
Citation: Iłowiecka, K.; Glibowski, P.;

Libera, J.; Koch, W. Changes in Novel

Anthropometric Indices of Abdominal

Obesity during Weight Loss with

Selected Obesity-Associated

Single-Nucleotide Polymorphisms: A

Small One-Year Pilot Study. Int. J.

Environ. Res. Public Health 2022, 19,

11837. https://doi.org/10.3390/

ijerph191811837

Academic Editor: Anna

Puscion-Jakubik

Received: 30 August 2022

Accepted: 16 September 2022

Published: 19 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Changes in Novel Anthropometric Indices of Abdominal
Obesity during Weight Loss with Selected Obesity-Associated
Single-Nucleotide Polymorphisms: A Small One-Year
Pilot Study
Katarzyna Iłowiecka 1,* , Paweł Glibowski 2 , Justyna Libera 3 and Wojciech Koch 1,*

1 Department of Food and Nutrition, Medical University of Lublin, 4a Chodźki Str., 20-093 Lublin, Poland
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Abstract: Whether BMI and the competing waist circumference (WC)-based anthropometric indices
are associated with obesity-related single-nucleotide polymorphisms (SNPs) is as yet unknown.
The current study aimed to evaluate the anthropometric indices (fat mass index, body shape index,
visceral adiposity index, relative fat mass, body roundness index, and conicity index) during a
weight loss intervention in 36 obese individuals. Blood biochemical parameters (total cholesterol,
low-density lipoprotein, high-density lipoprotein, and triglycerides) and three SNPs (FTO rs9939609,
TFAP2B rs987237, and PLIN1 rs894160) were assessed in 22 women and 14 men (35.58 ± 9.85 years,
BMI 35.04 ± 3.80 kg/m2) who completed a 12-month balanced energy-restricted diet weight loss
program. Body composition was assessed via bioelectrical impedance (SECA mBCA515). At the end
of the weight loss intervention, all anthropometric indices were significantly reduced (p < 0.05). For
the SNP FTO rs9939609, the higher risk allele (A) was characteristic of 88.9% of the study group, in
which 10 participants (27.8%) were homozygous. We found a similar distribution of alleles in TFAP2B
and PLIN1. Heterozygous genotypes in FTO rs9939609 and TFAP2B rs987237 were predisposed to
significant reductions in WC-based novel anthropometric indices during weight loss. The influence
of PLIN1 rs894160 polymorphisms on the changes in the analyzed indices during weight loss has not
been documented in the present study.

Keywords: obesity; weight loss; anthropometric measurements; anthropometric indices; single-
nucleotide polymorphisms

1. Introduction

According to the World Health Organization (WHO), obesity management and the
treatment of its complications are considered one of the most important public health
challenges of the twenty-first century [1]. The reasons for the rapidly rising obesity preva-
lence are multifactorial. Among them, the most frequently mentioned are interactions
between predisposing genetic and metabolic factors and the rapidly changing “obesogenic”
environment [2]. Nowadays, obesity is examined as a multidimensional disease, in the
therapy of which physical activity, dietary, behavioral, psychological, and pharmacological
aspects play crucial roles [3–6].

The use of genetic tests in daily nutritional clinical practice regarding polygenic
obesity is not yet clearly defined. However, tests based on modern genetic technologies for
personalized dietary practice (direct-to-consumer tests, or DTC) are gaining popularity [7].
Dietary recommendations, in this case, are based on a genetic profile, taking into account
SNPs marked for an individual patient. The clinical usefulness and benefits for patients
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using the DTC are limited and debatable, due to the high risk of incorrect interpretation of
the test results [8]. Current research-based papers emphasize the need to conduct scientific
investigations in the nutrigenetics field to develop an evidence-based approach, with strict
regulations regarding the use of genetic tests to improve the personalized treatment of
obesity [8,9].

In clinical practice, the most common methods of assessing nutritional status and gen-
eral health conditions are simple anthropometric measurements, mainly based on the deter-
mination of body weight and height [10,11]. The current obesity classification based on body
mass index (BMI), although useful for population studies, has significant limitations when
applied to individuals [12]. Basically, this indicator does not take into account variables
such as body composition, gender, age, ethnicity, or the presence of co-morbidities [13,14].
The incorrect categorization of obese individuals as healthy (and inversely) may lead to
incorrect decisions during patients’ therapy [15]. For this reason, new obesity classifications
are developing that consider additional, crucial aspects of obesity care, such as: clinical
evaluation, diagnosis, obesity-related complications (ORC), therapy selection, treatment
objectives, and options. One of the most important positions of recent years was proposed
in 2016 by AACE/ACE (American Association of Clinical Endocrinologists/American
College of Endocrinology) experts. The AACE/ACE obesity guidelines are as follows:
obesity stage 0-BMI ≥ 30.0 kg/m2 and no ORC; obesity stage I-BMI ≥ 25.0 kg/m2 and
one or more mild-to-moderate ORC; obesity stage II-BMI ≥ 25.0 kg/m2 and one or more
severe ORC. Obesity-related complications include, e.g., metabolic syndrome, dyslipi-
demia, hypertension, obstructive sleep apnea, non-alcoholic fatty liver, or type 2 diabetes
mellitus [16].

Regarding anthropometric parameters, simple and inexpensive tools are constantly
sought that would allow clinicians to assess the content of body fat tissue and the risk of
obesity-related metabolic diseases. The most notable of these tools are: the fat mass index
(FMI), body shape index (ABSI), visceral adiposity index (VAI), relative fat mass (RFM),
body roundness index (BRI), and conicity index (CI) [17–21]. In recent years, the association
between these indices, with mortality [22] and many chronic diseases, e.g., metabolic
syndrome [23–25], diabetes mellitus [26], hypertension [27,28], or cardiovascular risk [20],
has been demonstrated. Moreover, novel anthropometric indices frequently showed a
greater diagnostic ability of visceral or sarcopenic obesity and comorbidities, compared to
BMI [26,29–31].

Changes in BMI and waist circumference (WC) are two of the main variables evaluated
during the weight loss process [32,33]. Therefore, the relationship of these indicators with
selected single-nucleotide polymorphisms (SNPs) related to obesity is widely described [2].
SNP-conditioned obesity (polygenic obesity) is the most common form of this disease, in
terms of genetic factors [34]. Recent genome-wide association studies (GWAS) and whole-
genome linkage analysis (genome-wide linkage studies, or GWLs) have revealed previously
unknown loci and genes where the SNPs predispose to the development of obesity, to
varying degrees. Scientific data regarding GWAS identified over 940 near-independent
SNPs (discovered in more than 50 genes) related to BMI, of which FTO rs9939609 is the best
known [35–37].

To the best of our knowledge, information regarding the association between novel
anthropometric indices and genes that could play an important role in obesity development
has not been previously described. As proved in the above paragraphs, there is a strong
need to know these dependencies. The main objective of this research was to evaluate the
values of BMI, FMI, ABSI, VAI, RFM, BRI, and CI during the weight loss process in obese
individuals and estimate their associations with selected SNPs (FTO rs9939609, TFAP2B
rs987237, and PLIN1 rs894160) related to excess body weight.

2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethics Committee of the Medical University of Lublin (decision
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number: KE-0254/180/2019). The details of the test group, weight loss intervention, and
outcome measurements have been described in our previous papers [38,39].

2.1. The Test Group

Briefly, the study was carried out in Lublin (the largest city in eastern Poland) on
36 Caucasian participants (22 women and 14 men) with an average age of 36.58 ± 9.85 years
old. Potential participants were recruited through online and printed advertisements and
were then assessed for the intervention by a dietitian (K.I.). The main inclusion criteria were:
of adult age and obesity grade 0, according to the AACE/ACE classification [16], readiness
for long-term dietary cooperation, and having given written permission to participate
in the study. The exclusion criteria primarily included: pregnancy, contraindications to
performing BIA (bioelectrical impedance analysis), obesity complications listed in the
AACE/ACE classification, and other metabolic and chronic disorders.

2.2. Weight Loss Intervention

The 12-month dietary intervention was conducted at the Nutrition Center (University
of Life Sciences in Lublin, Poland), and was designed in accordance with the position of
the Polish Dietetic Association [40] and the Nutrition Standards for the Polish Popula-
tion [41]. The nutritional guidelines for all participants met the qualitative and quantitative
assumptions of a balanced diet, including an energy deficit in the range of 500–800 kcal/d.
Furthermore, volunteers consumed four or five meals per day and were encouraged to
eat a variety of vegetables, fruits, whole grain products, and home-cooked meals. An
annual nutrition plan was developed individually for each participant, depending on their
preferences and lifestyle.

