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Abstract 

Background Noncommunicable diseases (NCDs) predominantly affect adults, but pathophysiological changes 
begin decades earlier, as a continuum, with initial events apparent in adolescence. Hence, early identification 
and intervention are crucial for the prevention and management of NCDs. We investigated the complex network 
of socioeconomic, behavioral, and metabolic factors associated with the presence of NCD in Brazilian adolescents.

Methods We conducted a cross-sectional study nested within the São Luís segment of the Ribeirão Preto, Pelotas, 
and São Luís (RPS) cohort’s consortium, focusing on 18–19-year-olds (n = 2515). Data were collected prospectively, 
from which we constructed a complex network with NCD-related factors/indicators as nodes and their co-occur-
rences as edges. General and sex-based models analyzed: socioeconomic status, behavioral (smoking, alcohol, 
and other drugs use, unhealthy diet, poor sleep, physical inactivity), and metabolic factors (overweight/obesity, 
elevated blood pressure, poor lipid profile). We also looked for NCDs in adolescence like asthma, abnormal spirometry, 
depression, suicide risk, and poor oral health. The network was characterized by degree, betweenness, eigenvector, 
local transitivity, Shannon entropy, and cluster coefficient.

Results The adolescents had an average age of 18.3 years, 52.3% were female and 47.7% male. 99.8% of them have 
a diet rich in free sugars, 15% are overweight/obese and 72.3% had an elevated TyG index. High free sugar emerged 
as the central hub, followed by high TyG index (an early marker of insulin resistance) and low socioeconomic class. In 
males, low fiber intake and a high triglycerides/HDL ratio highlighted cardiometabolic concerns; in females, sedentary 
behavior and poor sleep marked metabolic and psychological challenges, along with caries in both sexes.

Conclusions Our findings provide insights into central health challenges during adolescence, such as high free sug-
ars, insulin resistance, and low socioeconomic indicators, suggesting that interventions targeted at these central hubs 
could have a significant impact on their NCD network.
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Background
Non-communicable diseases (NCDs) are the leading 
cause of premature deaths globally, affecting individuals 
under 70 years old, especially in low and middle-income 
countries [1]. Addressing NCDs is critical to achieving 
the Agenda for Sustainable Development goals, which 
include a target to reduce premature mortality from 
NCDs by one-third by 2030 through prevention and 
treatment. Key to this effort are high-impact NCD inter-
ventions alongside the early identification of risk factors 
[2].

By the age of 40, many individuals will develop at least 
one NCD as a lifetime risk, and a third of them will be 
subsequently diagnosed with multiple NCDs due to 
shared risk factors [3]. Although NCDs predominantly 
affect adults, their pathophysiological continuum traces 
back to much earlier in life, with initial events detecta-
ble in youth [4]. Detecting early NCD signs, recognizing 
their determinants and risk factors, and understanding 
how these conditions cluster are essential for developing 
effective prevention and control strategies [5]. Adoles-
cence is a sensitive period of human development, dur-
ing which exposure to risk factors can profoundly impact 
biological and cognitive systems [6]. Behavioral factors 
are often established during this life period, potentially 
leading to metabolic dysfunctions and elevating the risk 
of developing NCDs later in life [7].

Traditional analyses of behavioral and metabolic con-
ditions often fail to capture the complexity of their rela-
tionships at the onset of NCDs [8]. Identifying how and 
which related factors co-occur can improve diagnostic 
and intervention strategies at both clinical and popu-
lation levels [9]. Moreover, public policies developed 
without considering the interconnected nature of these 
factors may lead to suboptimal resource allocation and 
less effective intervention programs [10]. Complex net-
work analysis offers a holistic and comprehensive method 
to examine these intricate systems, especially in challeng-
ing environments with great social and healthcare dispar-
ities, allowing for the identification of subtle interactions 
and hidden patterns [11].

We hypothesize that non-linear relationships among 
contributing factors form a complex network, leading 
to NCD clusters already in adolescence. Accordingly, we 
investigated the complex connections between socio-
economic determinants, behavioral and metabolic fac-
tors with NCDs in Brazilian adolescents. This knowledge 
would shed light on the interconnected nature of these 

factors and the NCD signs, ultimately informing more 
effective prevention and intervention strategies.

