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Abstract: Chronic widespread musculoskeletal pain (CWP), a significant health issue
affecting individuals and society, is often diagnosed as part of fibromyalgia but is not
generally considered inflammatory. This study investigated the relationship between
blood-based inflammatory factors and CWP in 904 individuals from the TwinsUK cohort.
Participants, free of major inflammatory conditions, completed questionnaires to assess
CWP. Plasma samples were analysed using the Olink panel, alongside assays for C-reactive
protein (CRP) and Apolipoproteins Al and B. No significant associations were observed
between CWP and inflammatory factors after adjusting for multiple testing. Twin modelling
revealed significant heritability for both CWP and inflammatory factors, with genetic
covariance observed between CWP and several inflammatory factors. Additive Bayesian
network modelling suggested that any association between CWP and inflammatory factors
is mediated by body mass index (BMI). These findings emphasize the complexity of CWP
and its potential reliance on factors beyond inflammation, such as BMI, which strongly
correlates with CRP and other inflammatory markers. Future research should explore
additional molecular, genetic, and environmental contributors to CWP variability and
investigate clinical factors or covariates that may obscure relationships with inflammation,
providing a more comprehensive understanding of this multifaceted condition.
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1. Introduction

Chronic widespread musculoskeletal pain (CWP), for which no apparent cause can be
identified [1], is a pervasive and enigmatic health challenge, exerting a profound impact
on individuals and society as a whole. Meta-analyses have estimated the population
prevalence of CWP to be around 10%, with prevalence somewhat higher in women than
men and increasing with age [2,3]. Chronic pain has been found to be an enormous
economic burden to the healthcare system, increasing per capita expenditures on healthcare
in the USA by nearly USD 300 [4]. CWP has an important impact on the quality of life
of vast numbers of people [5]. The complexities of CWP go beyond the mere experience
of pain, encompassing a spectrum of physical, psychological, and societal consequences.
Understanding the aetiology and risk factors for CWP is essential for developing targeted
interventions that address the root causes of this complex condition, offering hope for
improved quality of life for those affected.
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We have previously shown the existence of a significant association between CWP and
steroid hormone levels [6]. Our study also suggested that steroid hormone abnormalities
likely result from pain rather than causing it and that epiandrosterone sulphate can proba-
bly be used as a biomarker of the condition. Furthermore, our study of DNA methylation
in CWP suggested the involvement of neurological pathways in this condition [7]. On the
other hand, androgens and oestrogens have been shown to exert significant immunomodu-
latory and anti-allergy effects [8,9] and may account in part for the raised prevalence of
CWP in women. In addition, our previous study of UK twins demonstrated that CWP
cases exhibited greater adiposity than controls [6], and elevated body mass index (BMI)
has been found to be a risk factor for CWP in a longitudinal study [10].

The link between pain and inflammation is well acknowledged, with multiple studies
having illuminated the involvement of pro-inflammatory cytokines in the pathophysiology
of pain [11,12]. Much less is known about the relationship between CWP and inflamma-
tion, and even less still involving systematic study of various inflammatory factors in
CWP patients. Two reviews of the literature on the relationship between cytokines and
fibromyalgia, of which CWP is a feature, have been performed, with one concluding that
some inflammatory factors are elevated in those with fibromyalgia as compared to con-
trols [13] and the other unable to make any definitive conclusions [14]. However, the most
recent meta-analysis of fibromyalgia examined nine biomarkers and found some evidence
of differences between cases and controls for seven of them, including IL-10, IL-6, IL-8,
TNF-alpha, IFN.gamma, and CRP, which are associated with the inflammatory process [15].
This triggered our interest in investigating whether and to what extent inflammatory fac-
tors are associated with CWP in our community-based sample of middle-aged females,
TwinsUK [16].

The Olink 96 inflammation panel allows for a hypothesis-free, high-throughput exami-
nation of many inflammatory factor levels in an individual. This panel has been used in the
TwinsUK project for the study of various facets of health, including tinnitus [17] and, partic-
ularly of relevance to the present study, body mass index (BMI) [18]. While no statistically
significant association was found for tinnitus, after stringent multiple testing correction,
some interesting findings were found for BMI when it was analysed in conjunction with
other omics data.

The aim of the present study is to examine the association between inflammation and
CWP, using the largest sample to date, TwinsUK, assessed on the Olink 96 panel, along
with measures of C-reactive protein (CRP) and Apolipoprotein Al (ApoAl) and B (ApoB),
and CWP, which has a relatively high prevalence (16.5%) in this all-female sample. By
examining the molecular signatures associated with inflammation, we endeavoured to
shed light on potential biomarkers that may serve as diagnostic indicators, prognostic tools,
or therapeutic targets for CWP.

2. Materials and Methods
2.1. Sample

Participants were individuals from the UK Adult Twin Registry (TwinsUK) [16].
Founded in 1992, the TwinsUK registry comprises adult twin volunteers from the general
population recruited through national media campaigns. The cohort is predominantly
female (83%), middle-aged, mainly of Northern European descent, and comprises similar
numbers of monozygotic and dizygotic same-sex twin pairs. Participants have been char-
acterized for a variety of clinical and behavioural traits through clinical visits and annual
health-based questionnaires collected by post and, more recently, electronically, including
BMI. Twins from this registry have been shown to be similar to age-matched singletons
for a range of health and lifestyle factors [19]. Twins were not specifically recruited for
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the current study of CWP; they were selected based on the availability of questionnaire
assessments of CWP as well as having been assessed for inflammatory factors. All subjects
provided written informed consent in accordance with the St Thomas” Hospital Research
Ethics Committee and were unaware of the precise hypotheses being tested.

2.2. Inflammatory Factors

Analysis of 96 proteins comprising the Olink Inflammatory (v.3021, Olink Proteomics,
Uppsala, Sweden) panels was performed using PEA (proximity extension assay) technology
on plasma samples. The PEA technique allows simultaneous assessment of proteins using
oligonucleotide-labelled antibody probe pairs that bind to each protein within the sample,
while demonstrating both high sensitivity and specificity [20,21]. The Olink panel compared
favourably to two other multiplexed protein detection platforms, with both advantages and
disadvantages [22]. The data were subjected to standard quality control (QC) procedures,
resulting in 2346 female samples for 70 proteins in the inflammation panel available for
analysis, with 26 proteins failing to reach the QC threshold.