The distribution of energy from proteins, fats, and carbohydrates was 15–25%, 25–35%,
and 45–60%, respectively. The planned content of dietary fiber was at least 30 g/day.
Furthermore, the intervention’s assumptions included limiting the daily energy supply
from saturated fatty acids (<7%) and simple carbohydrates (<15%). The daily diet’s energy
value was not to be lower than the resting metabolic rate (RMR) level calculated from the
Mifflin-St. Jeor equation.

During the monthly follow-up visits, anthropometric measurements and BIA analysis
were performed, and nutritional plans were discussed and modified if needed. Throughout
the entire study, participants had unlimited access to support (e-mail or telephone) from a
qualified dietitian.

2.3. Outcome Measurements

Anthropometric measurements and BIA analysis were performed at every follow-up
visit during the research duration. Body height and WC were measured in a standing
position, with an accuracy of 0.1 cm, via the wall-mounted stadiometer (SECA 216—seca
GmbH & Co. KG., Hamburg, Germany) and stretch-resistant metric tape (SECA 201—seca
GmbH & Co. KG., Hamburg, Germany), using standardized procedures [42,43]. Body
weight was measured on a digital scale with a precision of 0.1 kg in lightweight clothes.

A SECA mBCA515 analyzer (seca GmbH & Co. KG., Hamburg, Germany) was used for
body composition analysis using the BIA method (eight-point, multi-frequency impedance
at 19 frequencies ranging from 1 to 1000 kHz), according to the manufacturer’s protocol.
The main BIA exclusion criteria included: pregnancy, diagnosed epilepsy, implanted
cardioverter or cardiac pacemaker, and the presence of metallic implants in the whole
body (except dental). The analysis was performed in a fasting state (for at least 3 h before
the measurement). Moreover, volunteers were recommended to refrain from intensive
physical activity at least 12 h prior to testing and to empty their bladders 30 min prior to
that. All measurements were performed using identical devices, in the same standardized
conditions, by a single specialist (K.I.).

For each participant, three SNPs in three genes (FTO rs9939609, TFAP2B rs987237,
PLIN1 rs894160) related to obesity were genotyped. Analyzed SNPs were identified using
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the polymerase chain reaction–restriction fragment-length polymorphism (PCR-RFLP)
method. The genetic identification was carried out by an external laboratory (Vitagenum,
Lublin, Poland). Genomic DNA was extracted from saliva using commercially available
kits (Intergos, Legionów, Poland). Fasting blood samples: total cholesterol (Total-chol),
low-density lipoprotein (LDL), high-density lipoprotein (HDL), and triglycerides (TG)
were collected and analyzed by an external, diagnostic laboratory (Centrum Diagnostyki
Laboratoryjnej, Lublin, Poland).

2.4. Anthropometric Indices

Based on the anthropometric measures, BMI, FMI, ABSI, VAI, RFM, BRI, and CI values
were estimated.

(1) BMI = weightvalue(kg)
height(m)2 ; unit: kg/m2 [44].

• BMI ranges: underweight < 18.5 kg/m2; normal weight 18.5–24.9 kg/m2; overweight
25.0–29.9 kg/m2; obesity class I 30.0–34.9 kg/m2; obesity class II 35.0–39.9 kg/m2;
obesity class III ≥ 40.0 kg/m2 [44].

(2) FMI = fatmass(kg)
height(m)2 ; unit: kg/m2 [45].

• FMI ranges for males: fat deficit < 3.0 kg/m2; normal 3.0–6.0 kg/m2; excess
fat > 6.0–9.0 kg/m2; obesity class I > 9.0–12.0 kg/m2; obesity class II > 12.0–15.0
kg/m2; obesity class III > 15.0 kg/m2.

• FMI ranges for females: fat deficit < 5.0 kg/m2; normal 5.0–9.0 kg/m2; excess fat
> 9.0–13.0 kg/m2; obesity class I > 13.0–17.0 kg/m2; obesity class II > 17.0–21.0
kg/m2; obesity class III > 21.0 kg/m2.

(3) ABSI = WC(m)

BMI2/3(kg/m)2×heigh1/2(m)
; no unit [46]

• The proposed ABSI cut-off points in the diagnosis of metabolic disorders are
0.080 for males and 0.076 for females [47].

(4) VAI; no unit [48]. Males: VAI = WC(cm)
39.68+(1.88×BMI(kg/m2)

× TG(mmol/L)
1.03 × 1.31

HDL(mmol/L)

Females: VAI = WC(cm)
36.58+(1.89×BMI(kg/m2)

× TG(mmol/L)
0.81 × 1.52

HDL(mmol/L) The proposed VAI
cut-off points identify a visceral adipose dysfunction (VAD) associated with car-
diometabolic risk:

• Adults < 30 years old: VAD absent ≤ 2.52; mild VAD 2.53–2.58; moderate VAD
2.59–2.73; severe VAD > 2.73.

• Adults 30–41 years old: VAD absent ≤ 2.23; mild VAD 2.24–2.53; moderate VAD
2.54–3.12; severe VAD > 3.12.

• Adults 42–51 years old: VAD absent ≤ 1.92; mild VAD 1.93–2.16; moderate VAD
2.17–2.77; severe VAD > 2.77 [49].

(5) RFM = 64 − (20 ×height(m)
WC(m)

) + 12 × gender (0 for males, 1 for females); unit: % [50].

• The proposed RFM cut-off points to diagnose obesity and identify patients at
higher risk of mortality are 30.0% for males and 40.0% for females [51].

(6) BRI = 364.2 – 365.5 ×
√

1–
(

WC(m)/(2π))2

(0.5×height(m)2

)
; no unit [17].

• The suggested BRI cut-off points to diagnose metabolic syndrome are 5.69 for
males and 5.77 for females [52].

(7) CI = WC(m)

0.109
√

weightvalue(kg)
height(m)

; unit: m3/2/kg1/2 [53].

• The suggested CI cut-off points to diagnose obesity and metabolic abnormalities
are 1.200 for males and 1.180 for females [54].
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2.5. Statistical Analysis

Statistical analysis was conducted for all variables. The distribution normality of
the measurable variables was evaluated using the Shapiro–Wilk test (p < 0.05). A one–
way analysis of variance (ANOVA) using Tukey’s post–hoc (p < 0.05) test was applied
for the comparison of independent quantitative variables among more than two groups.
The homogeneity of variance was assessed using Levene’s or Brown–Forsythe tests for
the equality of variances. In the case of non-normal distributions, the nonparametric
Kruskal–Wallis test (p < 0.05) was used.

An ANOVA test with repeated measures (by Tukey’s post–hoc test, p < 0.05) was used
to compare more than two dependent average values. Mauchly’s sphericity test was used
to validate a repeated-measures analysis of variance.

Changes in VAI values and blood biochemical parameters were compared using
Student’s t-test or the Mann–Whitney U test (p < 0.05). A Pearson correlation between an-
thropometric indices and blood biochemical parameters was evaluated (p < 0.05; p < 0.001).
The analyses were performed using STATISTICA 13.3 computer software (StatSoft, Inc.,
Tulsa, OK, USA).

3. Results

A total of 36 obese participants (22 women and 14 men) were included in the interven-
tion. As shown in Table 1, the annual weight loss process has contributed to a significant
improvement in most anthropometric parameters. The presented results indicate that the
general trend was to recover or reverse at 12 months part of the beneficial effects achieved
at 6 months on the studied parameters. The values of phase angle, HDL, and TG did not
change statistically significantly after 12 months. During the weight loss phase, an increase
in LDL and total-chol values were documented.

Table 1. Characteristics of the studied group during the weight loss phase.

Parameter
Baseline After 6 Months After 12 Months

n = 36 (n = 22 Women, n = 14 Men)

Age (years) 36.58 B ± 9.85 37.14 AB ± 9.80 37.58 A ± 9.85
Height (m) 1.72 A ± 0.10 1.72 A ± 0.10 1.72 A ± 0.10

Body weight value (kg) 104.02 A ± 17.92 96.63 C ± 18.25 99.27 B ± 18.86
Fat mass (%) 41.11 A ± 5.96 38.23 C ± 6.64 39.40 B ± 10.46

VAT (L) 3.69 A ± 2.36 2.65 B ± 1.99 2.82 B ± 1.99
WC (cm) 107.72 A ± 13.56 99.42 C ± 13.50 101.17 B ± 13.34

Phase angle (◦) 5.57 A ± 0.65 5.54 A ± 0.68 5.55 A ± 0.65
Total-chol (mmol/L) 4.92 B ± 0.93 nd 5.29 A ± 1.00

HDL (mmol/L) 1.37 A ± 0.38 nd 1.41 A ± 0.36
LDL (mmol/L) 2.98 B ± 0.80 nd 3.30 A ± 0.83
TG (mmol/L) 1.29 A ± 0.57 nd 1.27 A ± 0.45

Values with different letters in the same row are significantly different at p < 0.05 (ANOVA with repeated
measures—Tukey test or Student’s t-test in biochemical parameters). Abbreviations: nd—no data, VAT—visceral
adipose tissue, WC—waist circumference, Total-chol—total cholesterol, LDL—low-density lipoprotein, HDL—
high-density lipoprotein, TG—triglycerides.