Methods
Study design
A population-based cross-sectional study nested within 
the São Luís, segment of the Ribeirão Preto, Pelotas, and 
São Luís (RPS) cohort’s consortium in Brazil, focusing on 
18–19 year-olds. All individuals who participated at the 
inception of the original cohort were invited to join the 
second follow-up (n = 687). To enhance the statistical 
power of the sample and minimize potential dropouts, 
the cohort follow-up also included 1133 individuals born 
in São Luís in 1997, identified through the Brazilian Live 
Birth Information System (SINASC). Additionally, the 
sample encompassed 695 volunteers born in 1997 and 
identified through schools and universities registered 
in SINASC [12]. Thus, the study’s sample comprised 
2515 adolescents, with 52.3% female and 47.7% male 
participants.

Ethical statement
This study was approved by the Ethics and Research 
Committee of the Federal University of Maranhão Uni-
versity Hospital (IRB #1302489). All participants signed 
the informed consent.

Data collection
To capture and analyze co-occurrence patterns in com-
plex networks, we transformed variables into dichoto-
mous forms in order to simplify the representation and 
interpretation of connections between health conditions 
and contributing factors.

Socioeconomic determinants
Socioeconomic information was collected using an 
assessment questionnaire. The socioeconomic variables 
included low educational attainment of the adolescent 
and the family head (up to elementary school), low family 
income (≤ USD 270.76, based on the Brazilian national 
minimum wage in 2016), and low socioeconomic class 
(C–E classes) based on the Brazilian Economic Classifi-
cation Criteria (A representing the highest and E the low-
est) [13].

Behavioral factors
Current tobacco use and current or former use of other 
drugs (marijuana, cocaine, heroin, ecstasy, crack, or LSD) 
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were collected through a confidential self-reported ques-
tionnaire. High alcohol consumption was assessed using 
the Alcohol Use Disorders Identification Test (AUDIT).

Dietary information was collected using a quality–
quantity Food Frequency Questionnaire (FFQ), admin-
istered by trained nutritionists, which asked about 
the frequency, portion size, and quantity of food con-
sumed over the past 12  months. The final measures 
were reported as daily consumption. Dietary variables 
included high intake of saturated fats (≥ 10% of total 
calories), lipids (≥ 30% of total calories), sodium (≥ 5 g), 
and free sugars (≥ 5% of total calories, ideal limit accord-
ing by the World Health Organization-WHO) [14]. Low 
fiber intake was defined as < 25 g for females and 38 g for 
males. Low protein intake was < 0.8 g/kg of body weight, 
while high protein intake was > 2 g/kg. Sensitivity analy-
sis evaluated high free sugar consumption as 10% (maxi-
mum WHO guidelines limits) [14] and 25  g (maximum 
American Heart Association recommendation) [15].

Sedentary behavior was defined as < 150 min of physi-
cal activity per week by the Self-Administered Physical 
Activity Checklist (SAPAC) questionnaire. Poor sleep 
quality was based on scores > 5 in the Pittsburgh Sleep 
Quality Index (PSQI), and excessive daytime sleepiness 
by scores ≥ 9 on the Epworth Sleepiness Scale (ESS).

Metabolic conditions
We considered overweight/obesity as a body mass 
index > 25  kg/m2 and high body fat percentage ≥ 30% 
in females and ≥ 25% in males, using a BOD POD 
and a stadiometer (Altura  Exata®). Hypertension was 
defined by blood pressure > 130/80  mmHg and high 
pulse wave velocity ≥ 90th percentile of the sample dis-
tribution [16]. Additional markers included high levels 
of total cholesterol (≥ 200  mg/dL), LDL-c (≥ 130  mg/
dL), VLDL-c (≥ 30  mg/dL), triglycerides (≥ 150  mg/dL), 
and low HDL-c (< 40  mg/dL). The triglycerides/HDL-c 
ratio ≥ 1.75 [17] and the TyG index ≥ 7.94 [18] were uti-
lized as markers of insulin resistance.

NCD in adolescence
Asthma was self-reported based on a previous medical 
diagnosis. Lung capacity was evaluated using the KoKo 
PFT Spirometer  (Koko® Spirometer), with Forced Expir-
atory Volume in 1 s  (FEV1) values < 80% of the predicted 
value considered abnormal [19].