For the sake of analysis, the proteins available for the present study were divided into
four functional groups, namely, pro-inflammatory and anti-inflammatory mediators of in-
flammation, immunoregulatory factors, and multifunctional factors: (1) Pro-inflammatory
molecules are essential for initiating the immune response to infectious agents. They
stimulate immune cell recruitment and activation, increase vascular permeability, and
induce fever, which are critical for fighting invading pathogens [23]. (2) Anti-inflammatory
molecules are important in limiting inflammation and preventing tissue damage. They
inhibit the production of pro-inflammatory cytokines and promote differentiation and
activation of regulatory immune cells, which can help control the immune response and
promote tissue repair [24]. (3) Immunoregulatory molecules possess both pro- and anti-
inflammatory activities depending on the inflammation trigger, affected tissue, stage of
inflammation, concomitant diseases, etc. [25]. (4) Multifactorial molecules are defined as
those performing various functions, including participation in the inflammatory process.

In addition, data on CRP and two apolipoproteins, ApoA and ApoB, known for
their roles in inflammation, were available for our study. CRP is one of the most widely
recognized and frequently measured pro-inflammatory factors. ApoA was selected due
to numerous findings demonstrating its anti-inflammatory effects both directly (against
invading pathogenic microorganisms or their products) and indirectly (by modulation
of functions of various immune cells, such as macrophages, neutrophils, and T lympho-
cytes) [26]. While the inflammatory role of ApoB remains unclear, it is often considered to
have anti-inflammatory properties [27]. Table 1 provides a detailed list of factors, grouped
by functional category.

Table 1. Mixed-model regression of CWP on each of the 73 inflammatory factors, controlling for age,
age-squared, and family membership, grouped by four categories of inflammatory factors: (1) pro-
inflammatory molecules, which are essential for initiating the immune response to infectious agents;
(2) anti-inflammatory molecules, which are important in limiting inflammation and preventing tissue
damage; (3) immunoregulatory molecules, which possess both pro- and anti-inflammatory activities;
and (4) multifactorial molecules, which are defined as those performing various functions. See text for
further information. p-values that are nominally significant at the 0.05 level are highlighted in bold.

Factor N Estimate SE z 4 Adjp
Pro-inflammatory factors

log(CRP) 870 0.432 0.242 1.785 0.074 0.535
ApolipoproteinB 716 —0.221 0.278 —0.794 0.427 0.757
CCL11 904 0.061 0.251 0.244 0.807 0.930
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Table 1. Cont.

Factor N Estimate SE z p Adjp
Pro-inflammatory factors

CCL23 904 —0.365 0.249 —1.467 0.142 0.535
CCL3 896 0.400 0.246 1.623 0.105 0.535
CCL4 895 0.276 0.238 1.160 0.246 0.739
CD40 904 0.127 0.253 0.502 0.616 0.862
CXCL1 904 —0.067 0.245 —0.274 0.784 0.930
CXCL10 904 0.159 0.246 0.646 0.518 0.824
CXCL11 902 —0.139 0.247 —0.563 0.573 0.862
CXCL5 904 -0.371 0.241 —1.540 0.124 0.535
CXCLeé 904 0.059 0.249 0.236 0.813 0.930
CXCL9 903 0.382 0.267 1.430 0.153 0.535
DNER 902 —0.048 0.248 —0.195 0.846 0.930
EN.RAGE 904 —0.359 0.239 —1.498 0.134 0.535
IFN.gamma 898 0.183 0.223 0.821 0.412 0.757
IL.12B 904 —0.287 0.253 —1.137 0.255 0.739
IL.15RA 782 0.431 0.242 1.784 0.074 0.535
IL.17C 795 0.238 0.236 1.010 0.312 0.739
IL.18R1 904 0.758 0.270 2.808 0.005 0.175
IL18 903 —0.225 0.245 -0.917 0.359 0.739
IL7 879 —0.018 0.254 —0.070 0.944 0.956
IL8 901 0.126 0.238 0.528 0.597 0.862
MCP1 901 0.223 0.240 0.930 0.353 0.739
MCP2 902 0.236 0.252 0.940 0.347 0.739
MCP4 903 —0.078 0.246 —0.316 0.752 0.930
MMP.1 904 —0.266 0.250 —1.067 0.286 0.739
SLAMF1 830 0.388 0.252 1.542 0.123 0.535
TNF 901 0.012 0.216 0.055 0.956 0.956
TNFB 900 —0.028 0.252 —0.112 0.911 0.956
TNFSF14 903 0.187 0.238 0.784 0.433 0.757
TRAIL 904 0.405 0.251 1.613 0.107 0.535
TWEAK 904 —0.046 0.243 —0.188 0.851 0.930
uPA 904 —0.083 0.249 —0.332 0.740 0.930
VEGFA 903 0.177 0.243 0.728 0.466 0.777
Anti-inflammatory factors

ApolipoproteinAl 716 —0.612 0.300 —2.041 0.041 0.454
FGE21 897 —0.052 0.243 —0.213 0.831 0.914
HGF 904 0.286 0.249 1.150 0.250 0.551
IL.10RB 902 0.412 0.254 1.622 0.105 0.530
IL10 896 —0.284 0.233 -1.219 0.223 0.551
LAP.TGFEDbeta.1 902 —0.055 0.241 —0.227 0.821 0.914
LIER 902 0.361 0.248 1.459 0.145 0.530
MMP.10 904 —0.232 0.247 —0.941 0.347 0.636
SIRT2 821 —0.199 0.287 —0.693 0.489 0.768
STAMBP 904 —0.137 0.263 —0.519 0.604 0.830
TRANCE 904 —0.006 0.244 —0.026 0.979 0.979
Immunoregulatory factors

ADA 904 —0.007 0.253 —0.027 0.978 0.978
CCL19 904 0.374 0.214 1.748 0.080 0.563
CCL20 899 —0.237 0.242 —0.977 0.329 0.764
CCL25 904 0.214 0.265 0.807 0.419 0.764

CCL28 900 —0.075 0.249 —0.300 0.764 0.925
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Table 1. Cont.

Factor N Estimate SE z p Adjp
Immunoregulatory factors

CD244 904 0.233 0.252 0.926 0.354 0.764
CD5 904 0.057 0.250 0.226 0.821 0.925
CD6 904 0.236 0.243 0.973 0.330 0.764
CDSA 904 —0.097 0.236 —0.409 0.683 0.925
CX3CL1 903 0.446 0.249 1.789 0.074 0.563
FIt3L 903 0.128 0.249 0.515 0.607 0.925
IL6 580 —0.283 0.364 —0.778 0.436 0.764
PD.L1 903 —0.187 0.240 —0.780 0.435 0.764
TNFRSF9 902 —0.045 0.255 —0.177 0.859 0.925
Multifunctional factors