The initial assumptions of the study adopted only two control points: at the beginning
(baseline) and at the end of the weight loss phase (12th month). During follow-up visits,
results from BIA, WC measurements, and blood analyses were collected. However, our
analysis of the results obtained after the end of the study prompted us to publish the BIA
results after 6 months to show more comprehensive changes in body composition during
the intervention. These are additional results. For this reason, the other outcomes from the
sixth month were not presented. Importantly, the characteristics of the studied group and
the other outcomes presented in Table 1 have been published in our previous work [39].
The percentage of subjects in which a reduction (>5%) and a regaining of initial body weight
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were observed at 6 and 12 months of intervention and the results are presented in Table S1
of the Supplementary Materials.

Based on the above parameters, the BMI, FMI, ABSI, VAI, RFM, BRI, and CI values
were estimated. Changes in anthropometric indices during the weight loss phase in the
study group are presented in Table 2.

Table 2. Changes in anthropometric indices during the weight loss phase.

Anthropometric
Indices Baseline After a 6 Months After a 12 Months

BMI (kg/m2) 35.04 A ± 3.80 32.43 C ± 3.96 33.40 B ± 4.12
FMI (kg/m2) 14.46 A ± 3.03 12.47 C ± 3.13 13.35 B ± 3.37

ABSI 0.077 A ± 0.006 0.075 B ± 0.006 0.074 B ± 0.005
ABSI z-score −0.459 A ± 1.156 −0.983 B ± 1.119 −1.108 B ± 0.929

VAI 1.74 A ± 0.97 nd 1.24 B ± 0.40
RFM (%) 39.38 A ± 5.73 36.62 C ± 5.88 37.28 B ± 5.86

BRI 6.13 A ± 1.57 5.02 B ± 1.41 5.25 B ± 1.39
CI (m3/2/kg1/2) 1.273 A ± 0.100 1.221 B ± 0.099 1.223 B ± 0.089

Values with different letters in the same row are significantly different at p < 0.05 (ANOVA with repeated
measures—Tukey test or Student’s t-test). Abbreviations: nd—no data, BMI—body mass index, FMI—fat mass
index, ABSI—A body shape index, VAI—visceral adiposity index, RFM—relative fat mass, BRI—body roundness
index, CI—conicity index.

Each of the analyzed indices had improved significantly at the end of the intervention.
The results of the BMI, FMI, and RFM tests, obtained in the sixth month, were significantly
more favorable compared to the results at the end of the research. The presented outcomes
demonstrate that after reaching a plateau or a decline at 6 months, some indices recover
part of the initial values. However, these results did not return to the baseline point.

Table 2 also presents an ABSI z-score indicator determining premature mortality
risk levels. The results are classified into five categories: (1) very high: > 0.798; (2) high:
0.798–0.229; (3) average: 0.229–−0.272; (4) low: −0.272–−0.868; (5) very low: < −0.868. In
the study group, the risk of premature death was reduced from the low to the very low
range [46].

Pearson’s correlation between the anthropometric indices and selected blood parame-
ters was analyzed (Table 3). The greatest number of significant associations was indicated
for: WC, weight value, BMI, BRI, and VAT. The highest number of negative correlations
was demonstrated for HDL, of which five (for weight, VAT, WC, BMI, and VAI) were statis-
tically significant. Correlations between FM% and other indicators were not significant,
except for FMI (r = 0.876; p < 0.001), and RFM (r = 0.830; p < 0.001). Likewise, only two
significant associations, between TG, VAI (r = 0.815; p < 0.001) and WC (r = 0.335; p < 0.05),
were noticed.

In the current small sample size study, ABSI was found to be independent of BMI
(r = 0.168). The other WC-based central body indices in fact showed higher correlations:
BRI r = 0.801, CI = r0.449, VAI r = 0.445, RFM r = 0.283. Therefore, ABSI provides the central
body measure that is least dependent on BMI.

For each participant, three SNPs in three genes (FTO rs9939609, TFAP2B rs987237,
PLIN1 rs894160) related to obesity were genotyped. The frequency of alleles for the
analyzed SNPs is summarized in Table 4.

The TFAP2B and PLIN1 genes showed similar genotype frequencies. The smallest
percentage of the group was characterized by an unfavorable SNP variant (11.1% and 5.6%
in TFAP2B and PLIN1, respectively). Different results were noted regarding FTO, which is
considered the main gene associated with obesity. The risk allele (A) was characteristic of
88.9% of the study group, in which 10 participants (27.8%) were discovered with the variant
most at risk (AA). The opposite TT genotype was characterized by only 11.1% of patients.
SNPs distribution in the study group has been published in our previous work [39].
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Table 3. Pearson’s rank correlation for body mass composition measurements and blood parameters
at the baseline.

Parameter Body
Weight FM% VAT WC BMI FMI ABSI ABSI

z-s VAI RFM BRI CI TG HDL

Body
Weight −

FM% −0.141 −
VAT 0.823 ** −0.320 −
WC 0.837 ** −0.084 0.934 ** −

BMI 0.768 ** 0.328 0.598
** 0.754 ** −

FMI 0.291 0.876 ** 0.074 0.330
* 0.738 ** −

ABSI 0.399 * −0.281 0.774 ** 0.786 ** 0.240 −0.064 −

ABSI z-s 0.286 −0.148 0.674
**

0.697
** 0.165 −0.002 0.949 ** −

VAI 0.325 0.108 0.240 0.373
*

0.445
* 0.329 0.200 0.210 −

RFM −0.287 0.830 ** −0.367
* −0.078 0.283 0.740 ** −0.144 −0.064 0.205 −

BRI 0.589 ** 0.194 0.749 ** 0.895 ** 0.801 ** 0.550
** 0.715 ** 0.660

**
0.392

* 0.298 −

CI 0.541 ** −0.178 0.849 ** 0.897 ** 0.449
* 0.113 0.974 ** 0.914 ** 0.276 −0.072 0.843 ** −

TG 0.301 −0.148 0.315 0.335
* 0.281 0.047 0.243 0.231 0.815 ** −0.042 0.281 0.286 −

HDL −0.464 * 0.190 −0.393
*

−0.392
*

−0.376
* −0.069 −0.197 −0.148 −0.581

* 0.243 −0.270 −0.248 −0.243 −

* p < 0.05; ** p < 0.001; _, strong Pearson’s rank correlation > 0.7. Abbreviations: FM%—% fat mass, VAT—visceral
adipose tissue, WC—waist circumference, BMI—body mass index, FMI—fat mass index, ABSI—A body shape
index, VAI—visceral adiposity index, RFM—relative fat mass, BRI—body roundness index, CI—conicity index,
TG—triglycerides, HDL—high-density lipoprotein.

Table 4. SNP distribution in the study group.

SNP Variant Baseline (n = 36)

rs9939609 (FTO)
AA * 10 (27.8%)
AT 22 (61.1%)
TT 4 (11.1%)

rs987237 (TFAP2B)
GG * 4 (11.1%)
AG 16 (44.4%)
AA 16 (44.4%)

rs894160 (PLIN1)
AA * 2 (5.6%)
AG 15 (41.7%)
GG 19 (52.7%)

* The most at-risk genotype.

Tables 5–7 summarize the results of changes in the anthropometric indices depending
on analyzed SNPs. These analyses were conducted to evaluate whether individual SNPs
can affect the anthropometric indices during the weight loss process.

After the initial rapid improvement in BMI value (−1.95 kg/m2; −5.43%) in partici-
pants with the AA genotype, the results began to change adversely in the second part of
the intervention and returned to the level before the weight loss process (−0.50 kg/m2;
−1.39%). Similarly, FMI and VAI values did not differ significantly at the beginning and
after 12 months of intervention. The FMI value in the AA genotype in the twelfth month
was higher compared to the beginning of the study by 0.10 kg/m2 (+0.69%), despite the
implementation of a negative energy balance. Other indicators (ABSI, RFM, BRI, CI, WC)
were significantly reduced.
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Table 5. Differences in changes in the anthropometric indices, depending on FTO rs9939609.

