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Objective: To estimate whether the new obesity indicator tri-ponderal mass
index (TMI) has a better capacity to predict adolescent hypertension (HTN)
and HTN subtypes at three separate blood pressure (BP) visits than the
conventionally used body mass index (BMI).

Methods: A total of 36,950 adolescents who had initial normal BP from
2012 to 2019 were included in Suzhou, China. HTN was defined as having
three separate visits of elevated BP in 2020. The area under the receiver-
operating characteristic curve (AUC), false-positive rate, false-negative rate,
total misclassification rates, net reclassification improvement (NRI), and
integrated discrimination improvement were calculated to compare the
discriminative ability of HTN between BMI and TMI.

Results: TMI had better predictive abilities than BMI among all of the
participants when predicting HTN (difference in AUC = 0.019, 95% CI = 0.007-
0.031; NRI = 0.067, 95% Cl = 0.008-0.127) and isolated systolic hypertension
(difference in AUC = 0.021, 95% Cl = 0.005-0.036; NRI = 0.106, 95% CI =
0.029-0.183). The difference in prediction abilities between BMI and TMI was
more obvious in the subgroup of age >16. Also, TMI outperformed BMI in
predicting adolescent HTN in girls but not in boys.
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Conclusion: Compared with BMI, TMI may have a better predictive capacity
for HTN, particularly in girls and older adolescents. TMI has the potential to
be used as an effective predictor for HTN in clinic practice. Further studies are
needed to verify the utility of TMI.

adolescents, body mass index, hypertension, pediatric, tri-ponderal mass index

Introduction

Hypertension (HTN) is a widespread chronic disease that
receives increased global health attention, especially in pediatric
populations (1, 2). The prevalence of HTN among children
aged 6-19 has increased by 75-79% in the past 15 years (2).
Nevertheless, the diagnosis rate of adolescent HTN needs to
be improved. In Europe and the US, only 13-26% of children
with HTN were properly identified (3). Additionally, adolescent
HTN has been identified as an established risk factor for
cardiovascular disease (4-6), organ damage (7), and premature
death (8), and may turn into adulthood HTN (9-11). Therefore,
to reduce the potential burden of disability and premature
death, early and precise detection of HIN in children and
adolescents is in need.

The measurement of HTN in children and adolescents
is more unstable and complicated than in adults (2) due to
regression to the mean (12), the “white-coat” effect (13), and
anxiety (14). However, numerous studies suggested that the
prevalence of HTN validated by multiple BP measurements
is considerably lower than that of elevated BP defined by a
single visit in children and adolescents (15-17). A systematic
review indicated that the overall prevalence of elevated BP in
participants aged 3-20 decreased from 12.1% at the first visit
to 5.6 and 2.7% at the second and third visits, respectively (18).
Therefore, HTN assessment based on three separate BP visits is
required for an accurate understanding of BP levels in children
and adolescents, which have been recommended by the latest
standards in many countries (19-21).

In general, adolescents with overweight and obesity were
more susceptible to HTN than normal weight individuals,
regardless of sex (22). It is well acknowledged that the increased
prevalence of pediatric HTN couples with the obesity epidemic
(23). Body mass index (BMI), a measurement based on a
person’s height and weight, is the current screening standard
for obesity. However, it has been revealed that BMI does not
distinguish between fat mass and lean mass (24). Generally,
weight is not proportional to height squared in children and
adolescents, resulting in BMI instability (25, 26). To compensate
for the significant changes in BMI during childhood, age-in-
month cutoffs have been widely used (27). Nevertheless, the
cutoffs are multiple and complex, with many age- and sex-
specific thresholds.
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Recently, Peterson et al. (28) found that tri-ponderal
mass index (TMI, measured in kg/m?), an emerging
indicator of obesity, may perform as a more valid obesity
indicator to measure body fat in adolescents. Unlike BMI,
TMI is relatively stable during adolescence, and its centile
cutoffs fluctuate within a narrow range. Wang et al. have
suggested a threshold with only four cutoffs to screen for
overweight and obesity in children aged 7-18 years (29).
Additionally, TMI has a lower overall misclassification rate
than BMI in discriminating central obesity and HTN in
overweight adolescents (30). Hence, TMI was considered
a more reliable index for overweight and obesity (28-30).
However, a systematic review (31) concluded that evidence
of whether TMI outperforms BMI in identifying BP remains
limited and inconsistent, while prospective reports are
insufficient. In addition, whether TMI outperforms BMI
in predicting HTN measured by three separate times is far
from the conclusion.

Therefore, we used data through three separate BP visits
from the Health Promotion Program for Children and
Adolescents (HPPCA) in Suzhou of China to verify whether
TMI has better accuracy than BMI in discriminating adolescent
HTN and HTN subtypes.