AXIN1 904 —0.010 0.262 —0.037 0.971 0.999
CASP.8 901 0.140 0.237 0.594 0.553 0.999
CDCP1 901 0.683 0.289 2.364 0.018 0.235
CSFE1 903 0.282 0.248 1.138 0.255 0.829
CST5 901 —0.264 0.265 —0.995 0.319 0.831
FGE19 904 0.024 0.237 0.102 0.919 0.999
NT.3 898 0.090 0.221 0.409 0.683 0.999
OorG 904 —0.034 0.262 —0.128 0.898 0.999
OsM 904 0.000 0.234 0.002 0.999 0.999
SCF 901 -0.271 0.212 —1.278 0.201 0.829
ST1A1 856 0.135 0.261 0.517 0.605 0.999
TGF.alpha 902 —0.094 0.238 —0.397 0.692 0.999
X4E.BP1 904 —0.350 0.234 —1.495 0.135 0.829

2.3. Chronic Widespread Pain

The London Fibromyalgia Epidemiology Study Screening Questionnaire (LFESSQ) [28]
was sent to twins for self-completion, without reference to the co-twin. This measure of
CWP has been used in previous reports from TwinsUK [6,29]. A total of 1193 females
(no males were assessed) completed the CWP assessment and provided Olink data that
passed quality control (QC). Among these, 230 individuals were diagnosed with CWP,
while 963 were CWP-negative. To refine the dataset, we included only cases where plasma
samples were obtained within four years before or after the CWP diagnosis, resulting in
1019 individuals, 188 of whom were affected by CWP. Sample sizes for some inflammatory
measures were smaller due to missing data. We further excluded individuals diagnosed
with any of the following inflammatory conditions: rheumatoid arthritis, systemic lupus
erythematosus, Crohn’s disease, and ulcerative colitis, reducing the sample to 904 women,
of whom 149 had CWP (mean age 60.2, range 42.3-86.0) and 755 were unaffected with
CWP (mean age 59.3, range 26.7-92.0).

2.4. Design of the Study

This study involves four stages of analysis to explore the relationship between CWP
and a broad array of inflammatory factors. In the first stage, generalized linear mixed
models were used to assess whether each inflammatory factor in the dataset predicts
CWP. These analyses were conducted in two ways: first, by considering the entire set
of inflammatory factors grouped by functional category, and second, by focusing on
factors previously identified in a meta-analysis of CWP [15]. The second stage employed
factor analysis to investigate relationships among inflammatory factors in the Olink panel,
followed by the use of factor scores derived from this analysis to determine whether
these composite measures predict CWP. In the third stage, we examined the genetic and
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environmental covariance structure among a subset of inflammatory factors, leveraging the
twin pair relationships within the data. Finally, in the fourth stage, we sought to elucidate
the underlying network of relationships among this subset of inflammatory factors.

2.5. Statistical Analysis

Association analyses of CWP with each of the 70 inflammatory factors, as well as CRP,
ApoA1l, and ApoB, were performed using version 1.1.9 of the glmmTMB package [30] on an
R 4.4.1 [31] installation. Factor analysis of Olink inflammatory markers was performed
by first imputing missing data using the missForest package (version 1.5) in R [32], with
default settings. Residuals were created using linear regression to remove the effects of age
and age-squared. Principal factor analysis of inflammatory factors was then conducted
on these residual Olink scores, followed by Promax rotation, using the fa function in the
R package psych, version 2.4.6.26 [33]. Factor scores derived from this analysis were then
used in linear mixed-effects models again with the glmmTMB package (version 1.1.10) [30].

Twin modelling was conducted to estimate genetic and environmental (shared
and nonshared among twin pairs) variance and covariance, using OpenMx (version
2.21.13) [34,35] and the umxACE and related functions in the umx R package (version
4.21.0) [36]. These methods employ full-information maximume-likelihood estimation,
allowing for data missing at random and without reducing power or introducing bias by
excluding incomplete cases.

To investigate the potential causal relationships among the variables studied using
a hypothesis-free approach, we employed additive Bayesian network (ABN) models [37]
using the R package abn, version 3.1.1 [38], along with the rjags package, version 4.16 [39],
to conduct a parametric bootstrap. We followed a four-stage analysis process to develop a
robust causal model and minimize overfitting, as outlined in previous work [40]. Briefly, we
determined the maximum number of arcs (causal connections) needed for each dependent
variable uncovered by the search process by progressively increasing the maximum number
of arcs and stopping when the likelihood of the model stops improving. Overfitting was
controlled by bootstrapping 100 samples and retaining only arcs present in at least 50% of
simulations.

To better approximate normality, CRP and BMI were log-transformed prior to analysis.

3. Results
3.1. Descriptive Statistics

Descriptive statistics for age, BMI, CRP, ApoAl, ApoB, and the 70 Olink factors,
categorized by CWP status, are presented in Supplementary Table S1, with the factors
grouped into four functional categories. T-tests for BMI, several pro-inflammatory factors
(CCL23, CCL3, IL.18R1, TNFB, and TWEAK), anti-inflammatory factors (ApoAl and
IL10), immunoregulatory factors (ADA and CCL19), and multifunction factor CDCP1 are
nominally significant (p < 0.05); however, it is important to note that these tests do not
account for within-family correlation, as the data are from twin pairs. Additionally, a
multiple testing correction should be applied.

3.2. Mixed-Effects Logistic Regression of Individual Inflammatory Factors on CWP

Mixed-effects logistic regression models were used to regress CWP separately on each
of the 70 Olink inflammatory factors, as well as CRP, ApoA1l, and ApoB, with age and
age-squared included as covariates. To assess whether any signal could be detected in the
regression of CWP on the 73 inflammatory factors, QQ plots were created to compare the
observed (unadjusted) p-values with those expected under the null hypothesis. Each of
the functional categories was examined separately (Figure 1). The individual regression
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coefficients, along with standard errors, test statistics, and p-values, are presented in Table 1.
Three variables appeared nominally significant: the pro-inflammatory factor IL.18R, the
anti-inflammatory factor ApoA1l, and the multifunctional factor CDCP1 (in bold). However,
after applying false discovery rate corrections within each group, none of these factors
remained significant at p < 0.05.

QQ Plot of -log10(p) for Different Factor Groups

* Pro-Inflammatory
20 * Anti-Inflammatory
Immunoregulatory

* Multifunctional

—
wn

-log10(Qbserved p-value)

=]
wn

0.0

0.0 05 1.0 15

-log10(Expected p-value)
Figure 1. Four QQ plots of p-values for CWP regressed on 73 inflammatory factors, grouped by
function (pro-inflammatory, anti-inflammatory, immunoregulatory, and multifunctional), controlling
for age and age-squared, as well as family membership. This demonstrates lack of signal detected
when considering multiple testing of four sets of inflammatory factors, with all observed p-values not
differing much from that expected under the null hypothesis.

Given the prior association of BMI with several inflammatory factors, as well as
with CWP, additional stepwise analyses were conducted (see Supplementary Table S2).
Regression models for CWP were run first without covariates (except for family), then with
age, age-squared, and finally log(BMI), as these covariates are associated with CWP and/or
inflammatory factors. Including BMI in the model reduced the effect size (and increased
the p-value) for IL.18R and ApoAl, but not for CDCP1. BMI always had a large effect and
was highly statistically significant.