Anthropometric
Indices

rs9939609 (FTO)

AA (n = 10) AT (n = 22) TT (n = 4)

Baseline 6 Month 12 Month Baseline 6 Month 12 Month Baseline 6 Month 12 Month

BMI (kg/m2) 35.89 Aa ±
4.82

−1.95 Ab

(−5.43%)
−0.50 Aab

(−1.39%)
34.82 Aa ±

3.51
−3.01 Ac

(−8.64%)
−2.24 Ab

(−6.43%)
33.79 Aa ±

1.89
−2.26 Ab

(−6.69%)
−0.90 Aab

(−2.66%)

FMI (kg/m2) 14.42 Aa ±
3.55

−1.44 Ab

(−9.99%)
0.10 Aa

(+0.69%)
14.63 Aa ±

3.09
−2.25 Ab

(−15.38%)
−1.69 Bb

(−11.55%)
13.63 Aa ±

1.26
−1.99 Ab

(−14.60%)

−0.99
ABab

(−7.26%)

ABSI 0.079 Aa ±
0.004

−0.002
Aab

(−2.53%)

−0.002 Ab

(−2.53%)
0.076 Aa ±

0.006
−0.002 Ab

(−2.63%)
−0.003 Ab

(−3.94%)
0.076 Aa ±

0.008
−0.002 Aa

(−2.63%)
−0.001 Aa

(−1.32%)

VAI 1.67 Aa ±
0.97

nd −0.32 Aa

(−19.16%)
1.82 Aa ±

1.04
nd −0.66 Ab

(−36.26%)
1.49 Aa ±

0.64
nd −0.07 Aa

(4.70%)

RFM (%) 38.98 Aa ±
5.71

−1.99 Ab

(−5.11%)
−1.22 Ab

(−3.13%)
40.14 Aa ±

5.73
−3.18 Ab

(−7.92%)
−2.64 Bb

(−6.58%)
36.24 Aa ±

6.15
−2.36 Ab

(−6.51%)

−1.38
ABab

(−3.81%)

BRI 6.61 Aa ±
1.29

−0.86 Ab

(−13.01%)
−0.57 Ab

(−8.62%)
6.03 Aa ±

1.71
−1.26 Ab

(−20.89%)
−1.09 Ab

(−18.07%)
5.43 Aa ±

1.34
−0.90 Ab

(−16.57%)
−0.49 Aab

(−9.02%)

CI (m3/2/kg1/2) 1.309 Aa ±
0.062

−0.040 Ab

(−3.05%)
−0.039 Ab

(−2.98%)
1.259 Aa ±

0.108
−0.059 Ab

(−4.69%)
−0.059 Ab

(−4.69%)
1.261Aa ±

0.128
−0.045 Aa

(−3.57%)
−0.030 Aa

(−2.38%)

WC (cm) 112.60 Aa

± 13.03
−6.30 Ab

(−5.59%)
−4.10 Ab

(−3.64%)
105.64 Aa

± 13.90
−9.41 Ab

(−8.91%)
−8.18 Ab

(−7.74%)
107.00 Aa

± 13.09
−7.25 Ab

(−6.78%)
−3.75 Aab

(−3.50%)

Values with different letters in the same row are significantly different at p < 0.05; abc—differences between:
baseline, 6th, and 12th month in a single genotype (ANOVA with repeated measures—Tukey test); AB—differences
between the same control points (baseline, 6th month, 12th month) in all genotypes (one–way ANOVA—Tukey
test). Abbreviations: nd—no data, BMI—body mass index, FMI—fat mass index, ABSI—A body shape index, VAI—
visceral adiposity index, RFM—relative fat mass, BRI—body roundness index, CI—conicity index, WC—waist
circumference.

Table 6. Differences in changes in the anthropometric indices, depending on TFAP2B rs987237.

Anthropometric
Indices

rs987237 (TFAP2B)

GG (n = 4) AG (n = 16) AA (n = 16)

Baseline 6 Month 12 Month Baseline 6 Month 12 Month Baseline 6 Month 12 Month

BMI (kg/m2) 38.44 Aa ±
4.68

−2.60 Ab

(−6.76%)
−1.85 Ab

(−4.81%)
33.83 Aa ±

3.27
−2.50 Ab

(−7.39%)
−1.94 Ab

(−5.73%)
35.31 Aa ±

3.62
−2.78 Ab

(−7.87%)
−1.21 Aa

(−3.43%)

FMI (kg/m2) 16.03 Aa ±
4.18

−1.78 Ab

(−11.10%)
−0.65 Aab

(−4.05%)
13.77 Aa ±

2.60
−1.83 Ab

(−13.29%)
−1.49 Ab

(−10.82%)
14.76 Aa ±

3.15
−2.21 Ab

(−14.97%)
−0.85 Aa

(−5.76%)

ABSI 0.076 Aa ±
0.006

−0.001 Aa

(−1.32%)
−0.001 Aa

(−1.32%)
0.075 Aa ±

0.007
−0.002 Ab

(−2.67%)
−0.003 Ab

(−4.00%)
0.078 Aa ±

0.004
−0.002 Ab

(−2.56%)
−0.002 Ab

(−2.56%)

VAI 2.01 Aa ±
1.19

nd −0.68 Aa

(−33.83%)
1.80 Aa ±

0.92
nd −0.60 Ab

(−33.33%)
1.61 Aa ±

1.02
nd −0.36 Aa

(−22.36%)

RFM (%) 38.82 Aa ±
6.24

−2.09 Ab

(−5.38%)
−1.50 Aab

(−3.86%)
38.78 Aa ±

5.86
−2.91 Ab

(−7.50%)
−2.60 Ab

(−6.70%)
40.12 Aa ±

5.78
−2.78 Ac

(−6.93%)
−1.76 Ab

(−4.39%)

BRI 6.60 Aa ±
1.56

−0.89 Ab

(−13.48%)
−0.62 Aab

(−9.39%)
5.62 Aa ±

1.59
−1.09 Ab

(−19.39%)
−0.98 Ab

(−17.44%)
6.51 Aa ±

1.50
−1.19 Ab

(−18.28%)
−0.85 Ab

(−13.06%)

CI (m3/2/kg1/2) 1.277 Aa ±
0.10

−0.034 Aa

(−2.34%)
−0.023 Aa

(−1.56%)
1.244 Aa ±

0.12
−0.056 Ab

(−4.52%)
−0.060 Ab

(−4.76%)
1.301 Aa ±

0.074
−0.053 Ab

(−4.07%)
−0.048 Ab

(−3.9%)

WC (cm) 115.00 Aa

± 13.09
−6.75 Ab

(−5.87%)
−4.75 Aab

(−4.13%)
103.00 Aa

± 14.30
−8.25 Ab

(−8.01%)
−7.63 Ab

(−7.41%)
105.00 Aa

± 17.06
−8.75 Ab

(−8.33%)
−5.94 Ab

(−5.66%)

Values with different letters in the same row are significantly different at p < 0.05; abc—differences between:
baseline, 6th, and 12th month in a single genotype (ANOVA with repeated measures—Tukey test); A—differences
between the same control points (baseline, 6th month, 12th month) in all genotypes (one–way ANOVA—Tukey
test). Abbreviations: nd—no data, BMI—body mass index, FMI—fat mass index, ABSI—A body shape index,
VAI—visceral adiposity index, RFM—relative fat mass, BRI—body roundness index, CI—conicity index, WC—
waist circumference.
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Table 7. Differences in changes in the anthropometric indices, depending on PLIN1 rs894160.