Materials and methods

Study design and participants

This study was a retrospective cohort analysis based on
HPPCA data for nine consecutive years (from 2012 to 2020).
HPPCA is a large-scale ongoing school-based monitoring
program conducted in Suzhou, China. Detailed information
about HPPCA was published in the previous studies (32, 33).
In brief, HPPCA provided free annual health check-ups for all
school-based students aged 6-17 years in Suzhou to assess the
growth and development of children and adolescents. Students
are examined in general hospitals, centers for disease prevention
and control, or community medical institutions. Students in
the third year of junior high school or senior high school
who would take other special physical examinations for school
entrance were excluded from the study because their data are
not currently accessible.
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To figure out the epidemic status of HTN among adolescents
in Suzhou, we selected 66 junior or senior high schools attending
HPPCA to conduct specific BP surveillance in 2020. All
participants who had elevated BP in the first BP measurement
were included in the second visit at least 2 weeks later; only those
with elevated BP at the second visit were included in the third
visit. To eliminate the “white-coat” effect, the second and third
BP measurements were conducted by a familiar school nurse of
the particular student, following the same criteria as the HPPCA.
Almost all students with elevated BP at their first (follow-up rate:
97.16%) or second (follow-up rate: 98.01%) visit participated
in the follow-up BP measurement, except for children who
transferred to another school or took extended sick leave. The
initial sample consisted of 46,788 school-based adolescents aged
12-17 years. To accurately portray the morbidity of HIN in
adolescents, we used the 2020 surveillance data as an endpoint
and excluded 9,838 children with elevated BP at their initial
HPPCA visit from 2012 to 2019. Figure 1 shows the flowchart
of the detailed study design, which was coherent with other
large-scale surveillance studies in China (17, 34).

This study was approved by the Ethics Committee of
the Suzhou Center for Disease Prevention and Control (No.
SZJK2020-XW001). Written informed consent was obtained
from all the participants or their guardians.

Anthropometric measurements and
weight status classification

All physical examinations were performed by well-trained
health professionals using the same type of age-appropriate
equipment and following the same procedures. Participants
were requested to remove their shoes and wear light clothing
before being measured to an accuracy of 0.1 cm (height) and
0.1 kg (weight). BMI is calculated as weight (kg) divided by the
square of height (m), whereas TMI is calculated as weight (kg)
divided by the cube of height (m).

Participants were classified as underweight, normal weight,
overweight, and obesity according to the latest Chinese pediatric
standards of age- and sex-specific BMI cutoffs (21) and the
TMI criteria proposed by Wang et al. (29) on a Chinese
population, respectively. Noteworthy, the TMI cutoffs to define
adolescent overweight and obesity were 13.1 and 14.1 kg/m?
for participants under 16, respectively (29). The corresponding
TMI cutoffs for those aged 16 or over were 14.0 and 15.8 kg/m3,
respectively (29).

Blood pressure measurements and
definitions

The BP of children and adolescents was measured each
visit on the right arm using a clinically validated Electronic
Blood Pressure Monitor (i.e., Omron HBP1300, HBP1320) of
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appropriate size after a 15 min sit-down rest period in a quiet
environment. The BP device was placed at the same level as
the participants heart and right arm cuff. Three consecutive
BP values were measured at 2-min intervals for each visit, and
the average of the two closest BP readings was recorded for
diagnosis and statistical analysis.

BP status was also categorized according to the Chinese
standard “Reference of screening for elevated BP among
children and adolescents aged 7~18 years” (WS/T 610-2018)
(21). Elevated BP was defined as systolic blood pressure (SBP),
diastolic blood pressure (DBP), or both equal to or above the
age-, sex-, and height-specific 95th percentile. Notably, HTN
is diagnosed only when elevated BP is present at all three
separate visits (21). Based on 3 separate visits, isolated systolic
hypertension (ISH), isolated diastolic hypertension (IDH), and
systolic and diastolic hypertension (SDH) was defined as
SBP > P95 and DBP < P95, DBP > P95 and SBP < P95, and
SBP > P95 and DBP > P95, respectively.

Statistical analysis

The basic information about the participants was described
in the total sample and by age and sex. Continuous variables
were expressed as mean =+ standard deviation (SD), and
categorical variables were described as n (%). Student’s ¢-test
and Chi-square test were used to compare differences between
groups, respectively.

The AUC, the false-positive rate (FPR), the false-negative
rate (FNR), and total misclassification rates were used to
directly measure the discrimination ability between youth
BMI and TMI. The net reclassification improvement (NRI)
measures the correct movement in categories—upwards for
events and downwards for non-events—using reclassification
tables constructed separately for participants with and without
events (35). We only obtained continuous NRI because no
established NRI categories guide clinical decisions for HTN risk
in Chinese children were found. The integrated discrimination
improvement (IDI) essentially measures how the R? (explained
variance) improves when a new risk factor is introduced (36).
Analyses were conducted using SAS statistical software (version
9.4, SAS Institute) and R (version 4.2.0, R Foundation for
Statistical Computing). All reported P-values were two-tailed,
and P < 0.05 was considered statistically significant.