Since the analysis of all 73 inflammatory factors did not provide evidence for associa-
tions with CWP after multiple testing corrections, we next focused on the six inflammatory
factors identified in a recent meta-analysis [15] (Table 2), which had prior evidence of
differences between cases and controls. However, none was statistically significant, with
or without covariates in the model, although CRP was suggestively significant (p < 0.08);
however, this effect disappeared when including BMI in the model. Table 2 also contains
area under the curve (AUC) and McFadden’s adjusted R?, illustrating that prediction was
not very good, but including BMI in the model improves prediction substantially.
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Table 2. Mixed-model regression of CWP on each inflammatory factor reported in a meta-analysis [15],
sequentially controlling for age, age-squared, and log(BMI), as well as family membership. Sample
size (N), parameter estimate, standard error (SE), z-test, unadjusted p-value, area under the curve
(AUC), and McFadden'’s adjusted R? are presented for each model.

Factor Covariates N  Estimate SE z p AUC adj R?
No covariates 0282 0362 0779 0436 0542 0.002

e Age gy 0285 0364 0783 0433 0548 0.002
Age + Age? 0283 0364  —0778 043 0531 0.002

Age + Age? + log(BMI) —0419 0393  —1065 0287 0591 0.012

No covariates 0.034 0210 0162 0871  0.500 0.000

INE Age o 0013 0217 0060 0952  0.526 0.000
Age + Age? 0.012 0216 005 095 0610 0.002

Age + Age? + log(BMI) 0057 0224 —0254 0799  0.647 0.020

No covariates 0.158 0233 0679 0497 0518 0.001

s Age oop 0146 0237 0617 0537 0531 0.001
Age + Age? 0.126 0238 0528 0597  0.610 0.003

Age + Age? + log(BMI) 0.152 0249 0607 0544  0.645 0.020

No covariates 0.435 0242 1795 0073 0563 0.005

Age 0.432 0243 1777 0076 0564 0.005

log(CRP) Age + Age? 870 432 0242 1785 0074 0613 0.007
Age + Age? + log(BMI) 0.084 0278 0302 0763  0.650 0.021

No covariates 0274 0233 1175 0240 0537 0.002

L1 Age g 0287 025 1223 021 050 0.002
Age + Age? —0284 0233  —1219 0223 0599 0.004

Age + Age? + log(BMI) ~0312 0242  —1287 0198  0.658 0.021

No covariates 0.199 0220 0906 0365 0511 0.001

N samima Age cg 0189 0224 0844 0399  0.520 0.001
8 Age + Age? 0.183 0223 0821 0412 0581 0.003
Age + Age? + log(BMI) 0.178 0230 0774 0439  0.645 0.019

3.3. Factor Analysis

Factor analyses were performed on the 70 Olink inflammatory biomarkers measured
in 2346 individuals to reduce the complexity of the data and increase statistical power
for association analyses with CWP. Based on inspection of a scree plot of eigenvalues
(see Supplementary Figure S1), seven factors were deemed sufficient to summarize the
data, although 14 factors would be required if the criterion of eigenvalues greater than
one were applied. The factor loadings for the seven factors extracted are presented in
Supplementary Table S3. CWP was regressed on the factor scores derived from these seven
factors, controlling for age at testing, age-squared, log(BMI), and the random effect of
family, using a mixed-effects model. No evidence of an association was found between
CWP and any of the inflammatory marker factor scores, either in separate regressions or in
a combined model with all seven factors as predictors, after controlling for the large effect
of BMI (Supplementary Table S4).

3.4. Twin Modelling

Figure 2 presents the estimated phenotypic correlation matrix among 10 variables:
CWP, BMI, ApoA and ApoBl, and the six inflammatory factors from the meta-analysis
listed in Table 2. The most prominent block of correlations is among IL6, TNF, ILS, IL10,
and IFN_gamma, the Olink factors in the model. Additionally, the correlation between CRP
and BMI is substantial at 0.41. The largest correlation involving CWP is with BMI, at 0.23.
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Figure 2. Phenotypic correlation matrix among 10 variables obtained from estimating genetic, shared
environmental, and nonshared environmental covariances in a multivariate twin model.

Twin models partition phenotypic covariance (or correlations when presenting stan-
dardized results) into genetic, shared environmental, and nonshared environmental co-
variance matrices, which sum to the phenotypic correlation matrix when standardized.
Figure 3 contains the phenotypically standardized genetic covariances in the upper triangle,
genetic correlations in the lower triangle, and estimated heritabilities along the diagonal.
Briefly, heritability is the proportion of variance in a trait explained by genetic differences
between people across the genome, and genetic covariances represent the extent to which
that genetic variance is shared by a pair of traits. An overall likelihood ratio test found that
genetic variance and covariance cannot be dropped from the model without a significant
degradation in fit (x?s5 = 92.6, p < 0.001). The most heritable phenotypes were BMI at
0.72 and CRP at 0.50. The inflammatory factors had low (IL6, 0.06) to moderate (ApoAl
and B, 0.42) heritabilities. The most notable genetic covariances are between CWP and
BMI, at 0.16, which therefore explains the vast majority of the 0.23 phenotypic correlation.
The genetic covariance between BMI and CRP is 0.29, explaining three-quarters of the
phenotypic correlation. The correlations among the Olink factors did not appear to be sub-
stantially explained by genetic covariance. While some genetic correlations involving Olink
variables were notable (lower triangle of the matrix), these should be interpreted cautiously,
particularly when based on low heritabilities, as they may not carry substantial meaning.
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Figure 3. Phenotypically standardized genetic covariance matrix in the upper triangle, genetic
correlation matrix in the lower triangle, with heritabilities along the diagonal in bold.

Figure 4 contains the phenotypically standardized shared environmental covariances
in the upper triangle, shared environmental correlations in the lower triangle, and esti-
mated shared environmental variances along the diagonal. Like genetic variance, these
variances and covariances represent the proportion of phenotype variance and covariance
explained by twin pairs sharing environments (e.g., being reared together and potentially
having common environmental influences in adulthood). Overall, this component of co-
variance was not statistically significant (x?s5 = 16.9, p = 1). However, examining individual
components, the variable with the most shared environmental variance was CWP at 0.30.
Nonetheless, a test of shared environmental variance of CWP and overall covariance with
other measures indicated that it was not significant (x*10 = 8.95, p > 0.5). None of the strong
phenotypic correlations is explained by shared environmental covariance. In addition, in
some cases, the shared environmental covariance is in the opposite direction to that of the
genetic covariance, effectively cancelling out some of the contribution to the phenotypic
correlation. Furthermore, the substantial shared environmental correlations should be inter-
preted with caution, given the small and statistically nonsignificant shared environmental
variance components.
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Figure 4. Phenotypically standardized shared environmental covariance matrix in the upper triangle,
shared environmental correlation matrix in the lower triangle, with shared environmental variances
along the diagonal in bold.