Anthropometric
Indices

rs894160 (PLIN1)

AA + AG (n = 2 + 15) GG (n = 19)

Baseline 6 Month 12 Month Baseline 6 Month 12 Month

BMI (kg/m2) 33.68 Ba ± 2.91 −2.83 Ac

(−8.40%)
−2.02 Ab

(−6.00%) 36.19 Aa ± 4.10 −2.46 Ac

(−6.80%)
−1.24 Ab

(−3.43%)

FMI (kg/m2) 13.87 Aa ± 2.53 −2.03 Ab

(−14.66%)
−1.41 Ab

(−10.17%) 14.99 Aa ± 340 −1.96 Ab

(−13.08%)
−0.85 Aa

(−5.67%)

ABSI 0.076 Aa ± 0.007 −0.002 Ab

(−2.63%)
−0.002 Ab

(−2.63%) 0.077 Aa ± 0.005 −0.002 Ab

(−2.60%)
−0.003 Ab

(−3.90%)

VAI 1.69 Aa ± 0.95 nd −0.48 Ab

(−24.49%) 1.78 Aa ± 1.01 nd −0.52 Ab

(−29.21%)

RFM (%) 39.24 Aa ± 5.33 −2.99 Ab

(−7.62%)
−2.36 Ab

(−6.01%) 39.51 Aa ± 6.21 −2.55 Ab

(−6.45%)
−1.88 Ab

(−4.76%)

BRI 5.66 Aa ± 1.41 −1.08 Ab

(−19.08%)
−0.88 Ab

(−15.55%) 6.54 Aa ± 1.62 −1.14 Ab

(−17.43%)
−0.88 Ab

(−13.46%)

CI (m3/2/kg1/2) 1.254 Aa ± 0.111 −0.049 Ab

(−3.91%)
−0.049 Ab

(−3.91%) 1.291 Aa ± 0.088 −0.054 Ab

(−4.18%)
−0.051 Ab

(−3.95%)

WC (cm) 103.53 Aa ± 13.25 −8.29 Ab

(−8.01%)
−6.94 Ab

(−6.70%) 111.47 Aa ± 13.04 −8.32 Ab

(−7.46%)
−6.21 Ab

(−5.57%)

Values with different letters in the same row are significantly different at p < 0.05; abc—differences between:
baseline, 6th, and 12th month in a single genotype (ANOVA with repeated measures—Tukey test); AB—differences
between the same control points (baseline, 6th month, 12th month) in all genotypes (Student’s t-test or the
Mann–Whitney U test). Abbreviations: nd—no data, BMI—body mass index, FMI—fat mass index, ABSI—A body
shape index, VAI—visceral adiposity index, RFM—relative fat mass, BRI—body roundness index, CI—conicity
index, WC—waist circumference.

The best results were obtained in the heterozygous AT allele variant, where all anthro-
pometric indices were significantly reduced after dietary intervention.

Interestingly, participants with the TT genotype (the most favorable variant, consider-
ing the low risk of obesity development) did not significantly reduce any parameters in the
twelfth month. However, the presented outcomes may have been caused due to the small
sample number (n = 4).

The size of the changes between the same control points (baseline, the sixth month,
and the twelfth month, indicated by capital letters) in all genotypes was similar in most of
the analyzed indices. Significant differences were noticed only in the FMI and RFM values
in the twelfth month.

In participants with the GG genotype, only the BMI value was significantly reduced
(−1.85 kg/m2; −4.81%) in the twelfth month. Other analyzed anthropometric indices had
returned to the baseline. Regarding the heterozygous AG genotype, all parameters have
been improved significantly. In the case of patients with the AA genotype, the majority of
the parameters had improved (ABSI, RFM, BRI, CI, and WC). BMI, FMI, and VAI had not
been significantly reduced in the twelfth month of the intervention (p > 0.05). The size of
the changes between the same control points (baseline, sixth month, and twelfth month;
capital letters) in all genotypes was the same in all analyzed indices.

Due to the small number of participants with the AA genotype (n = 2) in the gene
PLIN1 rs894160, two groups were compared, with allele A (AA, AG) and without (GG).
The presence of risk allele A did not affect the size of the changes in anthropometric indices.
Similar results were obtained in both analyzed groups. Almost all analyzed parameters in
the twelfth month were significantly lower than at the beginning of the study (except for
FMI in the GG genotype). Similarly, the size of the changes in the analyzed parameters in
the sixth and twelfth months (capital letters) did not differ significantly in both groups.

4. Discussion

Previous studies evaluated the association of novel anthropometric indices with mor-
tality and many obesity-related chronic diseases [20,22–28]. The present research is among
the first intervention study estimating the relationships between novel anthropometric
parameters and selected obesity-related genes. Due to the lack of data regarding the above
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issue (except for BMI associations), it is not possible to compare all the results of the present
research with the other authors’ findings. Therefore, the discussion concerns mainly the
correlation between the novel anthropometric indices and analyzed health indicators. More-
over, the genotype frequencies of FTO rs9939609, TFAP2B rs987237, and PLIN1 rs894160
were raised in this section.

The present research indicated that the frequency of the FTO rs9939609 was 27.8%,
61.1%, and 11.1% for the AA, AT, and TT genotypes, respectively, which was in conformity
with the study by Abolnezhadian et al. [55]. The research performed by Prakash et al. [56]
in an obese population showed slightly different results: 23.9%, 44.7%, and 31.4% for the
AA, AT, and TT genotypes, respectively. Likewise, Mehrdad et al. [57] proved that in a
group of overweight healthy adults, about half of the participants were AT genotype, 19%
of them were AA variant, and approximately 31% of them were characterized by the TT
homozygote. In addition, a study in the United Kingdom, conducted on an overweight
population-based sample, documented similar results [58]. According to Stocks et al. [59],
the smallest percentage (2.6%) of obese patients is characterized by the GG genotype in the
TFAP2B (transcription factor AP-2 Beta) gene, which was confirmed by our results (11.1%).
The obtained results reported that 44.4% of participants had an AG or AA genotype, while
Stock et al. [59] indicated 23.50% and 53.63%, respectively. In line with our outcomes
regarding the genotype frequencies of PLIN1 rs894160 were the studies carried out by
Ruiz et al. [60], Qi et al. [61], and Meirhaeghe et al. [62]. In all the above studies, the AA
genotype was characteristic of a slight percentage of respondents (5.6–12.8%). However,
both the AG and GG variants were documented in over 40% of obese participants.

At the end of the weight loss intervention, all the anthropometric indices were sig-
nificantly reduced (p < 0.05). Regarding biochemical parameters, an increase in LDL and
total-chol values was documented, which may be a temporary state resulting from a change
in the lipoprotein metabolism. Lipidogram values should decrease once the body weight is
stabilized [63,64]. Numerous previous studies have demonstrated the role of dietary modi-
fications in the regulation of BMI value [65]. Nevertheless, the problem is in discovering
the genes and SNPs related to excessive body weight and defining by which mechanisms
they exert their effect. The FTO (the fat mass and obesity-associated gene) has the greatest
influence on BMI values of all known genes [66]. The association between FTO rs9930506
polymorphism and changes in BMI after lifestyle interventions has been studied frequently.
Reinehr et al. [67] demonstrated that the obesity risk allele (A) was not associated with BMI
decrease during a lifestyle intervention (p = 0.777), but the studied SNPs were associated
with BMI regain after a one-year follow-up period. These results were in concordance
with the results reported by Matsuo et al. [68] and Delahanty et al. [69], which showed
no significant differences in the BMI value during the weight loss programs, regardless of
rs9930506 SNP. Similar conclusions were also presented from studies conducted on children
and adolescents [70,71]. Interestingly, some investigations have demonstrated contradic-
tory outcomes, suggesting that individuals carrying the homozygous AA genotype had
a greater BMI decrease than TT genotypes after nutrition interventions [72]. Although
it seems that all patients, despite their genotype, can decrease their BMI significantly in
response to a short-term lifestyle intervention; some of the results showed that rs9930506
AA-genotype individuals may have more difficulty reducing body fat than subjects with
the other variants [73]. Our study indicated that the most favorable results were obtained
in the heterozygous AT genotype, where a significant decrease in BMI was shown in the
twelfth month of intervention, in contrast to the AA and TT variants.

In terms of the relationship between BMI and the PLIN1 rs894160 polymorphism, Ruiz
et al. [60] found that SNPs in the analyzed genes were not associated with BMI changes
during a 12-week energy-restricted diet intervention. The subjects (obese women) with
genotypes GG, GA, and AA reduced their BMI value by −8.8 kg/m2, −8.9 kg/m2, and
−7.6 kg/m2 respectively, which were not statistically significant differences (p = 0.488). The
obtained outcomes are in accordance with the results of Soenen et al. [74], who indicated
that BMI values were significantly lower for obese men with the A allele compared to those
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with the GG genotype (30.5 ± 1.4 kg/m2 vs. 33.5 ± 4.1 kg/m2, p < 0.01; in our study, the
results were 33.68 kg/m2 ± 2.91 vs. 36.19 ± 4.10 kg/m2, p < 0.05). Moreover, the lower
values of BMI that were associated with the AA and AG genotypes at baseline were still
apparent during the two weight-loss control points.

Only one clinical trial assessed the relationship between the ABSI value and the FTO
gene. Ahmad et al. [75] indicated that FTO rs9939609 polymorphism was unrelated to the
change in anthropometric status following epigallocatechin-gallate (EGCG) supplementa-
tion intervention. Contrastingly, our study documented that the AA and AT allele carriers
significantly reduced ABSI values after 12 months of intervention, compared to individuals
characterized by the homozygote TT. It should be remembered that the small sample size of
the TT genotype (n = 4) raises uncertainty regarding the effects in this group. In their study,
Abolnezhadian et al. [55] also examined the ABSI value and FTO rs9939609 SNPs, but the
relationship between them was not analyzed. The observed lack of correlation between
BMI and ABSI has been documented in previous papers [29,76].

