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between triglyceride glucose index,

atherogenic index of plasma, and chronic
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Abstract

Background Triglyceride glucose (TyG) index and atherogenic index of plasma (AIP) are indicators of insulin
resistance. However, inadequate evidence indicates that the TyG index, AIP, and chronic pain are linked.

Methods Data from the National Health and Nutrition Examination Survey (NHANES) between 1999 and 2004 were
used. Directed acyclic graphs were used to identify 11 potential confounders. The TyG index and AIP were treated

as continuous variables in the multivariate logistic regression models to assess their association with chronic pain.
Furthermore, the nonlinear relationships between these indices and outcomes were investigated using restricted
cubic spline plots. Subsequently, subgroup analyses were conducted for the sensitive populations. Receiver operating
characteristic curves were used to compare the relationships between indices and outcomes. Ultimately, two
sensitivity analyses were performed.

Results This study identified nonlinear associations between the TyG index, AIP, and chronic pain in 16,996,513
Americans. The odds ratio and 95% confidence interval for the TyG index (per 1 standard deviation increase) was 1.17
(1.02,1.33), and for AIP (per 1 standard deviation increase) was 1.19 (1.07, 1.34). According to the subgroup analyses,
the relationships between exposure and outcome were more pronounced in the non-diabetic population. The

TyG index and AIP performed similarly in assessing chronic pain in ROC curves. Additionally, the results of the two
sensitivity analyses matched the conclusions of the main study.

Conclusions Nonlinear correlations between the TyG index, AP, and chronic pain were identified among adults in
the United States. This demonstrated that the TyG index and AIP displayed similar effectiveness in predicting the risk
of chronic pain.
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Background

Chronic pain imposes a significant personal and socio-
economic burden on patients. The Centers for Disease
Control and Prevention (CDC) estimated that 20.4% of
American adults experienced chronic pain in 2016 [1].
A recent survey indicated that in America, chronic pain
was still reported by 20.9% of individuals in 2021 [2]. This
implies that chronic pain is becoming increasingly com-
mon. Various factors have been implicated in the etiology
of chronic pain. These include genetics, socioeconomic
position, lifestyle choices (smoking, alcohol consump-
tion, daily activities, and healthy diet), and occupational
characteristics [3—6]. Chronic pain should be conceptu-
alized as a disease. Its goals include therapeutic aspects
(continuing an active lifestyle despite pain) and psycho-
logical aspects (pain acceptance and setting objectives for
positivity). Different types of pain cause different diag-
noses and treatments: nociceptive pain, which results
from tissue injury; neoplastic pain, which results from
sensitization of the nervous system; and neuropathic
pain, which results from nerve damage [7]. Treatments
included medication, surgery, physiotherapy, and lifestyle
therapy [7]. As proper pain management is an inherent
human dignity and should be available in all healthcare
systems, chronic pain warrants more attention as a global
health concern [8].

The triglyceride glucose (TyG) index has recently
gained recognition and has been extensively studied as a
representative biomarker to assess insulin resistance (IR)
[9, 10]. This index combines fasting plasma glucose (FPG)
and triglyceride (TG) levels. IR is a critical mechanism
underlying various metabolic diseases [11]. Tara M. Wal-
lace et al. developed the homeostatic model assessment
(HOMA) to evaluate B-cell function and IR by measur-
ing fasting glucose, insulin, or C-peptide concentrations
[12]. They indicated that, as the TyG index increased,
there was a corresponding increase in the HOMA of IR
[13]. The atherogenic index of plasma (AIP) is an effec-
tive indicator of metabolic syndrome (MetS), diabe-
tes mellitus (DM), and cardiovascular diseases (CVDs)
[14-18]. Elevated AIP levels were significantly linked to
an elevated risk of diabetes-related mortality in individu-
als aged > 65 years [19]. The general population’s mortal-
ity from all causes and AIP had a nonlinear relationship
[19]. Elevated AIP levels had been linked to worsening
of prehypertension in the Japanese population [20]. Fur-
thermore, elevated AIP levels also had been linked to
worsening of obstructive sleep apnea [21]. However, lack
of research supports connections between the TyG index,
AIP, and chronic pain, and it is currently unknown how
they are related.

