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ARTICLE INFO ABSTRACT

Keywords: Depression is known to be associated with inflammation among patients with established coronary heart disease
Coronar‘y heart disease (CHD), but it is unclear whether this is due to individual depression symptoms or to the broader construct of
??regsmrf depression. We addressed this gap by using moderated non-linear factor analysis (MNLFA) to determine the
nflammation

extent that inflammation is associated with latent depression and/or individual symptoms in this patient group.
We evaluated 1,024 outpatients with stable CHD from the baseline cross-sectional data of the Heart and Soul
Study. Depression was assessed using the 9-item Patient Health Questionnaire, while inflammation was evalu-
ated via C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and monocyte
chemoattractant protein-1 (MCP-1) levels. MNLFA is based on the concept of model parameter moderation with
regard to individual characteristics. Using the MNLFA approach, we simultaneously tested for differences in (1)
latent depression, (2) individual depression items, and (3) the factor loading of the item on latent depression as a
function of inflammatory markers, with and without covariate adjustment. Higher TNF-a levels were associated
with both higher levels of a latent depression factor and greater endorsement of an individual symptom (appetite
changes). Increased CRP levels were significantly associated with greater appetite changes, lower concentration
difficulty, and greater fatigue. Elevated IL-6 levels were only related to greater fatigue, while increased MCP-1
levels were linked to greater sleep disturbance. After adjusting for covariates, some associations became insig-
nificant. Inflammatory markers were not consistent predictors of factor loadings. This study represents the initial
step to discussing how inflammation biology is truly related to depression among patients with established CHD.

Moderated non-linear factor analysis

1. Introduction

Depression is a well-known risk factor for incident coronary heart
disease (CHD) and for cardiovascular morbidity and mortality among
patients with established CHD (Carney and Freedland, 2017; Goldston
and Baillie, 2008; Shimbo et al., 2005). Stress hormones such as cate-
cholamines and cortisol, inflammation, and increased sympathetic ner-
vous activity have been proposed as factors explaining the association
between depression and CHD events (Davidson, 2012). Of those,
inflammation has received much focus as a potentially modifiable risk
factor for CHD events in patients with depression (Bankier et al., 2009;
Howren et al., 2009; Janszky et al., 2005; Lespérance et al., 2004;
Nikkheslat et al., 2015).
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Studies on the association between inflammation and depression
have predominantly used sum scores to measure depression, likely
because of the ease of use and, perhaps, a field-wide acceptance of as-
sessments using sum scores as long as the measure of internal consis-
tency (i.e., Cronbach’s alpha) is deemed “good enough”. However, the
sum of scores method weighs all symptoms equally, which is a psy-
chometric and clinical concern, recognized by researchers and clini-
cians, that can affect the precision of clinical decision-making (Bauer
and Curran, 2015; Campbell, 1960; McNeish and Wolf, 2020). The
recognition of this concern resulted in symptom-level studies, which
thus far demonstrated that atypical forms of depression, such as somatic
and neurovegetative symptoms, are likely the factors driving associa-
tions of depression with inflammatory markers (Lee and Whooley, 2023;

Received 12 November 2023; Received in revised form 1 February 2024; Accepted 26 February 2024

Available online 12 March 2024

2666-3546/0© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:clee33@arizona.edu
www.sciencedirect.com/science/journal/26663546
https://www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2024.100747
https://doi.org/10.1016/j.bbih.2024.100747
https://doi.org/10.1016/j.bbih.2024.100747
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Lee et al.

Smolderen et al., 2012). Such studies that leveraged more granular in-
formation on individual symptoms have not only helped explain the
inconsistencies in the literature concerning the inflamma-
tion—depression association in patients with established CHD but have
also provided insights for devising targeted anti-inflammatory in-
terventions for depression.

However, empirical studies have nevertheless reported on significant
associations between inflammation and the continuous summary indices
of depression severity (e.g., sum scores, mean scores) in patients with
established CHD (Sforzini et al., 2019; Whooley et al., 2007). This poses
a question on the true association between inflammation and depression
among this patient population. That is, the level of measurement at
which level of depression is truly associated with inflammation—the
symptom level or also with the broader depression construct. Indeed,
only testing symptom-level associations presumes the independence of
symptoms from their associations with an underlying (latent) disease
construct (Moriarity et al., 2023). Such an approach precludes the
possibility of conclusively determining whether inflammation is asso-
ciated with depression or more intrinsically with individual symptoms
when controlling for one or the other (Moriarity et al., 2023). Re-
searchers must account for the possibility that inflammation might have
concomitant associations with depression at the symptom level and at a
broader disease construct level in a hierarchical inflammatory pheno-
type (Moriarity et al., 2022, 2023). Evaluating the associations of in-
flammatory markers with individual symptoms versus sum scores using
separate statistical models may overlook the possibility of both scenarios
being true.