Figure 5 contains the phenotypically standardized nonshared environmental covari-
ances in the upper triangle, nonshared environmental correlations in the lower triangle,
and estimated nonshared environmental variances along the diagonal. This component
of variance represents the effect of environmental factors that are unique to individual
members of a twin pair. A test of all the nonshared environmental covariances as a set
found them to be necessary in the model (x%45 = 190.9, p < 0.001). While most nonshared
environmental covariances were small, the majority of the variance in the Olink factors is
nonshared environmental, and therefore, the correlations among those Olink factors appear
predominantly due to nonshared environmental covariance, with these covariances being
statistically significant as a set (%35 = 165.1, p < 0.001).
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Figure 5. Phenotypically standardized nonshared environmental covariance matrix in the upper trian-
gle, nonshared environmental correlation matrix in the lower triangle, with nonshared environmental
variances along the diagonal in bold.

3.5. Causal Modelling

We first fitted an ABN model to log(CRP), log(BMI), and the six inflammatory markers
from the meta-analysis. In this and the following model, we forced the direction of causation
to be from BMI to CWP, rather than the reverse, given that this is the more plausible causal
direction. It should be noted that for any model that is uncovered by ABN, there is a
corresponding model with causal arrows in the opposite direction with an equivalent
fit. For this initial model, a maximum of three causal variables were required for each
dependent variable. A directed acyclic graph (DAG) of the resulting model, following
bootstrapping, is shown in Figure 6. CWP is found to be directly linked only to BMI, which
in turn is linked to CRP, which in turn is linked to IL6, which is linked to IFN.gamma,
which is connected to a network of the remaining three inflammatory markers.
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Figure 6. Directed acyclic graph resulting from fitting an additive Bayesian network model to six
inflammatory factors plus log(BMI) and log(CWP).

Next, fitting an ABN model to log(CRP), log(BMI), ApoAl, ApoB, and CWP (the
three non-Olink inflammatory variables) resulted in only a single causal variable for
each dependent variable needed. A directed acyclic graph depicting the resulting model
following bootstrapping is shown in Figure 7. CWP was only linked to BMI, which in turn
was linked to ApoAl. CRP and ApoB were also linked.

logBMI logCRP

0.4

CWP.matched ApolipoproteinA1 ApolipoproteinB

Figure 7. Directed acyclic graph resulting from fitting an additive Bayesian network model to
log(CRP), log(BMI), ApoA1l, ApoB, and CWP.
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4. Discussion

The largest sample to date reporting on the association between proteomics and CWP
has found no evidence for association, after adjusting for multiple testing. Considering only
factors with some prior evidence for association still resulted in no significant association
with any inflammatory factor. Since IL-10 was not found to be significantly associated with
fibromyalgia in the meta-analysis, it is unsurprising that no association is found in the
present sample. However, the other five factors examined had varying degrees of prior
evidence of association [15]. The total meta-analysis sample for IL-6 was of similar size to
the present TwinsUK sample, yet we found no evidence of association. This is also true
for TNF and IL-8. The meta-analysis total sample for IFNgamma was much smaller than
the TwinsUK sample, yet the TwinsUK sample again shows no evidence of association,
in contrast to the significant p-value obtained in the meta-analysis. The meta-analysis of
CRP involved a much larger total sample than TwinsUK, and the present study finds only
suggestive evidence of association, with CRP levels being higher in CWP cases, but the test
of association is not quite significant (p < 0.08). CRP may be truly associated with CWP,
but our sample might be of insufficient size to detect the small effect. Additionally, the
relationship completely disappears after controlling for BML

These findings contribute to the evolving understanding of the complex interplay
between chronic pain conditions, specifically CWP, and systemic inflammation. The absence
of significant association of inflammatory factors in the largest study to date suggests
that the aetiology of CWP may involve intricate mechanisms beyond the scope of these
inflammatory factors. It is crucial to recognize that CWP represents a multifaceted condition,
encompassing not only physiological but also psychological and societal dimensions. The
lack of a stronger inflammatory signature challenges the simplistic notion of CWP as an
inflammatory disorder, emphasizing the need for a holistic approach in deciphering its
underlying mechanisms.

The lack of evidence linking inflammatory factors with CWP may not be entirely
surprising, as there is evidence suggesting the relationship between inflammation and
CWP may be mediated primarily by BMI. A meta-analysis supports the robust association
between BMI and CRP, with a correlation 0.36 [41]. Notably, these associations were more
pronounced in women, emphasizing the gender-specific influence of obesity on CRP levels,
and we found a correlation of 0.41 in the present all-female sample. Apolipoproteins are
also implicated in obesity progression through mechanisms involving lipid metabolism,
energy expenditure, and inflammatory responses. Furthermore, there is evidence that CRP
plays a causal role in obesity. CRP not only serves as a marker of inflammation but may
play an active role in metabolic dysregulation. Elevated CRP levels are linked with altered
apolipoprotein concentrations, as demonstrated by experimental studies in transgenic rats.
Specifically, apolipoproteins such as ApoAl, ApoA2, ApoA4, ApoCl, ApoC2, ApoC4,
ApoE, and ApoM were significantly increased, while ApoB-100 levels were reduced in
these rats, alongside heightened triglyceride levels, compared to controls [42]. In addition,
CRP regulates the expression of key adipokines and inflammatory mediators, including
adiponectin, TNF-q, leptin, IL-6, and PPAR-y, which may underpin its involvement in
insulin resistance, obesity, and metabolic syndrome. These factors may, therefore, be
upstream of BMI, with BMI being the primary cause of CWP.

The ABN models support this hypothesis. CWP appears to only be directly linked to
BMI in the models uncovered, with BMI linked to inflammatory factors. It is important to
note that for any ABN model that is uncovered, there is an alternative model that would fit
equally well but with causal paths reversed. More specifically, the method does not shed
light on whether BMI causes CWP, or the reverse, or if causation is bidirectional. What the
model does show is that the two variables are directly associated. The method is best to be
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considered as an approach to elucidate networks connecting variables but not causal direc-
tion. The ABN results should be considered when examining the twin modelling, which
uncovered significant heritability for CWP as well as the inflammatory factors examined
and significant genetic covariance among CWP and several inflammatory factors. The ABN
results suggest that these covariances of CWP with inflammatory factors are all mediated
by BMI, primarily due to genetic influences but also nonshared environmental covariances.