Depression and suicide risk were assessed using the 
Mini-International Neuropsychiatric Interview (MINI), 
diagnosing major and recurrent major depressive epi-
sodes. High suicide risk was indicated by a score ≥ 6.

Oral health was assessed using the number of decayed 
teeth (DMFT index) and recording severe caries (char-
acterized by visible pulpal involvement and ulceration 

caused by dislocated tooth fragments, fistula, or abscess). 
Periodontitis was classified following the American 
Academy of Periodontology/European Federation of Per-
iodontology (AAP/EFP) guidelines and dichotomized as 
none or any periodontitis. The presence of bleeding on 
probing (BoP) was set if > 15% of surfaces were affected 
[20].

Data analysis
We created an undirected graph structure based on a co-
occurrence matrix, where nodes represented contribut-
ing factors/health conditions and edges represented their 
co-occurrences. The edge was weighted according to the 
proportion of co-occurrences between conditions. We 
built general and sex-based models for analysis.

To describe the network’s structure, we calculated 
four centrality measures specific to each node: degree, 
betweenness, eigenvector centrality, and local transitivity. 
The degree of a node (condition) represents its number 
of connections (edges), indicating its involvement in the 
network. Betweenness measures how often a node serves 
as a bridge on the shortest paths between other nodes; 
a higher betweenness value suggests the node (condi-
tion) acts as a mediator or bridge between other condi-
tions, implying shared pathophysiological mechanisms 
or risk factors. Eigenvector centrality assigns a value to 
each node based on the centrality of the nodes to which 
it is connected, thus identifying influential nodes and 
assigning higher values to conditions connected to many 
other highly connected diseases. Local transitivity is the 
ratio of the number of triangles connected to a node to 
the number of triples centered on that node, indicating 
the probability that two diseases will co-occur if they are 
both linked to a third disease [21].

The Shannon entropy specific to each node was meas-
ured to evaluate the diversity of each node’s connections, 
with higher values indicating more diverse connections 
[22]. Shannon entropy for the entire network was also 
computed to reflect the overall complexity of the network 
structure [23]. The clustering coefficient was also calcu-
lated to assess the likelihood that a node forms a trian-
gle with two other nodes, thus providing insights into the 
network’s clustering characteristics.

Results
Population characteristics are presented in Table 1. Ado-
lescents had an average age of 18.3  years, 52.3% were 
female and 47.7% male. 99.8% consumed more than 5% 
of their daily calories from free sugars, regardless of sex 
(p = 0.178). Additionally, 72.3% had a TyG index above 
7.94. Approximately 70% belonged to socioeconomic 
classes C, D, or E, with 54.4% being females (p = 0.018). 
Furthermore, the education level of the family head, 
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Table 1 Population characteristics. RPS São Luís (N = 2515)

Overall Male Female p-value

Adolescent education 0.160

 High school or more 2486 (98.9) 1177 (47.5) 1301 (52.5)

 Elementary school or less 27 (1.1) 17 (63.0) 10 (37.0)

Family head education 0.011

 High school or more 1919 (76.5) 942 (49.1) 977 (50.9)

 Elementary school or less 588 (23.5) 253 (43.0) 335 (57.0)

Household income 1.00

  > USD 270.76 1214 (54.2) 575 (47.5) 635 (52.5)

  ≤ USD 270.76 1026 (45.8) 486 (47.5) 537 (52.5)

Socioeconomic class 0.018

 A/B 654 (29.5) 334 (51.2) 318 (48.8)

 C/D/E 1560 (70.5) 709 (45.6) 845 (54.4)

Smoking  < 0.001

 No 2407 (96.5) 1127 (46.8) 1280 (53.2)

 Yes 88 (3.5) 61 (69.3) 27 (30.7)

Alcohol use  < 0.001

 No 2026 (80.7) 905 (44.8) 1116 (55.2)

 Yes 486 (19.3) 290 (59.7) 196 (40.3)

Drug use  < 0.001

 No 2030 (82.1) 913 (45.0) 1117 (55.0)

 Yes 443 (17.9) 264 (59.6) 179 (40.4)

Sutured fat  consumptiona  < 0.001

  < 10% 1819 (72.8) 935 (51.4) 884 (48.6)

  ≥ 10% 680 (27.2) 254 (37.4) 426 (62.6)

Lipids  consumptiona  < 0.001

  < 30% 2249 (90.0) 1102 (49.0) 1147 (51.0)