Thomas et al. [17] created the BRI to estimate body fat mass, visceral adiposity percent-
age, and an individual’s physical health. In an overweight Chinese adult population, BRI
was found to be correlated with HDL and TG after adjusting for gender and age [77]. These
results have not been confirmed in our study (r = 0.281 and r = −0.270 respectively), or in
the research conducted by Gomez-Marcos et al. [52] (r = −0.110 and r = 0.107, respectively).
BRI was usually applied as an adipose indicator for diagnosing hyperuricemia [78], arte-
rial stiffness [77], cardiometabolic risk [79], diabetes [80], hypertension [27], or metabolic
syndrome risk [24].

The results of the present paper revealed a positive significant correlation between
BMI and CI (r = 0.449). In line with our results are those reported by Shidfar et al. [81]
(r = 0.310). A slightly weaker association has been demonstrated by Nkwana et al. [20]
(r = 0.150 for men and r = 0.016 for women). The correlation between CI and lipidogram
markers that was shown in the above-cited study was in accordance with our outcomes
(r = 0.286 for TG and r= −0.248 for HDL). In general, CI is a straightforward method for
evaluating abdominal obesity and also its relationship to cardiovascular risk factors [82].

The correlation between RFM and FM% (r = 0.830; p < 0.001) described in the present
research was close to the values obtained by Corrêa et al. [83] (0.880; p < 0.05). However,
the association between RFM and BMI was highly different: r = 0.283; p > 0.05 in our study,
and r = 0.890; p < 0.05 in the results reported by Corrêa et al. [83]. Additionally, RFM had a
highly significant positive correlation with FM% (r = 0.751, p < 0.001), and changes in RFM
during the lifestyle intervention were significantly correlated with changes in FM% [84]. It
has been shown that RFM can be a better predictor than BMI of dyslipidemia and metabolic
syndrome [85], or of liver disease and mortality [86].

Anthropometric (BMI and WC) and functional (TG and HDL) parameters were used
to calculate the VAI. This measure, which may be viewed as a straightforward surrogate
marker of visceral adipose dysfunction, in previous studies demonstrated a significant
correlation with VAT. Additionally, it indicated a strong independent association with
cardiovascular events [48] and demonstrated a superior predictive ability for incident
diabetic events, compared to its individual components (WC, BMI, TG, and HDL) [87]. The
results obtained by Adanas and Özgen [88] proved that the correlations between VAI and
BMI, TG, and HDL were r = 0.503, r = 0.909, r = −0.730, respectively, which is comparable
to our results (r = 0.445, r = 0.815, r = −0.581, respectively). The association between VAI
and BMI at around r = 0.500 also was confirmed in other studies [89], while different values
were obtained by Zar and Ali [90] (r = −0.016; p = 0.788) and by Wanderley Rocha et al. [91]
(r = 0.160; p > 0.05).

An FMI is the measure of relative fat content. Its independence from fat-free mass
gives it a diagnostic edge over FM%. The obtained results indicate that FMI has the greatest
correlations with FM%, BMI, and RFM (r = 0.876, r = 0.738, r = 0.740; p < 0.001, respectively),
which finding is confirmed by previous studies [29,92].
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To summarize the information presented above, the strongest Pearson’s rank correla-
tions were obtained between BMI and BRI (r = 0.801; p < 0.001), FMI (r = 0.738; p < 0.001), CI
(r = 0.449; p < 0.05), and VAI (r = 0.445; p < 0.05). In terms of WC and the novel anthropomet-
ric indices, highly significant associations were observed for: CI (r = 0.897; p < 0.001), BRI
(r = 0.895; p < 0.001), ABSI (r = 0.786; p < 0.001), and the ABSI z-score (r = 0.697; p < 0.001).
Therefore, it can eventually be suggested that BRI and CI may serve as comprehensive
clinical indicators of obesity, as was confirmed in previous studies [80,93].

To the best of the authors’ knowledge, the present research is among the first clinical
trials to evaluate changes in novel anthropometric indices during weight loss intervention
and their associations with selected SNPs related to obesity. The other strengths of our
study are its longitudinal design and the multiplicity of analyzed indices. The major
limitation of the research is the small number of participants, whereas recent studies [94]
and databases [95] have included thousands of subjects. Therefore, a full analysis of the
results (including gender division) was not possible. Another weak point of the study was
the incomplete data regarding biochemical blood analyses. During the study, participants
were preparing meals themselves (without the researchers’ strict control), which could also
have affected the obtained results. Additionally, due to the exclusion of participants with
metabolic and autoimmune disorders, it can be difficult to generalize our findings to the
average patient trying to seek medical help with weight loss.

5. Conclusions

The obtained results demonstrate that heterozygous genotypes in FTO rs9939609 and
TFAP2B rs987237 predispose the subject to a significant improvement in novel anthropo-
metric indices during weight loss. The influence of PLIN1rs894160 polymorphisms on
the size of the changes in analyzed indices has not been documented. In a study group,
the frequencies of carrying the riskiest genotype in relation to obesity development were
the highest in the case of the FTO gene. Prospective studies with more patients, and with
a greater number of analyzed genes, are needed to draw more accurate conclusions in
the future.
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41. Jarosz, M. Normy Zywienia dla Populacji Polski. IŻŻ. 2017; pp. 11–311. Available online: https://www.gov.pl/attachment/3259
f9ef-d8ae-49ab-8f19-4787d686df31 (accessed on 11 August 2022). (In Polish)

42. NHANES—National Health and Nutrition Examination Survey Homepage. Available online: https://www.cdc.gov/nchs/
nhanes/index.htm (accessed on 11 August 2022).

43. Waist Circumference and Waist-Hip Ratio: Report of a WHO Expert Consultation. Available online: https://www.who.int/
publications-detail-redirect/9789241501491 (accessed on 11 August 2022).

44. WHO Expert Committee. Physical Status: The Use of and Interpretation of Anthropometry, Report of a WHO Expert Committee; World
Health Organization: Geneva, Switzerland, 1995; ISBN 978-92-4-120854-3.

45. VanItallie, T.B.; Yang, M.U.; Heymsfield, S.B.; Funk, R.C.; Boileau, R.A. Height-Normalized Indices of the Body’s Fat-Free Mass
and Fat Mass: Potentially Useful Indicators of Nutritional Status. Am. J. Clin. Nutr. 1990, 52, 953–959. [CrossRef]

46. Krakauer, N.Y.; Krakauer, J.C. A New Body Shape Index Predicts Mortality Hazard Independently of Body Mass Index. PLoS
ONE 2012, 7, e39504. [CrossRef] [PubMed]

47. Głuszek, S.; Ciesla, E.; Głuszek-Osuch, M.; Kozieł, D.; Kiebzak, W.; Wypchło, Ł.; Suliga, E. Anthropometric Indices and Cut-off
Points in the Diagnosis of Metabolic Disorders. PLoS ONE 2020, 15, e0235121. [CrossRef] [PubMed]

48. Amato, M.C.; Giordano, C.; Galia, M.; Criscimanna, A.; Vitabile, S.; Midiri, M.; Galluzzo, A. AlkaMeSy Study Group Visceral
Adiposity Index: A Reliable Indicator of Visceral Fat Function Associated with Cardiometabolic Risk. Diabetes Care 2010,
33, 920–922. [CrossRef] [PubMed]

49. Amato, M.C.; Giordano, C.; Pitrone, M.; Galluzzo, A. Cut-off Points of the Visceral Adiposity Index (VAI) Identifying a Visceral
Adipose Dysfunction Associated with Cardiometabolic Risk in a Caucasian Sicilian Population. Lipids Health Dis. 2011, 10, 183.
[CrossRef] [PubMed]

50. Woolcott, O.O.; Bergman, R.N. Relative Fat Mass (RFM) as a New Estimator of Whole-Body Fat Percentage—A Cross-Sectional
Study in American Adult Individuals. Sci. Rep. 2018, 8, 10980. [CrossRef]

51. Woolcott, O.O.; Bergman, R.N. Defining Cutoffs to Diagnose Obesity Using the Relative Fat Mass (RFM): Association with
Mortality in NHANES 1999-2014. Int. J. Obes. 2020, 44, 1301–1310. [CrossRef]