This study explored the potential connections between
TyG and AIP and chronic pain using the National Health
and Nutrition Examination Survey (NHANES) data. We
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aimed to elucidate the role of metabolic health, particu-
larly IR, in chronic pain progression by examining these
relationships. This research added to provide insight into
at-risk populations and inform the development of tar-
geted preventive measures.

Materials and methods
Study population and design
This study used data from the NHANES, a research pro-
gram assessing the health and nutritional status of adults
and children in the United States. The NHANES uses a
sophisticated multistage probability sampling design to
select a sample representative of the population in the
United States. All NHANES protocols were approved by
the Research Ethics Review Board of the National Center
for Health Statistics, and informed consent was obtained
from each participant. NHANES data are available at htt
ps://www.cdc.gov/nchs/nhanes/ for public use.
Participants from NHANES cycles between 1999 and
2004 were included in this analysis because these cycles
offered comprehensive data on variables, including the
TyG index, AIP, and chronic pain. Participants with miss-
ing data on relevant variables, such as smoking, were
excluded to prevent potential confounding of results.
The final analysis involved 4,895 eligible individuals from
the NHANES (Fig. 1). Weighted methods were used for
the data analysis to ensure that the study was nationally
representative.

Exposure and outcome definitions

In this study, exposure variables were TyG and AIP. TyG
index was calculated using the following formula: In [TG
x FPG/2]. AIP was calculated using the following for-
mula: logl0 [TG/high-density lipoprotein cholesterol
(HDL-C)].

Chronic pain was the outcome variable that was the
focus of this study. People aged 20 years and above who
completed the questionnaire had a component on various
pains. MPQ100 (pain lasting>24 h in the prior month)
and MPQ110 (duration of pain) were used to character-
ize chronic pain. Participants were classified as having
chronic pain if they had been experiencing pain for three
months or more. However, those in the non-chronic pain
category reported no pain in the month prior or experi-
enced pain that subsided in less than three months.

Covariates

Covariates in directed acyclic graphs (DAGs) encom-
passed sociodemographic characteristics (age, gender,
ethnicity, education, and marital status), lifestyle factors
(body mass index [BMI], alcohol use, and smoking), com-
mon diseases (DM, hypertension, and hyperlipidemia),
and laboratory test data (low-density lipoprotein cho-
lesterol [LDL-C]). The patient’s age was documented as
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Participant from NHANES 1999-2004(N=31126)

Removal of age<20 years
(N=15794)

Remove adults with missing data on
relevant covariates and <
weights(N=10429)

Remove the missing data related to
TyG and AIP indices(N=2)

Remove adults lacking complete .,
data on chronic pain(N=6)

Fig. 1 Flowchart for selecting study participants
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continuous. The gender was classified as male or female.
Ethnicity was categorized into four groups: Mexican,
White, Black, and Other. Marital status was categorized
as married (yes) or unmarried (no). Education levels
were divided into four categories: less than ninth grade,
ninth to eleventh grade, high school graduate or general
educational development (GED) equivalent, and college
graduate or above. LDL-C level was also considered a
continuous variable. Weight (kg) was divided by height
(m?) to calculate the BMI. Alcohol use was categorized
as no or yes. Smoking was defined as non-smoking (no)
or smoking (yes). DM, hypertension, and hyperlipidemia
were categorized as non-diseased (no) or diseased (yes).

In this study, the minimal sufficient adjustments
(MSAs) selected by DAGs [22, 23] included age, alco-
hol use, ethnicity, and gender (Fig. 2). Consequently, in
addition to adjusting for the variables selected by DAGs,
DM and hypertension were included as confounders
in the model. By using this method, the estimated rela-
tionship between exposure and outcome was reduced in
bias in the final model. Finally, the control variables for
the models included age, gender, ethnicity, education,
marital status, alcohol use, BMI, LDL-C, smoking, DM,
hypertension, and hyperlipidemia (Figs. S1 and 2). The
variables were described in detail in the supplemental
materials and on the NHANES website.

Statistical analysis

In this study, the fasting subsample four-year MEC
weight from 1999 to 2002 and the fasting subsample
two-year MEC weight of subsequent years were used to
combine the weights across survey cycles. Detailed infor-
mation on the survey sample design and the methods to
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calculate weights are provided at https://wwwn.cdc.gov/
nchs/nhanes/analyticguidelines.aspx.