Results

Baseline characteristics of the
participants

The overall population consists of 36,950 adolescents aged

12-17 years from HPPCA in 2020. Table 1 demonstrates the
primary characteristic of the overall participants. A total of
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46,788 children aged 12-17 years
took in 2020
9,838 participants identified as elevated
blood pressure at their initial HPPCA
visit were excluded
v
First visit: #=36,950 —> Elevated BP: n=6,728
(18.21%)
Missing visits: n=191
Y
Second visit: #=6,537 —> Elevated BP: 7n=2,162
(5.88%)
Missing visits: n=43
v
Third visit: #=2,119 > HINe 2=1,113
(3.05%)
FIGURE 1

Details of the study population selection. HPPCA, health promotion program for children and adolescents; BP, blood pressure; HTN,

hypertension.

18,797 boys account for 50.87% of the overall population. The
average age of the overall population was 14.39 (SD = 1.68)
in 2020. Compared with girls, boys had higher BMI (21.42
vs. 20.45 kg/mz, P < 0.001). According to BMI cutoffs, the
prevalence of overweight and obesity among adolescents in
2020 was 17.20 and 10.28%, respectively. According to TMI
cutoffs, the corresponding prevalence was 13.27 and 18.97%.
Comparisons between included and excluded populations from
the first visit to the second visit (97.16% of cooperation rate)
and the second visit to the third (98.01% of cooperation rate)
are shown in Supplementary Tables 1, 2, respectively. The vast
majority of the variable characteristics yielded no significant
difference between included and excluded populations from the
first visit to the second visit. A slight difference was found
between included and excluded populations from the second
visit to the third visit.

After the three visits, the incidence of HTN, ISH, IDH,
and SDH decreased to 3.05, 1.79, 0.42, and 0.83%, respectively.
During the three visits, boys had higher SBP and prevalence of
ISH than girls, while girls had a higher prevalence of IDH than
boys (all P < 0.05).
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Analysis of the anthropometric
indicators for predicting hypertension
and hypertension subtypes

The comparison predictors (95% CI) of the discriminative
ability between TMI and BMI for HTN and HTN subtypes
are shown in Tables 2-5. Supplementary Tables 3-6 show
detailed results performed by gender. Generally speaking, TMI
had higher AUCs than BMI, and its NRIs significantly increased
both in HTN (difference in AUC = 0.019, 95% CI = 0.007-0.031;
NRI = 0.067, 95% CI = 0.008-0.127) and in ISH (difference
in AUC = 0.021, 95% CI = 0.005-0.036; NRI = 0.106, 95%
CI =0.029-0.183).

When predicting ISH (difference in AUC = 0.039, 95%
CI = 0.011-0.066; NRI = 0.366, 95% CI = 0.223-0.508;
IDI = 0.002, 95% CI = 0.004-0.005) and SDH (difference
in AUC = 0.035, 95% CI = 0.006-0.064; NRI = 0.002, 95%
CI = 0.001-0.004; IDI = 0.002, 95% CI = 0.001-0.004), the
difference between TMI and BMI were more notable in those
with age > 16. For girls, there was a statistically significant
difference in the AUCs of TMI vs. BMI for discriminating HTN
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TABLE 1 Basic characteristics of Chinese adolescents.