52. Gomez-Marcos, M.A.; Gomez-Sanchez, L.; Patino-Alonso, M.C.; Recio-Rodriguez, J.I.; Gomez-Sanchez, M.; Rigo, F.; Marti, R.;
Agudo-Conde, C.; Maderuelo-Fernandez, J.A.; Ramos, R.; et al. Capacity Adiposity Indices to Identify Metabolic Syndrome in
Subjects with Intermediate Cardiovascular Risk (MARK Study). PLoS ONE 2019, 14, e0209992. [CrossRef]

53. Valdez, R. A Simple Model-Based Index of Abdominal Adiposity. J. Clin. Epidemiol. 1991, 44, 955–956. [CrossRef]

http://doi.org/10.1016/j.clnu.2020.12.035
http://doi.org/10.1186/s13098-018-0323-8
http://doi.org/10.1186/s12986-021-00608-6
http://doi.org/10.1038/s41598-021-03311-x
http://doi.org/10.1093/ajcn/31.5.769
http://www.ncbi.nlm.nih.gov/pubmed/645625
http://doi.org/10.1017/S0007114511004351
http://www.ncbi.nlm.nih.gov/pubmed/21867579
http://doi.org/10.1159/000113935
http://www.ncbi.nlm.nih.gov/pubmed/20054160
http://doi.org/10.1007/s11892-014-0486-0
http://www.ncbi.nlm.nih.gov/pubmed/24627050
http://doi.org/10.1093/hmg/ddy271
http://www.ncbi.nlm.nih.gov/pubmed/30124842
http://doi.org/10.1016/j.crvi.2016.11.007
http://doi.org/10.3390/app10175830
http://doi.org/10.3390/nu13062020
https://www.gov.pl/attachment/3259f9ef-d8ae-49ab-8f19-4787d686df31
https://www.gov.pl/attachment/3259f9ef-d8ae-49ab-8f19-4787d686df31
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.who.int/publications-detail-redirect/9789241501491
https://www.who.int/publications-detail-redirect/9789241501491
http://doi.org/10.1093/ajcn/52.6.953
http://doi.org/10.1371/journal.pone.0039504
http://www.ncbi.nlm.nih.gov/pubmed/22815707
http://doi.org/10.1371/journal.pone.0235121
http://www.ncbi.nlm.nih.gov/pubmed/32569336
http://doi.org/10.2337/dc09-1825
http://www.ncbi.nlm.nih.gov/pubmed/20067971
http://doi.org/10.1186/1476-511X-10-183
http://www.ncbi.nlm.nih.gov/pubmed/22011564
http://doi.org/10.1038/s41598-018-29362-1
http://doi.org/10.1038/s41366-019-0516-8
http://doi.org/10.1371/journal.pone.0209992
http://doi.org/10.1016/0895-4356(91)90059-I


Int. J. Environ. Res. Public Health 2022, 19, 11837 15 of 16

54. Cho, S.; Shin, A.; Choi, J.-Y.; Park, S.M.; Kang, D.; Lee, J.-K. Optimal Cutoff Values for Anthropometric Indices of Obesity as
Discriminators of Metabolic Abnormalities in Korea: Results from a Health Examinees Study. BMC Public Health 2021, 21, 459.
[CrossRef]

55. Abolnezhadian, F.; Hosseini, S.A.; Alipour, M.; Zakerkish, M.; Cheraghian, B.; Ghandil, P.; Cheraghpour, M. Association Metabolic
Obesity Phenotypes with Cardiometabolic Index, Atherogenic Index of Plasma and Novel Anthropometric Indices: A Link of
FTO-Rs9939609 Polymorphism. Vasc. Health Risk Manag. 2020, 16, 249–256. [CrossRef]

56. Prakash, J.; Mittal, B.; Srivastava, A.; Awasthi, S.; Srivastava, N. Association of FTO Rs9939609 SNP with Obesity and Obesity-
Associated Phenotypes in a North Indian Population. Oman Med. J. 2016, 31, 99–106. [CrossRef] [PubMed]

57. Mehrdad, M.; Fardaei, M.; Fararouei, M.; Eftekhari, M.H. The Association between FTO Rs9939609 Gene Polymorphism and
Anthropometric Indices in Adults. J. Physiol. Anthropol. 2020, 39, 14. [CrossRef]

58. West, N.R.; Dorling, J.; Thackray, A.E.; Hanson, N.C.; Decombel, S.E.; Stensel, D.J.; Grice, S.J. Effect of Obesity-Linked FTO
Rs9939609 Variant on Physical Activity and Dietary Patterns in Physically Active Men and Women. J. Obes. 2018, 2018, e7560707.
[CrossRef]

59. Stocks, T.; Ängquist, L.; Hager, J.; Charon, C.; Holst, C.; Martinez, J.A.; Saris, W.H.M.; Astrup, A.; Sørensen, T.I.A.; Larsen, L.H.
TFAP2B -Dietary Protein and Glycemic Index Interactions and Weight Maintenance after Weight Loss in the DiOGenes Trial.
Hum. Hered. 2013, 75, 213–219. [CrossRef] [PubMed]

60. Ruiz, J.R.; Larrarte, E.; Margareto, J.; Ares, R.; Alkorta, P.; Labayen, I. Preliminary Findings on the Role of PLIN1 Polymorphisms
on Body Composition and Energy Metabolism Response to Energy Restriction in Obese Women. Br. J. Nutr. 2011, 106, 486–490.
[CrossRef] [PubMed]

61. Qi, L.; Zhang, C.; Greenberg, A.; Hu, F.B. Common Variations in Perilipin Gene, Central Obesity, and Risk of Type 2 Diabetes in
US Women. Obes. Silver Spring Md 2008, 16, 1061–1065. [CrossRef] [PubMed]

62. Meirhaeghe, A.; Thomas, S.; Ancot, F.; Cottel, D.; Arveiler, D.; Ferrières, J.; Amouyel, P. Study of the Impact of Perilipin
Polymorphisms in a French Population. J. Negat. Results Biomed. 2006, 5, 10. [CrossRef]

63. Phinney, S.D.; Tang, A.B.; Waggoner, C.R.; Tezanos-Pinto, R.G.; Davis, P.A. The Transient Hypercholesterolemia of Major Weight
Loss. Am. J. Clin. Nutr. 1991, 53, 1404–1410. [CrossRef]

64. Surampudi, V.; Biggs, K.; Li, Z. Weight Loss and Transient LDL Increase (P12-057-19). Curr. Dev. Nutr. 2019, 3, nzz035.P12-057-19.
[CrossRef]

65. Tobias, D.K.; Chen, M.; Manson, J.E.; Ludwig, D.S.; Willett, W.; Hu, F.B. Effect of Low-Fat Diet Interventions versus Other Diet
Interventions on Long-Term Weight Change in Adults: A Systematic Review and Meta-Analysis. Lancet Diabetes Endocrinol. 2015,
3, 968–979. [CrossRef]

66. Doaei, S.; Mosavi Jarrahi, S.A.; Sanjari Moghadam, A.; Akbari, M.E.; Javadi Kooshesh, S.; Badeli, M.; Azizi Tabesh, G.; Abbas Torki,
S.; Gholamalizadeh, M.; Zhu, Z.H.; et al. The Effect of Rs9930506 FTO Gene Polymorphism on Obesity Risk: A Meta-Analysis.
Biomol. Concepts 2019, 10, 237–242. [CrossRef] [PubMed]

67. Reinehr, T.; Wolters, B.; Roth, C.L.; Hinney, A. FTO Gene: Association to Weight Regain after Lifestyle Intervention in Overweight
Children. Horm. Res. Paediatr. 2014, 81, 391–396. [CrossRef] [PubMed]

68. Matsuo, T.; Nakata, Y.; Hotta, K.; Tanaka, K. The FTO Genotype as a Useful Predictor of Body Weight Maintenance: Initial Data
from a 5-Year Follow-up Study. Metabolism 2014, 63, 912–917. [CrossRef]

69. Delahanty, L.M.; Pan, Q.; Jablonski, K.A.; Watson, K.E.; McCaffery, J.M.; Shuldiner, A.; Kahn, S.E.; Knowler, W.C.; Florez, J.C.;
Franks, P.W.; et al. Genetic Predictors of Weight Loss and Weight Regain after Intensive Lifestyle Modification, Metformin
Treatment, or Standard Care in the Diabetes Prevention Program. Diabetes Care 2012, 35, 363–366. [CrossRef] [PubMed]

70. Schum, J.; Blumenstock, G.; Weber, K.; Schweizer, R.; Pfaff, C.; Schurr, N.; Ranke, M.B.; Binder, G.; Ehehalt, S.; DISKUS-Study
Group. Variants of the FTO Gene in Obese Children and Their Impact on Body Composition and Metabolism before and after
Lifestyle Intervention. Exp. Clin. Endocrinol. Diabetes 2012, 120, 128–131. [CrossRef]