  ≥ 30% 250 (10.0) 87 (34.8) 163 (65.2)

Free sugar consumption

  < 5%a 6 (0.2) 5 (83.3) 1 (16.7) 0.178

  ≥ 5% 2493 (99.8) 1184 (47.5) 1309 (52.5)

  < 10%a 56 (2.2) 29 (51.8) 27 (48.2) 0.616

  ≥ 10% 2443 (97.8) 1160 (47.5) 1283 (52.5)

  < 25  gb 25 (1.0) 14 (56.0) 11 (44.0) 0.524

  ≥ 25 g 2482 (99.0) 1181 (47.6) 1301 (52.4)

Sodium consumption 0.230

 < 5 g 2415 (96.3) 1145 (47.4) 1270 (52.6)

  ≥ 5 g 92 (3.7) 50 (54.3) 42 (45.7)

Protein  consumptionc 0.950

  ≥ 0.8 g/kg 1734 (70.5) 833 (48.0) 901 (52.0)

  < 0.8 g/kg 725 (29.5) 350 (48.3) 375 (51.7)

0.690

  ≤ 2.0 g/kg 2227 (90.6) 1068 (48.0) 1159 (52.0)

  > 2.0 g/kg 232 (9.4) 115 (49.6) 117 (50.4)

Fiber consumption  < 0.001

  ≥ 25 g for women; ≥ 38 g for men 1446 (58.0) 558 (38.6) 886 (61.4)

  < 25 g for women; < 38 g for men 1049 (42.0) 634 (60.4) 415 (39.6)

Body mass index 0.530

 Eutrophic 2002 (81.0) 962 (48.1) 1040 (51.9)

 Overweight/Obesity 370 (15.0) 169 (45.7) 201 (54.3)
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Table 1 (continued)

Overall Male Female p-value

Blood pressure  < 0.001

  < 130/80 mgHg 2055 (83.3) 882 (43.0) 1168 (57.0)

  ≥ 130/80 mgHg 413 (16.7) 302 (73.1) 111 (26.9)

PWVd  < 0.001

  < 90th percentile 1983 (89.0) 920 (46.5) 1058 (53.5)

  ≥ 90th percentile 245 (11.0) 153 (62.4) 92 (37.6)

Body fat  < 0.001

  < 30% for women; < 25% for men 1810 (73.5) 1059 (58.7) 745 (41.3)

  ≥ 30% for women; ≥ 25% for men 652 (26.5) 121 (18.6) 531 (81.4)

Total cholesterol  < 0.001

  < 200 mg/dL 2071 (90.1) 1034 (50.1) 1029 (49.9)

  ≥ 200 mg/dL 228 (9.9) 73 (32.0) 155 (68.0)

LDL-c 0.001

  < 130 mg/dL 2107 (92.0) 1041 (49.4) 1066 (50.6)

  ≥ 130 mg/dL 184 (8.0) 67 (36.4) 117 (63.6)

VLDL-c 0.002

  < 30 mg/dL 2089 (90.9) 984 (47.3) 1097 (52.7)

  ≥ 30 mg/dL 209 (9.1) 123 (58.9) 86 (41.1)

Triglycerides  < 0.001

  < 150 mg/dL 2088 (91.1) 985 (47.2) 1103 (52.8)

  ≥ 150 mg/dL 203 (8.9) 123 (60.6) 80 (39.4)

HDL-c  < 0.001

  ≥ 40 mg/dL 1834 (80.0) 782 (42.6) 1052 (57.4)

  < 40 mg/dL 458 (20.0) 326 (71.2) 132 (28.8)

Triglycerides/ HDL-c  < 0.001

  < 1.75 1471 (59.2) 584 (39.8) 882 (60.2)

  ≥ 1.75 1014 (40.8) 599 (59.2) 412 (40.8)

TyG index 0.688

  < 7.94 634 (27.7) 307 (48.7) 324 (51.3)

  ≥ 7.94 1653 (72.3) 785 (47.6) 864 (52.4)

Asthma 0.040

 No 2209 (88.7) 1035 (46.9) 1174 (53.1)

 Yes 282 (11.3) 151 (53.5) 131 (46.5)

FEV1
e  < 0.001

  > 80% 1485 (66.1) 758 (51.0) 727 (49.0)