10.3389/fnut.2022.1028861

Variables Overall Boys Girls P-value

n = 36,950 n=18,797 n=18,153
Initial HPPCA visit
Age (year) 10.23 +2.77 10.21 +£2.77 10.25 +2.77 0.169
Height (cm) 143.50 = 17.21 144.50 4 18.08 142.50 &+ 16.19 <0.001
Weight (kg) 38.52 £14.20 40.04 £ 15.32 36.96 £ 12.74 <0.001
BMI (kg/mz) 18.06 = 3.26 18.47 +3.44 17.62 +£3.01 <0.001
TMI (kg/ms) 12.61 +1.94 12.82 +2.04 12.40 +1.80 <0.001
SBP (mmHg) 102.92 +11.65 104.10 £ 12.31 101.80 4 10.80 <0.001
DBP (mmHg) 64.42 £ 7.10 64.29 +7.22 64.56 £ 6.97 <0.001
In 2020
Age (year) 14.39 +1.68 14.36 +1.68 14.42 +1.69 0.001
Height (cm) 165.35 & 8.65 169.30 4 9.05 161.20 4= 5.84 <0.001
Weight (kg) 57.62 £12.71 61.83 £ 14.01 53.27 £9.40 <0.001
BMI (kg/mz) 20.94 £ 3.61 21.42£3.92 20.45 £3.19 <0.001
TMI (kg/ms) 12.68 +£2.15 12.66 +2.28 12.70 +2.01 0.091
District
Urban 22,398 (60.62%) 11,403 (60.66%) 10,996 (60.57%) 0.863
Rural 14,552 (39.38%) 7,394 (39.34%) 7,157 (39.43%)
BMI status
Underweight 2,089 (5.65%) 1,255 (6.68%) 834 (4.59%) <0.001
Normal weight 24,706 (66.86%) 10,858 (57.76%) 13,848 (76.28%)
Overweight 6,357 (17.20%) 4,086 (21.74%) 2,271 (12.51%)
Obesity 3,798 (10.28%) 2,598 (13.82%) 1,200 (6.61%)
TMI status
Underweight and normal 25,047 (67.79%) 12,518 (66.60%) 12,529 (69.02%) <0.001
Overweight 4,893 (13.24%) 2,316 (12.32%) 2,577 (14.20%)
Obesity 7,010 (18.97%) 3,963 (21.08%) 3,047 (16.79%)
SBP (mmHg)
First visit 114.32 4+ 12.46 118.20 4+ 12.24 110.30 +11.36 <0.001
Second visit 120.47 +13.16 123.90 4 13.32 116.50 + 11.77 <0.001
Third visit 126.13 £11.91 129.90 +11.51 121.70 4 10.82 <0.001
P for trend <0.001 <0.001 <0.001
DBP (mmHg)
First visit 68.55 £ 8.41 68.56 £ 8.66 68.53 £ 8.14 0.708
Second visit 72.91 £ 8.69 72.74 £ 8.88 73.10 £ 8.45 0.101
Third visit 75.32 £ 8.27 75.22 +8.44 75.43 + 8.06 0.569
P for trend <0.001 <0.001 <0.001
ISH (n, %)
First visit 4,103 (11.10%) 2,460 (13.09%) 1,643 (9.05%) <0.001
Second visit 1,161 (3.16%) 729 (3.90%) 432 (2.39%) <0.001
Third visit 658 (1.79%) 402 (2.15%) 256 (1.42%) <0.001
P for trend <0.001 <0.001 <0.001
IDH (n, %)
First visit 1,526 (4.13%) 690 (3.67%) 836 (4.61%) <0.001
Second visit 408 (1.11%) 153 (0.82%) 255 (1.41%) <0.001
Third visit 156 (0.42%) 53 (0.28%) 103 (0.57%) <0.001
P for trend <0.001 <0.001 <0.001

(Continued)
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TABLE1 (Continued)

10.3389/fnut.2022.1028861

Variables Overall Boys Girls P-value
n = 36,950 n=18,797 n=18,153

SDH (n, %)

First visit 1,099 (2.97%) 476 (2.53%) 623 (3.43%) <0.001

Second visit 593 (1.61%) 280 (1.50%) 313 (1.73%) 0.073

Third visit 305 (0.83%) 139 (0.74%) 166 (0.92%) 0.063

P for trend <0.001 <0.001 <0.001

Elevated BP (n, %)

First visit 6,728 (18.21%) 3,626 (19.29%) 3,102 (17.09%) <0.001

Second visit 2,162 (5.88%) 1,162 (6.22%) 1,000 (5.53%) 0.909

Third visit (HTN) 1,119 (3.05%) 594 (3.18%) 525 (2.91%) 0.133

P for trend <0.001 <0.001 <0.001

HPPCA, Health Promotion Program for Children and Adolescents; BMI, body mass index; TMI, tri-ponderal mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ISH,

isolated systolic hypertension; IDH, isolated diastolic hypertension; SDH, systolic and diastolic hypertension; BP, blood pressure; HTN, hypertension.

TABLE 2 Comparison of anthropometric indices in predicting hypertension in Chinese adolescents.

AUC (95%CI) NRI (95%CI) IDI (95%CI)