Based on previous studies [24], continuous variables
were presented as weighted mean +standard deviation
(SD), and categorical variables as weighted frequency
and percentage. TyG and AIP were standardized to assess
optimal effects using Z-score method. Differences in con-
tinuous variables between participants with and without
chronic pain were evaluated using independent t-tests,
while differences in categorical variables were evaluated
using chi-square tests. Multivariate logistic regression
was used to examine the relationships between the AIP,
TyG index, and chronic pain. Model 1 was applied with-
out any covariates. Age, gender, ethnicity, education, and
marital status were incorporated into the formulation of
Model 2. Based on Model 2, alcohol use, smoking, LDL-
C, hypertension, BMI, DM, and hyperlipidemia were
further adjusted in Model 3. The reports included odds
ratios (OR) and 95% confidence intervals (CI). Based on
Model 3, potential nonlinear correlations between expo-
sure and outcome were assessed using restricted cubic
spline (RCS) plots. Subgroup analyses were constructed,
stratified by age (< 60/ 60 years), BMI (< 30/> 30), gender
(male/female), hypertension (yes/no), and DM (yes/no).
Model 1 did not account for any of these factors. Accord-
ingly, three crucial demographic variables were adjusted
in Model 2: ethnicity, education, and marital status. Then,
all confounders were adjusted in Model 3. The TyG index
and AIP demonstrated varying relationships with chronic
pain across different subgroups. Receiver operating char-
acteristic (ROC) curves were used to compare the asso-
ciations between the index and outcomes. Ultimately,
two sensitivity analyses were conducted: unweighted and

MSAs:Age, Alcohol user,

Ethnicity, Sex

Exposures: TyG

and AIP

>  Outcome:Chronic pain

Fig. 2 Direct acyclic graphs illustrate the relationships between exposures, outcomes, and MSAs
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weighted logistic regression, after excluding individu-
als with hyperlipidemia. R software (version 4.3.3) was
used for all statistical analyses. Statistical significance was
defined as a threshold of P-values <0.05.

Results

Population characteristics

This research recruited 31,126 participants from
NHANES from 1999 to 2004. Ultimately, 4,895 par-
ticipants were statistically analyzed using a weighted
method to represent the United States population com-
prehensively. Table 1 illustrated demographic informa-
tion and other characteristics of the participants. The
general demographics included 2,419 (51.24%) females,
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2,575 (73.21%) whites, and 3,826 (75.71%) nonsmok-
ers. Additionally, 2,087 patients had hypertension, and
573 had DM. The participants were grouped accord-
ing to whether they had chronic pain, and their baseline
characteristics were compared. Significant differences in
chronic pain were observed according to education and
ethnicity. Patients with chronic pain exhibited higher
mean age, BMI, TyG index, and AIP values. Furthermore,
box plots (Fig. 3) were drawn to compare the relation-
ships between exposure and outcome in the unweighted
original data. Plot analysis revealed that individuals with
chronic pain exhibited elevated TyG index and AIP.

Table 1 Characteristics of the participants with and without chronic pain

Variable Total (N=4895) Without chronic pain (N=4178) With chronic pain (N=717) P-value
Age 46.26 (45.39,47.14) 4594 (44.97,46.92) 4790 (46.52,49.27) 0.020
BMI 28.04 (27.78,28.31) 27.78 (27.50, 28.07) 29.38(28.70, 30.05) <0.001
TyG-S -0.07 (-0.11,-0.03) —0.11 (=0.15,-0.06) 0.12 (0.03, 0.20) <0.0001
AIP-S —0.03 (-0.08,0.01) —0.07 (-0.11,-0.02) 0.15(0.05,0.24) <0.0001
LDL-C 3.13(3.09,3.17) 3.12(3.08,3.16) 3.15(3.07,3.23) 0.490
Gender 0.002
Female 2419 (51.24) 2016 (49.95) 403 (57.85)
Male 2476 (48.76) 2162 (50.05) 314 (42.15)
Ethnicity 0.010
Black 870(10.33) 755 (10.64) 115 (8.69)
Mexican 1102 (7.05) 988 (7.70) 114 (3.75)
Other 348 (9.41) 302 (9.66) 46 (8.10)
White 2575(73.21) 2133 (72.00) 442 (79.45)
Education <0.001
9th —10th Grade 763 (12.57) 628 (11.72) 135(16.97)
College graduate or above 2251 (54.31) 1944 (55.65) 307 (47.47)
High School Grad/GED or Equivalent 1136 (26.24) 957 (25.73) 179 (28.90)
Less than 9th Grade 745 (6.88) 649 (6.91) 96 (6.72)
Marital status 0.190
No 1778 (33.12) 1521 (33.68) 257 (30.23)
Yes 3117 (66.88) 2657 (66.32) 460 (69.77)
Smoking <0.0001
No 3826 (75.71) 3333 (78.01) 493 (63.87)
Yes 1069 (24.29) 845 (21.99) 224 (36.13)
Alcohol use 0.180
No 1684 (29.03) 1426 (28.64) 258(31.01)
Yes 3211 (70.97) 2752 (71.36) 459 (68.99)
Hypertension 0.002
No 2808 (64.32) 2446 (65.70) 362 (57.26)
Yes 2087 (35.68) 1732 (34.30) 355 (42.74)
DM 0.001
No 4322 (90.39) 3711(91.27) 611 (85.88)
Yes 573 (9.61) 467 (8.73) 106 (14.12)
Hyperlipidemia 0.380
No 1191 (26.17) 1031 (26.55) 160 (24.20)
Yes 3704 (73.83) 3147 (7345) 557 (75.80)

