39,40 

There is a critical need for sustainable measures of adiposity 
that may also potentially stratify cardiometabolic risk.

In this study, we identified the positive association of leptin 
with TMI. Our results are congruent with recent evidence that 
assessed the association of leptin and TMI and evidence that 
leptin is a biomarker of the fat mass.14,19,20,41 This adds to the 
value of TMI as a clinical index of adiposity, having been 
already validated against BMI-based measures.14,19

Age and puberty did not emerge as TMI predictors, 
which is consistent with the evidence that TMI is stable 
across different ages and puberty stages.14 The indepen-
dence of TMI from age and puberty is a significant advan-
tage to strengthen its use in children.

In a recent study using data from the National Health 
and Nutrition Examination Survey (NHANES), the pro-
posed TMI cut-offs for being overweight was 16.00 kg/m3 

for overweight, and 18.80 kg/m3 for obesity in boys, and 
16.80 kg/m3 for overweight and 19.70 kg/m3 for obesity in 
girls. The cut-off levels will need further validation across 
different pediatric populations.14

There are several advantages of using TMI in measuring 
adiposity when compared to BMI-based measures. While BMI 
is used to measure adiposity in adults, it is an imperfect mea-
surement tool of body fat in children, especially in boys, where 
it explains only 38% of the adiposity variance.14,15 While BMI 
predicted adiposity in girls more robustly than it did in boys, 
TMI was still a robust measure of adiposity in boys.14

The TMI considers that weight does not regress to 
height squared during adolescence, whereby the fat 
mass changes with age and height. On the other hand, 
the BMI considers the regression of weight to occur to 
a static height, which miscalculates body fat.

Therefore, the TMI is stable with age change in boys 
and girls. The TMI can also help estimate body fat mass 
across a range of adiposity levels and is more accurate 
with higher adiposity. It also has a relatively lower rate of 
adolescents' misclassification into normal weight or 

Table 3 Multivariable Regression Analyses of TMI Adjusted for Age, Sex, Puberty, BMI z-Score, and Leptin (n=108)

Variable Unstandardized Coefficient (B) 95% CI p-value

Lower Upper

Age −0.06 −0.14 0.13 0.556

Sex −0.01 −0.03 0.01 0.391

Puberty 0.003 −0.04 0.04 0.871

BMI percentile 0.002 0.002 0.003 <0.0001

Leptin (n=84) 0.05 0.02 0.07 0.013

Abbreviations: BMI, body mass index; TMI, tri-ponderal mass index; 95% CI, 95% confidence interval.

Figure 2 Receiver Operating Characteristic Curve for the Association of Leptin with TMI.
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overweight groups by about 50% compared to BMI. The 
derivation of TMI from routine clinical measures makes it 
feasible and sustainable to perform.14

Elevated leptin levels have been noted in adult patients 
with metabolic syndrome42,43 and atherosclerosis in type 2 
diabetes patients,44 although its reported association with 
cardiovascular disease has been questioned previously.43,45 

While it is unclear if leptin is a mechanistic driver of adverse 
cardiovascular events in adults, it may represent a potential 
biomarker of future adiposity and cardiometabolic outcomes. 
This question requires further study.

This study's main strength is the validation of TMI as 
a clinical measure of adiposity by demonstrating its association 
with leptin as a biomarker of the fat mass. This association 
highlights the potential for TMI generalizability as a clinical 
marker of the fat mass for use in the general pediatric 
population.

The limitations of this study include the lack of 
DXA-based data to validate the TMI against a validated 
standard in adiposity measurement in children. Future 
studies need to focus on a longitudinal follow- 
up approach to determine if high TMI and leptin levels 
during childhood can predict adult adiposity and cardi-
ometabolic outcomes in pediatric populations with 
chronic health conditions. Further research is needed to 
also focus on building risk prediction models to clarify 
which adiposity measure(s) early on in childhood are 
linked to future adverse health outcomes and may need 
to include leptin and TMI.

In conclusion, TMI is a valid measure of the fat mass that 
can be implemented in clinical settings and population-based 
studies to define those children who are at risk of excess 
adiposity.

Having a clinical tool that can predict adiposity is critical. 
Healthcare teams can counsel those patients and families 
about healthy lifestyles and prioritize further screening for 
comorbidities and interventions to manage excess adiposity, 
which may improve future health outcomes.

Abbreviations
TMI, tri-ponderal mass index; BMI, body mass index; SD, 
standard deviation; SE, standard error; BP, blood pressure; 
bpm, beats per minute.
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