TMI BMI Difference P-value Difference P-value Difference P-value
Total 0.645 (0.628, 0.662) 0.626 (0.608, 0.643)  0.019 (0.007, 0.031) 0.002 0.067 (0.008, 0.127) 0.027 0.000 (~0.000, 0.001) 0.424
Sex
Boys 0.646 (0.623,0.669) 0.645 (0.622,0.669) 0.000 (-0.016,0.017) ~ 0951  -0.023 (-0.105,0.059)  0.579  -0.001 (-0.003, 0.000)  0.076
Girls 0.642 (0.617,0.667) 0.602 (0.577,0.628)  0.040 (0.021,0.059)  <0.001  0.209 (0.123, 0.296) <0.001  0.002 (0.001, 0.003) <0.001
Age
<16 0.634 (0.614, 0.655) 0.619 (0.598, 0.640)  0.015 (0.001, 0.029) 0.037 0.009 (~0.080, 0.063) 0.815 0.000 (~0.001, 0.000) 0.542
=16 0.673 (0.644, 0.703) 0.638 (0.607,0.668)  0.036 (0.017,0.055)  <0.001  0.352 (0.246, 0.458) <0.001  0.006 (0.004, 0.008) <0.001
BMI
Underweight 0.507 (0.295, 0.720) 0.623 (0.485,0.760) —-0.115 (~0.345,0.114) 0325  -0.173 (-0.763,0.418)  0.566 0.000 (~0.002, 0.000) 0.165
Normal weight ~ 0.530 (0.503, 0.556) 0.518 (0.491, 0.544)  0.012 (-0.013,0.037)  0.357 0.084 (~0.006, 0.173) 0.067 0.000 (0.000, 0.000) 0.059
Overweight 0.537 (0.504, 0.570) 0.527 (0.494, 0.560) ~ 0.010 (-0.020,0.039)  0.518 0.039 (-0.078, 0.155) 0.518 0.000 (~0.000, 0.001) 0.112
Obesity 0.534 (0.500, 0.567) 0.557 (0.524, 0.590) -0.023 (-0.047,0.001)  0.060  -0.148 (-0.262,-0.034)  0.011  -0.003 (-0.004, -0.001)  <0.001
TMI
Underweight 0.533 (0.505, 0.561) 0.532 (0.503,0.560) 0.001 (-0.025,0.027)  0.938 0.034 (~0.062, 0.130) 0.490 0.000 (~0.000, 0.000) 0.756
and Normal
Overweight 0.507 (0.467, 0.547) 0.531 (0.491,0.572) -0.025 (~0.056, 0.007)  0.129 0.008 (-0.128, 0.144) 0.908  -0.000 (-0.001,0.000)  0.072
Obesity 0.561 (0.533, 0.588) 0.565 (0.538, 0.592) -0.004 (-0.023,0.015)  0.670  -0.107 (-0.200,-0.014) ~ 0.024  -0.001 (-0.002, 0.000)  0.048

AUC, area under the curve; CI, confidential interval; NRI, net reclassification index; IDI, integrated discrimination improvement; BMI, body mass index; TMI, tri-ponderal mass index.

(difference in AUC = 0.040; 95% CI = 0.021-0.059; NRI = 0.209,
95% CI = 0.123-0.296; IDI = 0.002, 95% CI = 0.001-0.003), ISH
(difference in AUC = 0.044; 95% CI, 0.017-0.072; NRI = 0.318,
95% CI = 0.197-0.440; IDI = 0.002, 95% CI = 0.000-0.002),
and IDH (difference in AUC = 0.044; 95% CI, 0.001-0.087;
IDI = 0.002, 95% CI = 0.000-0.003). No difference was found
in the AUCs of TMI vs. BMI for HIN and its subtypes
in boys.

As shown in Figure 2, TMI had lower FNR (P <
0.05) but higher FPR (P < 0.001) and total misclassification
rates (P < 0.001) in predicting HTN for children compared
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with BMI. TMI had significantly lower FPR (P < 0.001)
and total misclassification rates (P < 0.001) in girls as
well as significantly higher FPR (P < 0.05) and total
misclassification rates (P < 0.001) in boys. For boys, the FPR,
FNR, and total misclassification rates for TMI were 35.0%
(95% CI = 34.3-35.7%), 41.4% (95% CI = 37.5-45.4%) and
35.2% (95% CI = 35.2-35.2%), respectively; the corresponding
rates for BMI were 33.4% (95% CI = 32.7-34.1%), 43.1%
(95% CI = 39.1-47.1%) and 33.7% (95% CI = 33.7-33.7%),
respectively. For girls, the FPR, FNR, and total misclassification
rates for TMI were 37.0% (95% CI = 36.3-37.7%), 40.0%
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TABLE 3 Comparison of anthropometric indices in predicting isolated systolic hypertension in Chinese adolescents.

10.3389/fnut.2022.1028861

AUC (95%CI) NRI (95%CI) IDI (95%CI)