Abbreviations: BMI, body mass index; TyG-S, standardized triglyceride glucose index; AIP-S, standardized atherogenic index of plasma; LDL-C, low-density

lipoprotein cholesterol; DM, diabetes mellitus
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Fig. 3 Box plots of the relationships between the TyG index, AIP, and chronic pain. A: The relationship between chronic pain and TyG in the original data.
B: The relationship between chronic pain and AIP in the original data. Chronic pain was categorized as non-diseased (no) or diseased (yes)
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Association between exposure and outcome

Table 2 illustrated the findings of multivariate logis-
tic regression that identified independent risk variables
for chronic pain to deepen insight into the correlations
among the TyG index, AIP, and chronic pain. Across all
models, the results consistently displayed favorable rela-
tionships between TyG, AIP, and chronic pain.

TyG was used as an exposure variable, Model 1 exhib-
ited a significant correlation. When some covariates
were considered in Model 2, the connection was signifi-
cant (OR, 1.26; 95% Cl, 1.14-1.40; P<0.0001). The posi-
tive connection was steady in Model 3 (OR, 1.17; 95%
Cl, 1.02-1.33; P=0.023). This implied that the chance of
chronic pain increased by 17% in the TyG index for every
increase in SD.

When AIP was used as the exposure variable in
Model 1, a significant association was observed between
AIP and chronic pain (OR, 1.24; 95% CI, 1.12-1.36;
P<0.0001). Model 2 revealed a significant relationship
(OR, 1.26; 95% Cl, 1.15-1.39; P<0.0001). A steady posi-
tive correlation was maintained in Model 3 (OR, 1.19;
95% Cl, 1.07-1.34; P=0.003). According to this result,
every SD increase in AIP increased the risk of chronic
pain by 19%. RCS plots based on models completely
adjusted for variables were also used. It was revealed that
the exposure was nonlinearly correlated with the out-
come (P for nonlinearity <0.05). In the RCS plot of the
TyG index (Fig. 4A), the curve was divided into three seg-
ments by two inflection points (-0.68 and 0.03). When
the TyG index was < - 0.68, the OR increased as the TyG
index value increased. When -0.68 <the TyG index was
<0.03, the OR decreased as TyG index values increased.
When the TyG index was >0.03, the overall trend of
the curve increased. Similarly, in the RCS plot for AIP
(Fig. 4B), the curve was divided into three segments
by two inflection points (-0.38 and 0.50). When AIP
< -0.38, the OR increased as the AIP value increased.
When -0.38 < AIP <0.50, the OR decreased as AIP values
increased, and when AIP>0.50, the overall trend of the
curve exhibited an increase.

ROC curves presented a maximum area under the
curve (AUC) of 0.561 for TyG curves and 0.556 for AIP

Table 2 Association between TyG-S, AIP-S, and chronic pain
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curves (Fig. S3). As a result, the prognostic efficacies of
TyG and AIP were similar in diagnosing chronic pain.