  ≤ 80% 762 (33.9) 316 (41.5) 446 (58.5)

Depression  < 0.001

 No 2135 (85.7) 1089 (51.0) 1046 (49.0)

 Yes 356 (14.3) 97 (27.2) 259 (72.8)

Suicide risk  < 0.001

 1–5 score 2368 (94.5) 1155 (48.8) 1213 (51.2)

  ≥ 6 score 139 (5.5) 40 (28.8) 99 (71.2)

Physical activity  < 0.001

  ≥ 150 min 1377 (55.2) 892 (64.8) 485 (35.2)

  < 150 min 1117 (44.8) 295 (26.4) 822 (73.6)

Sleep quality  < 0.001

 Good 977 (46.3) 527 (53.9) 450 (46.1)

 Poor 1133 (53.7) 471 (41.6) 662 (58.4)

Sleepiness  < 0.001
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smoking, alcohol and drug use, high consumption of 
saturated fats and lipids, low fiber intake, metabolic con-
ditions, poorer mental and respiratory health indicators, 
sedentary behavior, and periodontitis were all associated 
with the sex of the participant.

Figure  1 illustrates the complex networks, with node-
specific measures detailed in Table  S1. In all models, 
the highest degrees were observed for high free sugar 
consumption, high TyG index, and low socioeconomic 
class (Fig.  1 and Fig.  2). These were followed by caries, 
poor sleep, sedentary behavior, and high triglycerides/
HDL-c ratio in the overall model (Fig.  2a). This pattern 
persisted in supplementary analysis defining high sugar 
consumption as ≥ 10% of daily calories and as ≥ 25  g 
(see Additional file, Fig. S2). Among males, caries, high 
triglycerides/HDL-c ratio, low fiber consumption, and 
high bleeding on probing were the next highest degrees 
of centrality (Fig. 2b), while among females, sedentarism, 
caries, poor sleep, and high body fat were observed 
(Fig. 2c). Similar patterns were observed for betweenness 
and eigenvector centrality (Fig. 2). Node-related Shannon 
entropy values ranged between 0.90 and 0.95, and local 
transitivity values ranged between 0.99 and 1.00. The 
cluster coefficient was 0.99, and Shannon entropy was 
− 5.3 across all models.

Figure 3 depicts the frequency of connections between 
each condition. In the overall model (Fig.  3a), the most 

frequent pairs were those linked to high sugar consump-
tion: high TyG index (1.4%), low socioeconomic class 
(1.3%), and caries (1.2%), and poor sleep (1.0%). Among 
males (Fig. 3b), the most frequent pairs were those asso-
ciated with high sugar consumption: high TyG index 
(1.5%), low socioeconomic class (1.3%), caries (1.2%), low 
fiber intake (1.2%), and high triglycerides/HDL-c ratio 
(1.1%). Among females (Fig. 3c), the most frequent pairs 
were those linked to high sugar consumption: high TyG 
index (1.4%), low socioeconomic class (1.4%), sedentary 
behavior (1.3%), caries (1.1%), and poor sleep (1.1%).

Discussion
We identified a pattern of interconnection among NCDs 
in adolescents and their related factors. High free sugar 
consumption emerged as the central hub, followed by 
other significant elements such as the high TyG index (an 
early event in the diabetes continuum) and low socioeco-
nomic status. These elements were highly interconnected, 
regardless of the adolescent’s sex. To our knowledge, this 
is the first study analyzing the non-linear connections 
between related factos (socioeconomic, behavioral, and 
metabolic conditions) and NCDs in adolescents.

The prominence of high free sugar consumption con-
sistently emerged across all analyses, highlighting its sig-
nificant impact on adolescent health. Notably, the pattern 
persisted even when defining high sugar consumption 

Table 1 (continued)

Overall Male Female p-value

 No 1582 (63.2) 808 (51.1) 774 (48.9)

 Yes 920 (36.8) 383 (41.6) 537 (58.4)

Caries 0.565

 No 1054 (44.1) 492 (46.8) 559 (53.2)

 Yes 1336 (55.9) 640 (48.1) 691 (51.9)

Severe caries 0.220

 No 1459 (73.5) 688 (47.3) 766 (52.7)

 Yes 527 (26.5) 265 (50.6) 259 (49.4)