TMI BMI Difference P-value Difference P-value Difference P-value
Total 0.649 (0.627,0.671)  0.628 (0.606,0.650)  0.021 (0.005, 0.036) 0.009 0.106 (0.029, 0.183) 0.007  0.000 (-0.000,0.001)  0.071
Sex
Boys 0.650 (0.623,0.678) 0.645 (0.617,0.673)  0.005 (-0.013,0.024)  0.581  0.020 (-0.079,0.119)  0.693  0.000 (-0.001,0.001)  0.943
Girls 0.633 (0.598, 0.668) 0.589 (0.553,0.624)  0.044 (0.017, 0.072) 0.001 0.318 (0.197,0.440)  <0.001  0.002 (0.000,0.002)  <0.001
Age
<16 0.643 (0.617,0.668)  0.630 (0.604, 0.657)  0.012 (-0.005,0.030)  0.163  0.013 (-0.078,0.104)  0.781  —0.000 (-0.000, 0.000)  0.846
=16 0.666 (0.626, 0.706)  0.628 (0.587,0.668)  0.039 (0.011, 0.066) 0.005 0.366 (0.223,0.508)  <0.001  0.002 (0.004,0.005)  <0.001
BMI
Underweight 0.497 (0.020,0.975)  0.525 (0.201, 0.850) -0.028 (-0.693,0.637)  0.934  0.378 (-0.689,1.446) ~ 0.487  0.000 (~0.000, 0.000)  0.856
Normal weight ~ 0.528 (0.494,0.563) 0.518 (0.483,0.553)  0.011(-0.023,0.044) 0537  0.082(-0.036,0.200)  0.171  0.000 (-0.000, 0.000)  0.490
Overweight 0.513 (0.471,0.556) 0.499 (0.458,0.539)  0.015 (~0.060, 0.090) ~ 0.696  0.030 (-0.119,0.180)  0.690  0.000 (~0.000, 0.000)  0.481
Obesity 0.543 (0.500, 0.585) 0.548 (0.507, 0.588) —0.005 (-0.036,0.026) ~ 0.751  -0.038 (-0.181,0.104) 0597  -0.000 (-0.001,0.000)  0.409
T™I
Underweight 0.545 (0.508, 0.581)  0.542 (0.504, 0.579)  0.003 (-0.033,0.039)  0.860  0.058 (-0.069,0.184) 0372  0.000 (-0.000, 0.000)  0.544
and Normal
Overweight 0.496 (0.445,0.546)  0.512 (0.462,0.562) -0.016 (-0.054,0.022)  0.403  0.027 (-0.150,0.204)  0.763  0.000 (~0.000, 0.000)  0.620
Obesity 0.562 (0.527,0.598) 0.557 (0.523,0.591)  0.005 (-0.019,0.029)  0.679  -0.005 (-0.122,0.123)  0.935  0.000 (-0.000, 0.001)  0.443

AUG, area under the curve; CI, confidential interval; BMI, body mass index; NRI, net reclassification index; IDI, integrated discrimination improvement; TMI, tri-ponderal mass index.

TABLE 4 Comparison of anthropometric indices in predicting isolated diastolic hypertension in Chinese adolescents.

AUC (95%CI) NRI (95%CI)* IDI (95%CI)
TMI BMI Difference P-value Difference P-value Difference P-value
Total 0.581 (0.535,0.626)  0.554 (0.505, 0.603)  0.027 (=0.007, 0.060) 0.119 NA NA 0.002 (0.000, 0.004) 0.006
Sex
Boys 0.572 (0.493, 0.651)  0.584 (0.497, 0.670)  -0.012 (-0.066, 0.043)  0.675 NA NA 0.002 (~0.000, 0.005) 0.178
Girls 0.601 (0.545,0.658)  0.557 (0.499, 0.615)  0.044 (0.001, 0.087) 0.043 NA NA 0.002 (0.000, 0.003) 0.004
Age
<16 0.543 (0.490, 0.595)  0.533 (0.479,0.587)  0.010 (<0.029, 0.048) 0.628 NA NA 0.000 (~0.000, 0.002) 0.306
=16 0.687 (0.598, 0.776)  0.671 (0.576,0.766)  0.016 (<0.031, 0.064) 0.496 NA NA 0.008 (0.003, 0.014) 0.004
BMI
Underweight 0.526 (0.133,0.919)  0.655 (0.421, 0.889)  -0.129 (-0.610, 0.352)  0.599 -0.799 <0.001  -0.000 (-0.002,0.000)  0.350
(-0.841, -0.757)
Normal weight ~ 0.539 (0.479, 0.601)  0.498 (0.438,0.558)  0.041 (-0.014, 0.095) 0.142 NA NA 0.000 (0.000, 0.000) 0.067
Overweight 0.503 (0.408, 0.598)  0.549 (0.441, 0.658) -0.047 (<0.136,0.042)  0.302 NA NA -0.000 (=0.000, 0.000)  0.667
Obesity 0.523 (0.414, 0.632)  0.588 (0.479, 0.697) -0.066 (-0.154,0.023)  0.145 NA NA -0.000 (-0.002, 0.002)  0.682
TMI
Underweight 0.522 (0.457,0.586)  0.502 (0.438,0.567)  0.020 (=0.035, 0.075) 0.484 NA NA 0.000 (~0.000, 0.000) 0.228
and Normal
Overweight 0.501 (0.403, 0.599)  0.490 (0.372,0.608)  0.011 (-0.072, 0.094) 0.795 NA NA 0.000 (~0.001, 0.000) 0.672
Obesity 0.534 (0.452,0.617)  0.570 (0.481, 0.659)  -0.036 (-0.097, 0.025)  0.249 NA NA 0.000 (~0.002, 0.002) 0.781

AUCG, area under the curve; CI, confidential interval; NRI, net reclassification index; IDI, integrated discrimination improvement; BMI, body mass index; TMI, tri-ponderal mass index.

*NA, Not recognized because the model construction conditions are not met.