It is important to acknowledge the complexity and heterogeneity of CWP. Our blood
samples were obtained at a single point in time, not necessarily correlated with individuals’
expression of CWP severity. Perhaps if symptom severity can be tracked and blood samples
obtained at multiple intervals, differences could be detected, particularly if the extent of
inflammation varies with the level of pain at a particular time. Future research should
explore additional molecular and genetic factors as well as environmental influences that
may contribute to the variability in CWP presentations. For instance, the potential role of
non-inflammatory biomarkers, such as neurological or metabolic factors, in the aetiology
of CWP remains to be examined. Diet and exercise have an impact on BMI and may have
both direct and indirect effects on inflammation and pain. By examining all these factors in
a longitudinal context, the underlying aetiology of CWP could be better understood, and
causal inferences could potentially be made, in addition to merely detecting associations.
The absence of significant findings suggests the need for a more thorough examination
of clinical factors and perhaps the presence of other important covariates masking any
relationship with inflammation that may be present.

5. Conclusions

Our findings do not provide strong evidence directly linking CWP with inflammatory
markers in the present sample. However, the observed associations reinforce the rela-
tionship between BMI and CWP, as well as the well-established link between increased
BMI and systemic inflammation. This suggests that BMI or adiposity may act as a central
mediator in the relationship between inflammation and CWP, highlighting the need for
future research to account for its potential role in both pathways. Given the complex and
multifactorial nature of CWP, comprehensive investigations are essential. Large-scale,
longitudinal studies incorporating a broad range of potential mediators and covariates will
be crucial to disentangle these mechanisms. Furthermore, multicentre collaborations are
needed to validate these findings across diverse populations, enhance statistical power,
and explore alternative biological and environmental pathways contributing to CWP. Clini-
cally, these findings underscore the importance of considering BMI in the assessment and
management of CWP. Targeting excess adiposity through weight management and lifestyle
interventions may be a viable strategy to mitigate inflammation and potentially alleviate
CWP symptoms, warranting further exploration in clinical settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom15020155/s1. Figure S1: Scree plot of eigenvalues from
principal factor analysis. Table S1: Descriptive statistics. Means, standard deviations, and samples
presented for CWP unaffected and affected groups, along with a ¢-test between them, for all the study
variables. Table S2: Mixed-model regressions of CWP on each inflammatory factor, sequentially
controlling for age, age-squared, and log(BMI), as well as family membership. Table S3: Loadings
(>0.4 in bold) obtained from a principal factor analysis with Promax rotation of 70 Olink inflammatory
biomarkers. Table S4: Results from mixed-model logistic regression of CWP on 7 factor scores,
controlling for age, age-squared, and log(BMI), as well as family membership.

Author Contributions: Conceptualization, G.L. and EM.K.W.; methodology, S.5.C., G.L. and
FEM.K.W.,; resources, EM.K.W.,; data curation, 5.5.C. and EM.K.W.; writing—original draft prepara-
tion, S5.5.C.; writing—review and editing, S.5.C., G.L. and EM.K.W,; supervision, G.L. and EM.K.W.;


https://www.mdpi.com/article/10.3390/biom15020155/s1
https://www.mdpi.com/article/10.3390/biom15020155/s1

Biomolecules 2025, 15, 155 16 of 18

project administration, EM.K.W. All authors have read and agreed to the published version of
the manuscript.

Funding: TwinsUK is funded by the Wellcome Trust, Medical Research Council, Versus Arthritis,
European Union Horizon 2020, Chronic Disease Research Foundation (CDRF), Zoe Ltd., and the
National Institute for Health Research (NIHR) Clinical Research Network (CRN) and Biomedical
Research Centre based at Guy’s and St Thomas” NHS Foundation Trust in partnership with King’s
College London.

Institutional Review Board Statement: This study was carried out under TwinsUK BioBank
ethics, approved by North West—Liverpool Central Research Ethics Committee (REC reference
19/NW /0187, approved 24 May 2019), IRAS ID 258513. This approval supersedes earlier ap-
provals granted to TwinsUK by the St Thomas’ Hospital Research Ethics Committee, later London—
Westminster Research Ethics Committee (REC reference EC04/015), which have now been subsumed
within the TwinsUK BioBank.

Informed Consent Statement: All participants provide written, informed consent.

Data Availability Statement: The TwinsUK data that support the findings of this study are available
by application from https://twinsuk.ac.uk/resources-for-researchers/access-our-data/ (accessed
on 24 December 2024). Restrictions apply to the availability of these data, which were used under
licence for this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CwWp Chronic widespread musculoskeletal pain

BMI Body mass index

CRP C-reactive protein

ApoAl  Apolipoprotein Al

ApoB Apolipoprotein B

PEA Proximity extension assay

QC Quality control

LFESSQ London Fibromyalgia Epidemiology Study Screening Questionnaire

References

1.  Sluka, K.A.; Clauw, D.J. Neurobiology of fibromyalgia and chronic widespread pain. Neuroscience 2016, 338, 114-129. [CrossRef]
[PubMed]

2. Mansfield, K.E.; Sim, J.; Jordan, J.L.; Jordan, K.P. A systematic review and meta-analysis of the prevalence of chronic widespread
pain in the general population. Pain 2016, 157, 55-64. [CrossRef]

3.  Andrews, P; Steultjens, M.; Riskowski, J. Chronic widespread pain prevalence in the general population: A systematic review.
Eur. ]. Pain 2018, 22, 5-18. [CrossRef] [PubMed]

4. Gaskin, DJ; Richard, P. The economic costs of pain in the United States. J. Pain 2012, 13, 715-724. [CrossRef] [PubMed]

5. Nicholl, B.I,; Macfarlane, G.J.; Davies, K.A.; Morriss, R.; Dickens, C.; McBeth, J. Premorbid psychosocial factors are associated
with poor health-related quality of life in subjects with new onset of chronic widespread pain- results from the EPIFUND study.
PAIN 2009, 141, 119. [CrossRef] [PubMed]

6.  Livshits, G.; Macgregor, A.J.; Gieger, C.; Malkin, I.; Moayyeri, A.; Grallert, H.; Emeny, R.T.; Spector, T.; Kastenmiiller, G.; Williams,
FM.K. An omics investigation into chronic widespread musculoskeletal pain reveals epiandrosterone sulfate as a potential
biomarker. PAIN 2015, 156, 1845-1851. [CrossRef]

7. Livshits, G.; Malkin, L; Freidin, M.B.; Xia, Y.; Gao, F; Wang, J.; Spector, T.D.; MacGregor, A.; Bell, ].T.; Williams, EM.K. Genome-
wide methylation analysis of a large population sample shows neurological pathways involvement in chronic widespread
musculoskeletal pain. PAIN 2017, 158, 1053. [CrossRef] [PubMed]

8.  Ikuta, K. Ejima, A.; Abe, S.; Shimba, A. Control of immunity and allergy by steroid hormones. Allergol. Int. 2022, 71, 432-436.
[CrossRef] [PubMed]