Subgroup analysis

Separate subgroup analyses were conducted to evalu-
ate how TyG index, AIP, and chronic pain were related
to various demographic groups. The TyG index and age
interacted among individuals aged <60 years (OR, 1.36;
95% CI, 1.20-1.53; P<0.0001, P for interaction=0.027;
Fig. 5A). In the non-diabetic sample, the TyG index
(OR, 1.32; 95% CI, 1.15-1.52; P<0.001; P for interac-
tion=0.013; Fig. 5A) and AIP (OR, 1.25; 95% CI, 1.11-
1.42; P<0.001; P for interaction=0.019; Fig. 5B) were
significantly associated with chronic pain.

Sensitivity analysis

Similar to previous studies [25-30], three unweighted
models were constructed in the sensitivity analyses
(Table 3). The relationship between exposure and out-
come remained stable. Additionally, participants with
hyperlipidemia were excluded, and weighted logistic
regressions were constructed, depicting that the rela-
tionships remained positive (Table 4). Accordingly, the
analyses demonstrated that the relationships in these
constructed models were stable.

Discussion

The correlations among the TyG index, AIP, and chronic
pain were demonstrated for the first time in this study.
This observational study included 4,895 participants, and
logistic regression analyses were conducted to explore
the relationship between exposure and outcome. For
each SD increase, the risk of chronic pain was higher by
17% for TyG (OR, 1.17; 95% CI, 1.02-1.33; P=0.023) and
19% for AIP (OR, 1.19; 95% CI, 1.07-1.34; P=0.003). The
variability and specificity of study findings within each
group were examined using extensive subgroup analyses.
The results demonstrated exposure and outcome in the
non-diabetic group were positively correlated. Accord-
ing to RCS plot results, TyG and AIP were independently
observed to have a nonlinear link with the occurrence of
chronic pain. The ROC plots showed that TyG and AIP
had similar accuracies in assessing chronic pain.

Model 1 Model 2 Model 3
Character P-value OR (95% Cl) P-value OR (95% ClI) P-value OR (95% Cl)
TyG-S <0.0001 1.26(1.14,1.39) <0.0001 1.26 (1.14,1.40) 0.023 1.17(1.02,1.33)
AlIP-S <0.0001 1.24(1.12,1.36) <0.0001 126 (1.15,1.39) 0.003 1.19(1.07,1.34)

Model 1: A crude model without adjustments

Model 2: A model adjusted for demographic factors, including age, gender, ethnicity, education, and marital status

Model 3: A model adjusted for clinical and lifestyle factors, including DM, smoking, alcohol use, hyperlipidemia, hypertension, BMI, and low-density lipoprotein