(95% CI = 35.8-44.2%) and 37.1% (95% CI = 37.1-37.1%),
respectively; the corresponding rates for BMI were 41.5%
(95% CI = 40.8-42.5%), 42.5% (95% CI = 38.2-46.7%) and
41.6% (95% CI = 41.6-41.6%), respectively. In total, the FPR,
FNR, and total misclassification rates for TMI were 31.0%
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(95% CI = 30.6-31.5%), 46.7% (95% CI = 43.8-49.7%) and
31.5% (95% CI = 31.5-31.5%), respectively; the corresponding
rates for BMI were 29.7% (95% CI = 29.2-30.1%), 51.0%
(95% CI =48.1-54.0%) and 30.3% (95% CI = 30.3-30.3%),
respectively.
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TABLE 5 Comparison of anthropometric indices in predicting systolic and diastolic hypertension in Chinese adolescents.

AUC (95%CI) NRI (95%CI) IDI (95%CI)

TMI BMI Difference P-value Difference P-value Difference P-value
Total 0.659 (0.627,0.692) 0.648 (0.615,0.682)  0.011 (-0.012, 0.035) 0.353  -0.067 (-0.180,0.046) 0244  -0.000 (-0.001,-0.000)  0.003
Sex
Boys 0.652 (0.604,0.701) 0.661 (0.614,0.708) -0.008 (-0.044, 0.027)  0.640  -0.074 (-0.241,0.093)  0.386  -0.000 (-0.002, -0.000)  0.017
Girls 0.674 (0.630, 0.718) 0.645 (0.599, 0.692)  0.028 (~0.003, 0.059) 0.076  -0.042(-0.195,0.110)  0.586  -0.001 (-0.002,-0.000)  0.013
Age
<16 0.666 (0.624, 0.708) 0.641 (0.597,0.684)  0.025 (~0.006, 0.056) 0109  -0.067 (-0.214,0.079) 0369  -0.000 (-0.000, -0.000)  0.095
116 0.671 (0.621, 0.720) 0.635 (0.581,0.690)  0.035 (0.006, 0.064) 0.016 0.002 (0.001, 0.004) <0.001  0.002 (0.001, 0.004) <0.001
BMI
Underweight 0.547 (0.172,0.922) 0.662 (0.432,0.891) -0.114 (-0.362,0.133)  0.365  —0.105(-1.086,0.876) ~ 0.834  —0.000 (-0.001,0.000)  0.375
Normal weight ~ 0.523 (0.470, 0.576) 0.532 (0.478, 0.586) —-0.009 (-0.060,0.043) 0741  -0.033 (-0.214,0.148)  0.723 0.000 (~0.000, 0.000) 0.964
Overweight 0.593 (0.532, 0.654) 0.567 (0.507,0.628)  0.026 (~0.033, 0.084) 0.394  0.134(-0.075, 0.344) 0.210  0.000 (~0.000, 0.001) 0.532
Obesity 0.487 (0.426, 0.548) 0.557 (0.498,0.617) -0.070 (~0.184,0.044)  0.227  -0.174 (-0.376,0.027)  0.090  —0.000 (-0.002,0.000)  0.090
TMI
Underweight 0.512 (0.455,0.570) 0.532 (0.472,0.591) -0.020 (-0.070, -0.031)  0.453 0.015 (-0.182,0.211) 0.885 0.000 (~0.000, 0.000) 0.890
and normal
Overweight 0.531 (0.451,0.612) 0.587 (0.511,0.663) -0.056 (-0.122,0.011)  0.101  -0.167 (-0.418,0.083)  0.189  -0.001 (-0.002,0.000)  0.013
Obesity 0.558 (0.511, 0.606) 0.570 (0.521,0.620)  0.012 (~0.047, 0.022) 0492  -0.220(-0.385,-0.000)  0.009  -0.000 (-0.001,-0.000)  0.015

AUCG, area under the curve; CI, confidential interval; NRI, net reclassification index; IDI, integrated discrimination improvement; BMI, body mass index; TMI, tri-ponderal mass index.

Discussion

In this study, we assess the capacity of TMI and BMI to
predict adolescent HIN and HTN subtypes. Our study found
that TMI slightly outperformed BMI in predicting adolescent
HTN and ISH. Additionally, TMI may have a stronger predictive
power for HTN in girls, while no difference was observed
in boys. Considering age, it showed higher discrimination
power in predicting HTN for the subgroup of age > 16 than
its counterparts.

Several studies have reported a positive correlation between
weight gain and BP levels in children and adolescents (17, 34,
37, 38). However, there were limited studies that compared
the correlation of TMI and BMI with BP, as summarized in
a systematic review (31). According to Wang et al. (39), TMI
outperformed BMI in detecting children and adolescents with
HTN in the Chinese population. A similar finding was obtained
in Italian research (30), in which the total misclassification rate
of TMI in predicting HTN in adolescents was around one-
third of the BMI percentile. In a longitudinal analysis, the
current study’s findings support that TMI had a better ability
to predict teenage HTN than BMI. We hypothesized that this
might be related to the fact that TMI in children and adolescents
correlates with body fat percent equal to or better than BMI (28,
40, 41) and has a superior ability to predict central obesity (30).