9. Moulton, V.R. Sex hormones in acquired immunity and autoimmune disease. Front. Immunol. 2018, 9, 2279. [CrossRef] [PubMed]


https://twinsuk.ac.uk/resources-for-researchers/access-our-data/
https://doi.org/10.1016/j.neuroscience.2016.06.006
https://www.ncbi.nlm.nih.gov/pubmed/27291641
https://doi.org/10.1097/j.pain.0000000000000314
https://doi.org/10.1002/ejp.1090
https://www.ncbi.nlm.nih.gov/pubmed/28815801
https://doi.org/10.1016/j.jpain.2012.03.009
https://www.ncbi.nlm.nih.gov/pubmed/22607834
https://doi.org/10.1016/j.pain.2008.10.022
https://www.ncbi.nlm.nih.gov/pubmed/19059720
https://doi.org/10.1097/j.pain.0000000000000200
https://doi.org/10.1097/j.pain.0000000000000880
https://www.ncbi.nlm.nih.gov/pubmed/28221285
https://doi.org/10.1016/j.alit.2022.07.006
https://www.ncbi.nlm.nih.gov/pubmed/35973911
https://doi.org/10.3389/fimmu.2018.02279
https://www.ncbi.nlm.nih.gov/pubmed/30337927

Biomolecules 2025, 15, 155 17 of 18

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mundal, I.; Grdwe, R.W.,; Bjerngaard, ].H.; Linaker, O.M.; Fors, E.A. Prevalence and long-term predictors of persistent chronic
widespread pain in the general population in an 11-year prospective study: The HUNT study. BMC Musculoskelet. Disord. 2014,
15, 213. [CrossRef] [PubMed]

Matsuda, M.; Huh, Y;; Ji, R.-R. Roles of inflammation, neurogenic inflammation, and neuroinflammation in pain. J. Anesth. 2019,
33, 131-139. [CrossRef]

Zhang, ].-M.; An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 2007, 45, 27. [CrossRef] [PubMed]
Rodriguez-Pinto, I.; Agmon-Levin, N.; Howard, A.; Shoenfeld, Y. Fibromyalgia and Cytokines. Immunol. Lett. 2014, 161, 200-203.
[CrossRef]

Ugeyler, N.; Hauser, W.; Sommer, C. Systematic review with meta-analysis: Cytokines in fibromyalgia syndrome. BMC
Musculoskelet. Disord. 2011, 12, 245. [CrossRef]

Kumbhare, D.; Hassan, S.; Diep, D.; Duarte, EC.K,; Hung, J.; Damodara, S.; West, D.W.D.; Selvaganapathy, P.R. Potential role
of blood biomarkers in patients with Fibromyalgia: A systematic review with meta-analysis. PAIN 2022, 163, 1232. [CrossRef]
[PubMed]

Verdi, S.; Abbasian, G.; Bowyer, R.C.E.; Lachance, G.; Yarand, D.; Christofidou, P.; Mangino, M.; Menni, C.; Bell, ].T.; Falchi, M,;
et al. TwinsUK: The UK adult twin registry update. Twin Res. Hum. Genet. 2019, 22, 523-529. [CrossRef] [PubMed]

Cederroth, C.R,; Hong, M.-G.; Freydin, M.B.; Edvall, N.K.; Trpchevska, N.; Jarach, C.; Schlee, W.; Schwenk, ]. M.; Lopez-Escamez,
J.-A.; Gallus, S.; et al. Screening for circulating inflammatory proteins does not reveal plasma biomarkers of constant tinnitus. J.
Assoc. Res. Otolaryngol. 2023, 24, 593-606. [CrossRef] [PubMed]

Watanabe, K.; Wilmanski, T.; Diener, C.; Earls, ].C.; Zimmer, A.; Lincoln, B.; Hadlock, ] J.; Lovejoy, ].C.; Gibbons, S.M.; Magis, A.T.;
et al. Multiomic body mass index signatures in blood reveal clinically relevant population heterogeneity and variable responses
to a healthy lifestyle intervention. Nat. Med. 2023, 29, 996-1008. [CrossRef]

Andrew, T.; Hart, D.]J.; Snieder, H.; de Lange, M.; Spector, T.D.; MacGregor, A.J. Are twins and singletons comparable? A study of
disease-related and lifestyle characteristics in adult women. Twin Res. Hum. Genet. 2001, 4, 464—477. [CrossRef]

Assarsson, E.; Lundberg, M.; Holmquist, G.; Bjorkesten, J.; Bucht Thorsen, S.; Ekman, D.; Eriksson, A.; Rennel Dickens, E.;
Ohlsson, S.; Edfeldt, G.; et al. Homogenous 96-Plex PEA immunoassay exhibiting high sensitivity, specificity, and excellent
scalability. PLoS ONE 2014, 9, €95192. [CrossRef] [PubMed]

Lundberg, M.; Eriksson, A.; Tran, B.; Assarsson, E.; Fredriksson, S. Homogeneous antibody-based proximity extension assays
provide sensitive and specific detection of low-abundant proteins in human blood. Nucleic Acids Res. 2011, 39, €102. [CrossRef]
[PubMed]

Abe, K; Beer, J.C.; Nguyen, T.; Ariyapala, 1.S.; Holmes, T.H.; Feng, W.; Zhang, B.; Kuo, D.; Luo, Y.; Ma, X.-].; et al. Cross-platform
comparison of highly sensitive immunoassays for inflammatory markers in a COVID-19 cohort. J. Immunol. 2024, 212, 1244-1253.
[CrossRef] [PubMed]

Kany, S.; Vollrath, ].T.; Relja, B. Cytokines in inflammatory disease. Int. ]. Mol. Sci. 2019, 20, 6008. [CrossRef] [PubMed]

Soares, C.L.R.; Wilairatana, P,; Silva, L.R.; Moreira, P.S.; Vilar Barbosa, N.M.M.; da Silva, P.R.; Coutinho, H.D.M.; de Menezes,
LR.A;; Felipe, C.EB. Biochemical: Aspects of the inflammatory process a narrative review. Biomed. Pharmacother. 2023, 168, 115764.
[CrossRef]

Wautier, J.-L.; Wautier, M.-P. Pro- and Anti-Inflammatory Prostaglandins and Cytokines in Humans: A Mini Review. Int. . Mol.
Sci. 2023, 24, 9647. [CrossRef] [PubMed]

Tao, X.; Tao, R.; Wang, K.; Wu, L. Anti-inflammatory mechanism of apolipoprotein A-I. Front. Immunol. 2024, 15, 1417270.
[CrossRef] [PubMed]

Sarmadi, N.; Poustchi, H.; Yari, FA.; Radmard, A.R.; Karami, S.; Pakdel, A.; Shabani, P.; Khaleghian, A. Anti-inflammatory
function of apolipoprotein B-depleted plasma is impaired in non-alcoholic fatty liver disease. PLoS ONE 2022, 17, e0266227.
[CrossRef] [PubMed]

White, K.P,; Speechley, M.; Harth, M.; Ostbye, T. The London fibromyalgia epidemiology study: The prevalence of fibromyalgia
syndrome in London, Ontario. J. Rheumatol. 1999, 26, 1570-1576.