cholesterol, in addition to the variables in Model 2

Abbreviations: TyG-S, Standardized triglyceride glucose index; AIP-S, Standardized atherogenic index of plasma
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Fig.4 RCS depicts the associations between the TyG index, AP, and chronic pain. In the TyG plot (A), the inflection points were —0.68 and 0.03. In the AIP
plot (B), the inflection points were —0.38 and 0.50. Abbreviations: TyG-S, standardized triglyceride glucose index; AIP-S, standardized atherogenic index
of plasma
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Character Model 1 OR (95%Cl) P for interaction Model 2 OR (95%C)) P for interaction Model 3 OR (95%Cl) P for interaction
Age group 0.041 0.049 0.027
<60 e 1.33 (1.20,1.48)%** —— 1.30 (117, Lady*+* —.— 1.36 (1.20,1.53)++*
>=60 —e— 1.08 (0.88,1.32) L L 1.07 (0.88,1.32) —o— 1.06 (0.86,1.32)
BMI group 0.624 0.547 0452
<30 e 1.23 (1.10,1.39)%* e 1.21 (1.07,1.36)* ——i 1.25 (1.11,1.42)**
>=30 H—— 1.16 (0.92,1.47) e 112 (0.88,1.44) e 115 (0.87,1.52)
Sex 0.245 0278 0386
male —o—i 1.20 (1.04,1.39)% [—e— 1.18 (1.01,1.37)* —— 1.20 (0.99,1.46)
female —— 1.36 (117,1.57)** —e— 1.32 (1.15,1.52)** —— 1.42 (1.22,1.65)**
Hypertension 0.532 0.57 0.54
yes e— 117 (0.98,1.40) f—o— 118 (0.98,1.41) —— 1.19.(0.99,1.43)
no —— 1.25 (L11,1.41)%* —e— 1.21 (1.07,137)* —— 1.27 (1.10,1.47)*
DM 0.022 0.029 0.013
no —e— 1.30 (1.14,1.48)%* —.—i 1.25 (1.10,1.43)** —— 1.32 (1.15,1.52)**
yes —e—f— 0.85 (0.63,1.15) e 0.86 (0.63,1.18) et 0.84 (0.61,1.17)
05 1 15 05 1 15 05 1 15
0dds ratio Odds ratio Odds ratio
Character Model 1 OR (95%Cl) P for interaction Model 2 OR (95%Cl) P for interaction Model 3 OR (95%Cl) P for interaction
Age group 0242 0.284 0222
<60 e 1.27 (1.14,1.42)%* e 1.23 (1.10,1.37)** —— 1.25 (L11,L41)**
>=60 He— 1.12(0.94,1.35) o 1.13 (0.94,1.36) e 112 (0.93,1.36)
BMI group 0.883 0.754 0.615
<30 o 1.19 (1.07,1.34)* o 1.16 (1.04,1.30)* e 1.16 (1.04,1.29)*
>=30 e 1.17 (0.95,1.45) e 1.14 (0.91,1.42) He— 1.15 (0.89,1.49)
Sex 0.108 0.118 0.239
male —e—i 1.19 (1.03,1.37)* e 115 (1.00,1.33)* e 1.15 0.99,1.35)
female —— 1.39 (1.21,1.60)%** ——r 1.36 (118, 1.56) %+ ——i 1.44 (1.24,1.68)%#*
Hypertension 0290 0.318 0312
yes o— 1.13 (0.95,1.36) e 1.14 (0.94,1.37) H— 1.13 (0.94,1.35)
no i 1.27 (113, L41)#** o 1.22 (1.10,1.35)** e 1.26 (1.13,1.39) %5+
DM 0.027 0.030 0.019
no .t 1.26 (1.11,1.42)** i 1.23 (1.09,1.38)** —— 1.25 (1.11,1.42)%*
yes [ 0.86 (0.65,1.14) —e—— 0.84(0.61,1.15) —— 0.79 (0.57,1.11)
05 1 15 05 1 15 05 1 15
0dds ratio 0dds ratio 0dds ratio

Fig. 5 Forest plots for the associations between TyG index, AIP, and chronic pain. A: Subgroup analysis of the relationship between TyG index and chronic
pain. B: Subgroup analysis of the relationship between AIP and chronic pain. *** indicates P<0.0001; ** indicates P<0.001; * indicates P<0.05; Model 1:
A crude model without adjustments. Model 2: A model adjusted for factors, including ethnicity, education, and marital status. Model 3: All confounders
were adjusted. Abbreviations: DM, diabetes mellitus; BMI, body mass index

Table 3 Unweighted logistic regression between TyG-S, AIP-S, and chronic pain

Model 1 Model 2 Model 3
Character P-value OR (95% Cl) P-value OR (95% Cl) P-value OR (95% Cl)
TyG-S <0.0001 1.18(1.10,1.28) <0.0001 1.21(1.11,1.32) 0.030 1.12(1.01,1.24)
AIP-S <0.0001 1.19(1.10, 1.29) <0.0001 124 (1.14,1.35) 0.002 1.17 (1.06, 1.30)

Model 1: A crude model without adjustments
Model 2: A model adjusted for demographic factors, including age, gender, ethnicity, education, and marital status

Model 3: A model adjusted for clinical and lifestyle factors, including DM, smoking, alcohol use, hyperlipidemia, hypertension, BMI, and low-density lipoprotein
cholesterol, in addition to the variables in Model 2

Abbreviations: TyG-S, standardized triglyceride glucose index; AIP-S, standardized atherogenic index of plasma

Table 4 Weighted logistic regression excluded participants with hyperlipidemia between TyG-S, AIP-S, and chronic pain

Model 1 Model 2 Model 3
Character P-value OR (95% Cl) P-value OR (95% Cl) P-value OR (95% Cl)
TyG-S <0.001 1.63(1.25,2.11) 0.002 1.70(1.24,2.32) 0.028 142 (1.04,1.94)
AIP-S 0.002 146 (1.15,1.85) <0.001 1.64 (1.27,2.10) 0.021 1.39(1.06, 1.82)

Model 1: A crude model without adjustments
Model 2: A model adjusted for demographic factors, including age, gender, ethnicity, education, and marital status

Model 3: A model adjusted for clinical and lifestyle factors, including DM, smoking, alcohol use, hypertension, BMI, and low-density lipoprotein cholesterol, in
addition to the variables in Model 2