71. Müller, T.D.; Hinney, A.; Scherag, A.; Nguyen, T.T.; Schreiner, F.; Schäfer, H.; Hebebrand, J.; Roth, C.L.; Reinehr, T. “Fat Mass and
Obesity Associated” Gene (FTO): No Significant Association of Variant Rs9939609 with Weight Loss in a Lifestyle Intervention
and Lipid Metabolism Markers in German Obese Children and Adolescents. BMC Med. Genet. 2008, 9, 85. [CrossRef]

72. Xiang, L.; Wu, H.; Pan, A.; Patel, B.; Xiang, G.; Qi, L.; Kaplan, R.C.; Hu, F.; Wylie-Rosett, J.; Qi, Q. FTO Genotype and Weight Loss
in Diet and Lifestyle Interventions: A Systematic Review and Meta-Analysis. Am. J. Clin. Nutr. 2016, 103, 1162–1170. [CrossRef]

73. Matsuo, T.; Nakata, Y.; Murotake, Y.; Hotta, K.; Tanaka, K. Effects of FTO Genotype on Weight Loss and Metabolic Risk Factors in
Response to Calorie Restriction among Japanese Women. Obes. Silver Spring Md. 2012, 20, 1122–1126. [CrossRef]

74. Soenen, S.; Mariman, E.C.M.; Vogels, N.; Bouwman, F.G.; den Hoed, M.; Brown, L.; Westerterp-Plantenga, M.S. Relationship
between Perilipin Gene Polymorphisms and Body Weight and Body Composition during Weight Loss and Weight Maintenance.
Physiol. Behav. 2009, 96, 723–728. [CrossRef]

75. Ahmad, H.S.; Meysam, A.; Mehrnoosh, Z.; Bahman, C.; Pegah, G. The Gene-Treatment Interaction of Fto-Rs9939609 Gene
Polymorphism and Epigallocatechin-Gallate Intervention on Anthropometric Indices, Fasting Blood Sugar and Insulin Resis-
tance/Sensitivity in Patients with Type 2 Diabetes Mellitus. Iran. Red Crescent Med. J. 2018, 20, e82228.

76. Hardy, D.S.; Stallings, D.T.; Garvin, J.T.; Gachupin, F.C.; Xu, H.; Racette, S.B. Anthropometric Discriminators of Type 2 Diabetes
among White and Black American Adults. J. Diabetes 2017, 9, 296–307. [CrossRef] [PubMed]

http://doi.org/10.1186/s12889-021-10490-9
http://doi.org/10.2147/VHRM.S251927
http://doi.org/10.5001/omj.2016.20
http://www.ncbi.nlm.nih.gov/pubmed/27168919
http://doi.org/10.1186/s40101-020-00224-y
http://doi.org/10.1155/2018/7560707
http://doi.org/10.1159/000353591
http://www.ncbi.nlm.nih.gov/pubmed/24081236
http://doi.org/10.1017/S0007114511000432
http://www.ncbi.nlm.nih.gov/pubmed/21392418
http://doi.org/10.1038/oby.2008.26
http://www.ncbi.nlm.nih.gov/pubmed/18356850
http://doi.org/10.1186/1477-5751-5-10
http://doi.org/10.1093/ajcn/53.6.1404
http://doi.org/10.1093/cdn/nzz035.P12-057-19
http://doi.org/10.1016/S2213-8587(15)00367-8
http://doi.org/10.1515/bmc-2019-0025
http://www.ncbi.nlm.nih.gov/pubmed/31855561
http://doi.org/10.1159/000358328
http://www.ncbi.nlm.nih.gov/pubmed/24819256
http://doi.org/10.1016/j.metabol.2014.03.013
http://doi.org/10.2337/dc11-1328
http://www.ncbi.nlm.nih.gov/pubmed/22179955
http://doi.org/10.1055/s-0031-1295403
http://doi.org/10.1186/1471-2350-9-85
http://doi.org/10.3945/ajcn.115.123448
http://doi.org/10.1038/oby.2011.322
http://doi.org/10.1016/j.physbeh.2009.01.011
http://doi.org/10.1111/1753-0407.12416
http://www.ncbi.nlm.nih.gov/pubmed/27106521


Int. J. Environ. Res. Public Health 2022, 19, 11837 16 of 16

77. Li, G.; Wu, H.-K.; Wu, X.-W.; Cao, Z.; Tu, Y.-C.; Ma, Y.; Li, B.-N.; Peng, Q.-Y.; Cheng, J.; Wu, B.; et al. The Feasibility of Two
Anthropometric Indices to Identify Metabolic Syndrome, Insulin Resistance and Inflammatory Factors in Obese and Overweight
Adults. Nutr. Burbank Los Angel. Cty. Calif 2019, 57, 194–201. [CrossRef] [PubMed]

78. Zhang, N.; Chang, Y.; Guo, X.; Chen, Y.; Ye, N.; Sun, Y. A Body Shape Index and Body Roundness Index: Two New Body Indices
for Detecting Association between Obesity and Hyperuricemia in Rural Area of China. Eur. J. Intern. Med. 2016, 29, 32–36.
[CrossRef] [PubMed]

79. Ramírez-Vélez, R.; Pérez-Sousa, M.Á.; Izquierdo, M.; Cano-Gutierrez, C.A.; González-Jiménez, E.; Schmidt-RioValle, J.; González-
Ruíz, K.; Correa-Rodríguez, M. Validation of Surrogate Anthropometric Indices in Older Adults: What Is the Best Indicator of
High Cardiometabolic Risk Factor Clustering? Nutrients 2019, 11, 1701. [CrossRef]

80. Liu, Y.; Liu, X.; Guan, H.; Zhang, S.; Zhu, Q.; Fu, X.; Chen, H.; Tang, S.; Feng, Y.; Kuang, J. Body Roundness Index Is a Superior
Obesity Index in Predicting Diabetes Risk Among Hypertensive Patients: A Prospective Cohort Study in China. Front. Cardiovasc.
Med. 2021, 8, 736073. [CrossRef] [PubMed]

81. Shidfar, F.; Alborzi, F.; Salehi, M.; Nojomi, M. Association of Waist Circumference, Body Mass Index and Conicity Index with
Cardiovascular Risk Factors in Postmenopausal Women. Cardiovasc. J. Afr. 2012, 23, 442–445. [CrossRef]

82. Valdez, R.; Seidell, J.C.; Ahn, Y.I.; Weiss, K.M. A New Index of Abdominal Adiposity as an Indicator of Risk for Cardiovascular
Disease. A Cross-Population Study. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 1993, 17, 77–82.

83. Corrêa, C.R.; Formolo, N.P.S.; Dezanetti, T.; Speretta, G.F.F.; Nunes, E.A. Relative Fat Mass Is a Better Tool to Diagnose High
Adiposity When Compared to Body Mass Index in Young Male Adults: A Cross-Section Study. Clin. Nutr. ESPEN 2021,
41, 225–233. [CrossRef]

84. Senkus, K.E.; Crowe-White, K.M.; Locher, J.L.; Ard, J.D. Relative Fat Mass Assessment Estimates Changes in Adiposity among
Female Older Adults with Obesity after a 12-Month Exercise and Diet Intervention. Ann. Med. 2022, 54, 1160–1166. [CrossRef]

85. Kobo, O.; Leiba, R.; Avizohar, O.; Karban, A. Relative Fat Mass Is a Better Predictor of Dyslipidemia and Metabolic Syndrome
than Body Mass Index. Cardiovasc. Endocrinol. Metab. 2019, 8, 77–81. [CrossRef]

86. Andreasson, A.; Carlsson, A.C.; Önnerhag, K.; Hagström, H. Predictive Capacity for Mortality and Severe Liver Disease of the
Relative Fat Mass Algorithm. Clin. Gastroenterol. Hepatol. 2019, 17, 2619–2620. [CrossRef] [PubMed]

87. Bozorgmanesh, M.; Hadaegh, F.; Azizi, F. Predictive Performance of the Visceral Adiposity Index for a Visceral Adiposity-Related
Risk: Type 2 Diabetes. Lipids Health Dis. 2011, 10, 88. [CrossRef] [PubMed]

88. Adanas, G.; Özgen, G. The Relation of Visceral Adiposity Index and Lipid Accumulation Product with Metabolic, Anthropometric,
and Hormonal Parameters in Patients with Polycystic Ovary Syndrome. J. Surg. Med. 2020, 4, 664–668. [CrossRef]
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