Periodontitis 0.013

 No 1548 (65.0) 710 (46.0) 835 (54.0)

 Yes 832 (35.0) 426 (51.4) 403 (48.6)

Bleeding on  probingf 0.706

  < 15% 1352 (56.8) 640 (47.5) 708 (52.5)

  ≥ 15% 1028 (43.2) 496 (48.3) 530 (51.7)

The p‑value was obtained from the Chi‑squared test to observe differences between the sexes at a significance level of 5%. Totals may vary due to missing data for 
some variables
a % of total daily calories
b grams per day
c Consumption in grams in relation to body weight
d PWV: Pulse wave velocity
e FEV1: Forced expiratory volume in the first second
f % of sites affected in comparison to the total evaluated 
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Fig. 1 Complex networks of non-communicable diseases and risks by sex. RPS São Luís (N = 2515). The edges represent the co-occurrences 
between any two conditions, with thicker edges indicating a higher number of connections. The size of each node reflects its degree, meaning 
the number of connections it has with other nodes. Larger nodes indicate greater centrality. The figure with all the nodes identified can be found 
in the Additional file (Fig. S1). l_: Low; h_: High; PWV: pulse wave velocity; BoP: Gingival bleeding on probing
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as ≥ 10% of daily calories or ≥ 25 g. As the primary source 
of discretionary calories in the Western diet, high sugar 
intake has substantial implications for metabolic health. 
Excessive sugar consumption leads to de novo lipogenesis, 
resulting in increased fat storage, especially in the liver, 
and contributes to the development of insulin resistance 
[24]. Furthermore, sugar intake is associated with chronic 
low-grade inflammation and oxidative stress, which are 
key mechanisms in the pathogenesis of NCDs [25]. These 
processes can lead to a range of metabolic disturbances, 
including dyslipidemia, hypertension, and endothelial 
dysfunction, setting the stage for early onset of condi-
tions such as type 2 diabetes and cardiovascular diseases 
[26]. We observed frequent pairings, such as high sugar 
consumption with elevated TyG index, a marker of insu-
lin resistance [18], reinforces the metabolic impact of 
sugar intake on diabetes. Furthermore, the link between 
low socioeconomic status and high sugar consumption 
may be due to the greater availability and lower cost of 
sugary foods, which are more accessible to vulnerable 
families [27]. Moreover, the connection between sugar 
consumption and caries corroborates the harmful effects 
of excess sugar on oral health [28].

The TyG index had a high centrality in the analyzed 
models, underscoring dyslipidemia and insulin resistance 
[18], an early event of the diabetes continuum. Insulin 
resistance fosters a lipogenic state, increasing hepatic tri-
glyceride synthesis and reducing lipoprotein lipase activ-
ity, resulting in elevated serum triglyceride levels and 
decreased HDL cholesterol [25]. In adipose tissue, several 
early steps in insulin signaling to lipolysis and lipogenesis 
in subcutaneous fat cells occur independently of the liver, 
contributing to variations in circulating triglycerides and 
HDL cholesterol [29]. This dyslipidemic state is a well-
established risk factor for atherosclerosis, an early sign 
of the cardiovascular continuum [30]. The significance 
of dyslipidemia is further emphasized by the high eigen-
vector and betweenness values observed for the triglyc-
erides/HDL ratio in our network analysis, indicating that 
this relationship is central and highly interconnected with 
other factors and conditions within the NCD network.

The centrality of low socioeconomic position in the 
complex networks of NCDs among adolescents highlights 
the importance of social determinants on health. Ado-
lescents from lower socioeconomic classes were found 

to have a higher prevalence of adverse health outcomes, 
underscoring the association between socioeconomic 
disadvantage and NCDs [20, 31]. In 2022, approxi-
mately 31.6% of the Brazilian population lived in poverty, 
equating to about 67.8 million people [32]. Notably, the 
poverty rate is not uniform across Brazil; the North-
east region, where the study was conducted, has nearly 
43.5% of its population living in poverty [32]. Theories 
of inequalities in health, such as the social determinants 
of health framework, explain how lower socioeconomic 
status often correlates with reduced access to healthcare, 
poorer nutrition, higher exposure to environmental haz-
ards, and increased levels of stress, contributing to the 
development and progression of NCDs [33]. The chronic 
stress associated with socioeconomic hardship can lead 
to physiological changes, including increased inflamma-
tion and hormonal imbalances, which further exacerbate 
the risk of NCDs [34]. These findings may be particularly 
relevant for other settings with similar socioeconomic 
disparities, but contextual differences such as health-
care infrastructure, social safety nets, and dietary pat-
terns may influence the extent to which these findings are 
applicable elsewhere.