Abbreviations: TyG-S, standardized triglyceride glucose index; AIP-S, standardized atherogenic index of plasma
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Chronic pain disrupts daily life and significantly
reduces quality of life [1]. Compared to men, women
are more prone to have chronic pain [1, 31]. This result
is consistent with our findings (Table 1). This difference
may be influenced by sex hormones that affect pain sen-
sitivity [32]. Moreover, women’s pain thresholds and tol-
erance vary with different stages of the menstrual cycle
[32]. A recent study from Norway demonstrated that for
each year, menopause is delayed, and the prevalence of
chronic pain decreases by 1% [33]. Additionally, studies
had shown that the brain networks linked to higher cog-
nitive and reproductive processes and those controlled
by estrogen share a great deal in common. These results
point to a new connection between women’s endocrine
aging and the upregulation of estrogen receptors in brain
regions associated with cognitive function, including
those related to emotion, memory, pain, stress response,
and fine motor abilities [34, 35]. Besides, one or more
of these causes trigger chronic pain [7]. Recent research
has demonstrated a connection between pain and meta-
bolic disorders. Chronic pain was also significantly cor-
related with CVD via stimulation of the sympathetic
nervous system [36]. A Scottish cross-sectional investiga-
tion revealed a correlation between a higher incidence of
MetS and chronic pain, especially high-intensity chronic
pain [37]. Another case-control study demonstrated that
MetS exacerbates pain in osteoarthritis [38].

Recent research has demonstrated a significant link
between the risk of CVDs and the TyG index, a bio-
marker directly associated with metabolism. Research
has further demonstrated an intense connection between
TyG scores and the risk of heart failure [39]. This sug-
gests that the TyG index may facilitate the pathogenesis
of metabolic diseases and CVDs [40]. Additionally, the
TyG index has been recommended as a convenient proxy
indicator to measure IR, and its correlation with chronic
pain may be due to several factors. First, IR causes inade-
quate vasodilation, resulting in peripheral vascular endo-
thelial dysfunction. Nitric oxide deficiency is suggested to
be a key factor linking IR to endothelial dysfunction [41].
Second, IR may significantly influence vascular remod-
eling, thinning, and side branching [42]. Furthermore,
vascular endothelial growth factor levels exhibit a sig-
nificant inverse relationship with IR [43]. Besides, several
cytokines may contribute to chronic pain and IR. One of
these cytokines is tumor necrosis factor-a (TNF-a) [44].
Current research demonstrates that TNF-a significantly
affects neuropathic and inflammatory nociceptive hyper-
sensitivity [45]. Hyperglycemia can also result from IR.
Moreover, it increases the synthesis of advanced glyca-
tion end-products which can activate pro-inflammatory
pathways and cause systemic inflammation [46].

AIP has recently emerged as a novel predictive bio-
marker of CVDs [47]. In a meta-analysis, elevated AIP
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levels are found to be an autonomous predictive deter-
minant in individuals with coronary artery disease [48].
However, AIP is strongly associated with CVDs and may
be linked to neurological disorders. According to Chen et
al., higher AIP values are associated with reduced cortical
structural volumes in middle-aged and older populations
[49]. AIP, derived from TG and HDL-C, was observed in
a cross-sectional study to reduce the incidence of chronic
pain by 26% for every 20-unit increase in HDL-C level
[50]. A Norwegian cross-sectional research found an
inverse correlation between low back pain prevalence
and HDL-C level [51]. Additionally, it revealed a positive
correlation with TG [51]. Moreover, TG promotes the
production of pro-inflammatory lipids and long-chain
saturated fatty acids, triggering inflammatory activation
in mononuclear macrophages [52]. Free fatty acids acti-
vate inflammatory vesicles and toll-like receptors (TLRs),
particularly TLR-4, stimulating downstream inflam-
matory pathways [53]. Research has demonstrated that
fat-rich diets increase immune cell proliferation in the
central nervous system and that saturated fatty acids acti-
vate receptors on innate immune cells [54, 55]. Zhang et
al. revealed that mice exhibited signs of MetS in a high-
fat diet, such as elevated plasma cholesterol levels, rela-
tive to mice fed a control diet [56]. After an eight-week
high-fat diet regimen, mice exhibited thermal nocicep-
tive sensitization and mechanical allodynia in their hind
paws. These painful behaviors were associated with
higher densities of damaged epidermal nerve fibers in
the hind paw skin. Concurrently, there was an elevation
in the presence of inflammatory cells, including Langer-
hans cells and macrophages. Mice subjected to a high-fat
diet received interleukin-10 injections to investigate the
underlying mechanisms. This intervention ameliorated
pain and attenuated the upregulation of pro-inflamma-
tory cytokines [56]. High-fat feeding also exacerbates
postoperative pain and delays wound healing after surgi-
cal incision [57]. Moreover, recent research has indicated
an association between adipokines (adiponectin and
leptin) and pain. Current evidence suggests that lipocalin
concentration may increase during non-episodic periods
and decrease during migraine attacks [58].