Livshits, G.; Ni Lochlainn, M.; Malkin, I.; Bowyer, R.; Verdi, S.; Steves, C.J.; Williams, EM.K. Shared Genetic influence on frailty
and chronic widespread pain: A study from TwinsUK. Age Ageing 2018, 47, 119-125. [CrossRef] [PubMed]

Brooks, M.E.; Kristensen, K.; van Benthem, K.].; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.J.; Maechler, M.; Bolker, B.M.
glmmTMB Balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. R J. 2017, 9,
378-400. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2023.

Stekhoven, D.J.; Buehlmann, P. MissForest—non-parametric missing value imputation for mixed-type data. Bioinformatics 2012,
28,112-118. [CrossRef] [PubMed]


https://doi.org/10.1186/1471-2474-15-213
https://www.ncbi.nlm.nih.gov/pubmed/24951013
https://doi.org/10.1007/s00540-018-2579-4
https://doi.org/10.1097/AIA.0b013e318034194e
https://www.ncbi.nlm.nih.gov/pubmed/17426506
https://doi.org/10.1016/j.imlet.2014.01.009
https://doi.org/10.1186/1471-2474-12-245
https://doi.org/10.1097/j.pain.0000000000002510
https://www.ncbi.nlm.nih.gov/pubmed/34966131
https://doi.org/10.1017/thg.2019.65
https://www.ncbi.nlm.nih.gov/pubmed/31526404
https://doi.org/10.1007/s10162-023-00920-3
https://www.ncbi.nlm.nih.gov/pubmed/38079022
https://doi.org/10.1038/s41591-023-02248-0
https://doi.org/10.1375/twin.4.6.464
https://doi.org/10.1371/journal.pone.0095192
https://www.ncbi.nlm.nih.gov/pubmed/24755770
https://doi.org/10.1093/nar/gkr424
https://www.ncbi.nlm.nih.gov/pubmed/21646338
https://doi.org/10.4049/jimmunol.2300729
https://www.ncbi.nlm.nih.gov/pubmed/38334457
https://doi.org/10.3390/ijms20236008
https://www.ncbi.nlm.nih.gov/pubmed/31795299
https://doi.org/10.1016/j.biopha.2023.115764
https://doi.org/10.3390/ijms24119647
https://www.ncbi.nlm.nih.gov/pubmed/37298597
https://doi.org/10.3389/fimmu.2024.1417270
https://www.ncbi.nlm.nih.gov/pubmed/39040119
https://doi.org/10.1371/journal.pone.0266227
https://www.ncbi.nlm.nih.gov/pubmed/35413066
https://doi.org/10.1093/ageing/afx122
https://www.ncbi.nlm.nih.gov/pubmed/28985290
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1093/bioinformatics/btr597
https://www.ncbi.nlm.nih.gov/pubmed/22039212

Biomolecules 2025, 15, 155 18 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Revelle, W. Psych: Procedures for Psychological, Psychometric, and Personality Research; Northwestern University: Evanston, IL, USA,
2024.

Neale, M.C.; Hunter, M.D,; Pritikin, J.N.; Zahery, M.; Brick, T.R.; Kirkpatrick, R.M.; Estabrook, R.; Bates, T.C.; Maes, H.H.; Boker,
S.M. OpenMx 2.0: Extended structural equation and statistical modeling. Psychometrika 2016, 81, 535-549. [CrossRef]

Boker, S.M.; Neale, M.C.; Maes, H.H.; Spiegel, M.; Brick, T.R.; Estabrook, R.; Bates, T.C.; Gore, R.J.; Hunter, M.D.; Pritikin, J.N.;
et al. OpenMx: Extended Structural Equation Modelling. Psychoetrika 2023, 76, 306-317. [CrossRef] [PubMed]

Bates, T.C.; Maes, H.; Neale, M.C. UMX: Twin and path-based structural equation modeling in R. Twin Res. Hum. Genet. 2019, 22,
27-41. [CrossRef] [PubMed]

Kratzer, G.; Lewis, F,; Comin, A.; Pittavino, M.; Furrer, R. Additive Bayesian network modeling with the R package Abn. . Stat.
Softw. 2023, 105, 1-41. [CrossRef]

Furrer, R.; Kratzer, G.; Lewis, EI. Abn: Modelling Multivariate Data with Additive Bayesian Networks. J. Open Source Softw. 2023,
9, 6822.

Plummer, M. Rjags: Bayesian Graphical Models Using MCMC. 2024. Available online: https:/ /CRAN.R-project.org/package=
rjags (accessed on 24 December 2024).

Cherny, S.S.; Chowers, M.; Obolski, U. Bayesian network modeling of patterns of antibiotic cross-resistance by bacterial sample
source. Commun. Med. 2023, 3, 61. [CrossRef] [PubMed]

Choi, ].; Joseph, L.; Pilote, L. Obesity and C-reactive protein in various populations: A systematic review and meta-analysis. Obes.
Rev. 2013, 14, 232-244. [CrossRef] [PubMed]

Li, Q.; Wang, Q.; Xu, W.; Ma, Y.; Wang, Q.; Eatman, D.; You, S.; Zou, J.; Champion, J.; Zhao, L.; et al. C-reactive protein causes
adult-onset obesity through chronic inflammatory mechanism. Front. Cell Dev. Biol. 2020, 8, 18. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11336-014-9435-8
https://doi.org/10.1007/s11336-010-9200-6
https://www.ncbi.nlm.nih.gov/pubmed/23258944
https://doi.org/10.1017/thg.2019.2
https://www.ncbi.nlm.nih.gov/pubmed/30944056
https://doi.org/10.18637/jss.v105.i08
https://CRAN.R-project.org/package=rjags
https://CRAN.R-project.org/package=rjags
https://doi.org/10.1038/s43856-023-00289-7
https://www.ncbi.nlm.nih.gov/pubmed/37130943
https://doi.org/10.1111/obr.12003
https://www.ncbi.nlm.nih.gov/pubmed/23171381
https://doi.org/10.3389/fcell.2020.00018

	Introduction 
	Materials and Methods 
	Sample 
	Inflammatory Factors 
	Chronic Widespread Pain 
	Design of the Study 
	Statistical Analysis 

	Results 
	Descriptive Statistics 
	Mixed-Effects Logistic Regression of Individual Inflammatory Factors on CWP 
	Factor Analysis 
	Twin Modelling 
	Causal Modelling 

	Discussion 
	Conclusions 
	References