When it comes to subtypes of adolescent HTN, we found
that TMI outperformed BMI in predicting adolescent ISH.
However, TMI and BMI did not differ in predicting IDH or
SDH. This disparity can be explained because obesity primarily
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impacts central pulsatile hemodynamic alterations, which are
directly related to increased SBP, but has little effect on DBP
(42). Previous finding revealed that SBP increases more stable
yearly from childhood to adulthood compared with DBP (43).
Furthermore, adolescents with a higher BMI were reported to
have higher left ventricular weight, aortic wave amplitude, and
SBP than their normal-weight counterparts (44).

Interestingly, we discovered that TMI outperformed BMI
when diagnosing adolescent HTN in girls but not in boys.
In detail, TMI had lower rates of false positives and total
misclassification than BMI in girls but had the opposite results
in boys. The disparity could be attributed to hormonal and
puberty differences between boys and girls (45, 46). A previous
study found that TMI performed better in predicting obesity
in girls (29). Therefore, TMI may also have better prediction
performance on girls HTN. Additionally, we discovered that
the difference between BMI and TMI for predicting ISH
and SDH was more obvious in the subgroup of age > 16,
while such a difference was not found in the subgroup
of age < 16. Wang et al. revealed that the accuracy of
TMI classification of overweight and obesity increased along
with age, especially after the age of 16 (29). As a result,
this disparity could be that TMI’s predictive power increases
with age and does not significantly outperform BMI until
late adolescence.

According to a systematic review by Sun et al. (31), TMI can
better discriminate central obesity and reflect body fat storage.
Earlier studies (47) have also reported that an index based
on cubic powers of height predicts obesity equal to or better
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FPR, FNR, and total misclassification rates with 95% confidential intervals for TMI vs. BMI in predicting HTN in overall participants (A), boys (B),
and girls (C) aged 12-17 years, respectively. BMI, body mass index; TM, tri-ponderal mass index; FPR, false-positive rate; FNR, false-negative

rate; HTN, hypertension.

than BMI. Thus, an increasing number of researchers (28-30)
recommend the use of TMI to detect body fat in adolescents.
Based on previous researches (30, 39), we assume that TMI has
a better predictive power for adolescent BP than BMI. TMI cut-
off values can be considered a satisfactory alternative indicator
to screening for obesity risk in children and adolescents due to
the low fluctuations in TMI with age. As proposed previously
by Wang et al. (29), TMI cut-off values can significantly
reduce the amount of computation and complexity required for
overweight and obesity screening compared to previous BMI-
based screening. These could assist more primary health care
workers in effectively identifying and better preventing and
controlling obesity.

The current study has many significant advantages.
First, this study was a retrospective investigation employing
a longitudinal methodology. Compared to previous cross-
sectional studies (30, 39), the fluctuations in height, body fat
percentage, and BP during adolescence were fully considered.
To the best of our knowledge, among the studies comparing
TMI with BMI on teenage HTN, the current study is the first to
include all subtypes and employ BP effects at three visits, which
significantly reduced the misdiagnosis rate of HTN. The second
and third BP measures in this study were taken by known school
nurses on the campus of the specific students, which could be
advantageous in eliminating the “white-coat” effect. Moreover,
the 2020 specific BP surveillance showed a good collaboration
level, with 97.16% for the second and 98.01% for the third visit.
Additionally, the large sample size and standard measurement
data obtained from this study’s general population improve the
conclusions’ robustness.

Study limitations

First, this study recruited adolescents from Suzhou, a
developed location in eastern China that is geographically
restricted and not representative of other regional or ethnic
groups. Second, the second or third BP visit was only for
children with elevated BP diagnosed at the previous visit, as
recommended by other large-scale surveillance studies (21).
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Children with BP < Pgs at the first or second visit were not
followed at the subsequent visit, which may underestimate the
prevalence of HTN. Besides, not every child with BP > Pgs
at the first or second visit was enrolled at the subsequent
visit. However, the cooperation rates were around 98%, and
the included group was generally representative of the overall
population. And the subtle difference in characteristics in
population from the second visit to the third visit could be
attributed to increased variability from a smaller sample size
during the third visit. Additionally, we were unable to compare
the validity of all obesity indicators for predicting HTN because
information such as waist circumference and the waist-to-height
ratio was not collected.

Conclusion

TMI was a more reliable index of adolescent HTN and
ISH than BMI, although differences exist between age and sex
stratums. However, there was a comparable performance in
the prediction of IDH and SDH. In contrast to the complex
BMI-for-age charts, the cutoffs for TMI are greatly simplified.
Therefore, the application of TMI may promote the primary
prevention of adolescent HTN and health management of
children. In the future, results of our studies should be replicated
in large cross-sectional and longitudinal studies in other racial
and ethnic population. In addition, longer follow-up studies
that continue into adulthood should be conducted to assess
the relative merits of TMI and BMI in the prediction of HTN.
Besides, future studies would verify TMI’s utility in clinical
practice and eventually contribute to establishing an optimum
standard of TMI.
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