Dyslipidemia and IR induce oxidative stress, which is
linked to various pain conditions [59]. Oxidative stress
may contribute to the pain mechanisms in patients with
fibromyalgia [60]. This factor may contribute to the pain
experienced by individuals with hemophilia and is impli-
cated in the modulation and regulation of oral pain [61,
62]. The interaction between IR, dyslipidemia, and oxida-
tive stress induces a vicious cycle that may maintain and
exacerbate chronic pain. Understanding these mecha-
nisms underscores the importance of metabolic health
in pain management and suggests potential therapeutic
targets to prevent or alleviate chronic pain.
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This study expands on the existing findings by elucidat-
ing the distinct associations between TyG and AIP with
chronic pain in the general population. It suggests that
metabolic health, as measured by these indices, may be a
key in understanding the etiology of chronic pain.

The TyG index and AIP may be useful tools to evalu-
ate the risk of chronic pain. These indices, readily avail-
able through routine blood tests, can be used to identify
patients likely to experience chronic pain in primary care
settings. The early identification of at-risk populations
can facilitate the implementation of preventive measures.
Implementing public health strategies to enhance meta-
bolic health can significantly reduce chronic pain at the
population level. These strategies may include initiatives
to promote healthy diets, increase physical activity, and
reduce obesity, all of which can improve metabolic indi-
ces. Besides, public health campaigns can raise awareness
of the link between metabolic health and chronic pain,
encouraging individuals to take proactive steps to opti-
mize metabolic health and to potentially mitigate the risk
of developing chronic pain.

Study strengths and limitations

This study benefited from several advantages of using
the NHANES database. First, the comprehensive weight-
ing system employed in the NHANES allows the find-
ings to be generalizable to the overall United States
population. Second, the standardized data collection
and processing methodologies using NHANES data con-
tributed to the reliability and consistency of the results,
as these practices helped minimize potential biases in
the data. Third, the NHANES database has a long data-
collection period and a high frequency of updates. This
database encompasses multiple disciplines, including
epidemiology, public health, nutrition, and chronic dis-
ease management, making it suitable for various types
of research. Therefore, the representativeness and stan-
dardization of the NHANES dataset make it the optimal
choice for this study. Additionally, the study adhered to
rigorous research practices using DAGs to identify rel-
evant adjustment variables, thereby minimizing bias
in the associations between exposure and outcome in
the final model. Nonetheless, this study also has certain
limitations. First, causal relationships cannot be inferred
because they are observational studies. Further prospec-
tive studies are essential to accurately determine the cor-
relations between TyG, AIP, and chronic pain. Despite
thoroughly considering all relevant variables, unquanti-
fied confounding factors may still exist. Self-reports were
used to assess chronic pain but may be subject to recall
bias. Additionally, the AUC value of the ROC curve in
this study is relatively low. This suggests a limited predic-
tive performance of the exposure, which may have failed
to capture the diversity and complexity of chronic pain
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adequately. Therefore, we will continue to explore the
mechanisms underlying chronic pain and develop more
accurate tools to predict chronic pain in the future.

Conclusion

In this study, TyG index and AIP exhibited nonlinear
relationships with chronic pain prevalence. Furthermore,
TyG and AIP predicted similar results for chronic pain
among adults in the United States. A link was observed
between an increased incidence of chronic pain and an
increased TyG index and AID, especially in non-diabetic
individuals, where this tendency was more prominent.
Nevertheless, prospective cohort studies are required to
confirm these results. This study enhances our under-
standing of the association between metabolic health
and chronic pain. This suggests that lifestyle changes that
improve metabolic health could help reduce the burden
of chronic pain.
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