Our results revealed similarities in the complex net-
works of males and females, which shared high sugar 
consumption, high TyG index, and low socioeconomic 
class as central nodes, underscoring the pervasive impact 
of these factors on adolescents’ health, irrespective of 
their sex. However, differences were observed beyond 
these shared elements. In the males’ network, the main 
factors were caries, high triglycerides/HDL-c ratio, and 
low fiber consumption. Low fiber intake and high tri-
glycerides/HDL-c ratio in males suggest a dietary pattern 
predisposing them to higher cardiometabolic risk [35]. 
For females, sedentary behavior and poor sleep emerged 
alongside caries. Sedentary behavior increases the risk of 
obesity and metabolic syndrome, while poor sleep quality 
leads to hormonal imbalances and increased stress levels, 
both of which are risk factors for NCDs [36, 37].

Poor sleep quality and daytime sleepiness were not 
strongly related in this study as expected. Adolescents 
exhibit significant variability in their sleep needs and 
responses to sleep deprivation [38]. Some adolescents 
may have a higher tolerance for sleep loss, meaning 
they can function adequately during the day despite not 

(See figure on next page.)
Fig. 2 Complex networks node-specific measurements of non-communicable diseases and risks. RPS São Luís (N = 2515). The size of each node 
reflects its degree, meaning the number of connections it has with other nodes. Betweenness is a measure that quantifies the importance 
of a node in a network based on the number of shortest paths that pass through it, as a mediation value. Eigenvector measures a node’s influence 
by considering the importance of the nodes it is connected to. The detailed values of each measurement are detailed in the Additional file 
(Table S1)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Percentage of connections between each condition by sex. RPS São Luís (N = 2515). The values correspond to the percentage 
of co-occurrence between two conditions, representing the thickness of the edges in the networks. The darker, the greater the co-occurrence
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getting enough sleep [39, 40]. The same was observed 
for socioeconomic class and household income. House-
hold income reflects immediate financial resources, 
while socioeconomic class encompasses a wider range 
of factors, such as parents’ level of education, number of 
bathrooms, ownership of certain household utensils and 
access to safe water, among others [13].

As a limitation, we do not intend to infer temporality 
or causality between risk factors and health outcomes 
due to the cross-sectional nature of this study. Instead, 
we assume a complex, intricate network of non-linear 
relationships between multiple factors and NCDs in ado-
lescence. Socioeconomic indicators and drug use were 
self-reported, which could introduce reporting bias. To 
mitigate this, we previously tested the instruments and 
provided comprehensive training for data collectors to 
ensure consistent administration and accurate responses. 
Furthermore, drug assessment was done through a con-
fidential self-reported questionnaire. Dietary information 
was elicited using food frequency questionnaires, which 
may be prone to recall bias and measurement errors; to 
minimize bias, we used a quality–quantity instrument 
with photographic records and administered the ques-
tionnaires by trained nutritionists.

Our study has several strengths that enhance its sig-
nificance and potential impact. We used validated 
instruments and standardized procedures, e.g., air dis-
placement plethysmography (BOD POD) to evaluate 
body composition. Calibrated dentists conducted full-
mouth examinations using international indices for car-
ies and periodontitis, ensuring high data quality and 
reliability. Additionally, a population-based sample pro-
vides robust analysis and allows for the generalization 
of findings to similar urban populations. The novelty of 
this study lies in the complex network approach to inves-
tigating the interconnections among related factors and 
NCDs in adolescence, offering a broad perspective on the 
multifaceted nature of NCD onset.

Conclusions
In sum, our findings emphasize the importance of under-
standing the intricate interconnections among con-
tributing factors and NCDs in adolescents. This study 
highlights the central roles of high free sugar consump-
tion, high TyG index, and low socioeconomic status in 
these complex networks. By identifying these dietary pat-
terns and socioeconomic disparities, we emphasize the 
need for early, multifaceted interventions to effectively 
mitigate the burden of NCDs that adolescents face.
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