1.1. Moderated non-linear factor analysis

Moderated non-linear factor analysis (MNLFA), a measurement tech-
nique originally developed to assess measurement invariance (Bauer
and Hussong, 2009), provides a unique method to investigate both the
broader depression construct and individual symptoms in the same
model and how they all vary as a function of the inflammatory process.
MNLFA is based on the concept of model parameter moderation
regarding individual characteristics (i.e., predictors) (Bauer, 2017).
Specifically, it simultaneously tests whether a measure is invariant across
a set of categorical and/or continuous predictors (or their interactions),
with respect to factor means and variances (referred to as “impact™) and
item intercepts/thresholds and factor loadings (referred to as “differ-
ential item functioning [DIF]”). In our case, we evaluate this moderation
along the continuum of inflammation markers. Put simply, MNLFA al-
lows tests of inflammatory markers as simultaneous predictors of (1)
latent depression, (2) individual symptoms, and (3) symptom factor
loadings. Fig. 1 presents a simplified schematic of an MNLFA within the

Predictors
Inflammatory
markers (e.g., C-
reactive protein,
interlukin-6, etc.)
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context of our study.

Fig. 1 presents a simplified illustration of MNLFA. MNLFA is a highly
flexible, non-linear latent factor model which clarifies the associations
among the latent construct, observed items/indicators, and predictors
(Bauer and Hussong, 2009; Curran et al., 2014). MNLFA hypothesizes
that all the indicators (i.e., individual depression items in Fig. 1) mea-
sure the same construct. All the indicators are linked to the latent var-
iable via factor loadings, which indicate the predicted change in items
associated with a one-unit shift in the latent variable. Fig. 1 shows the
impact path whereby predictor(s) affect the latent variable (mean
impact, variance impact) and the DIF paths whereby predictor(s) affect
the measurement of the items (intercept DIF, loading DIF). In the current
study, only mean impact, intercept IDF, and loading DIF were tested.

As shown in Fig. 1, MNLFA can directly test whether a continuously
distributed characteristic, such as C-reactive protein (CRP) level, is
systematically associated with higher levels of depression (factor mean)
and greater variability of depression (factor variance). MNLFA also can
test whether specific items on a depression scale are differentially
endorsed (item intercepts/thresholds) or more strongly indicative (fac-
tor loadings) of underlying depression, when CRP is assessed on a con-
tinuum. Such tests are not possible with a traditional item response
theory, DIF, or multi-group confirmatory factor analysis (CFA)
approach, where measurement invariance is examined across categori-
cal grouping variables (Curran et al., 2014; Gottfredson et al., 2019).
These approaches can be problematic, primarily because of the possible
loss of information on individual differences within groups (MacCallum
etal., 2002; Hildebrandt et al., 2009, 2016). Furthermore, in the absence
of clinically or theoretically meaningful cutoffs for biological variables
of interest, using MNLFA is more suitable (Moriarity et al., 2022). While
we only provide a brief overview here, more details of MNLFA can be
found elsewhere (Bauer, 2017; Bauer and Hussong, 2009; Curran et al.,
2014).

Moriarity et al. (2023) first used the MNLFA approach to investigate
how both the broader depression construct and individual symptoms are
associated with CRP levels across multiple waves of the National Health
and Nutrition Examination Survey. The authors found that both the
latent depression and individual symptoms (appetite change and fa-
tigue) were consistently associated with CRP levels among the repre-
sentative U.S. population. However, no studies have used MNLFA to
elucidate such inflammation-depression associations among patients
with established CHD, which we address in this study.

1.2. Aim of the study

We aimed to determine the extent that inflammation is associated
with latent depression and/or individual symptoms in patients with

Depression

L2 Y

Item 2

Item 3 Item 9

Indicators

Fig. 1. A simplified illustration of moderated non-linear factor analysis (MNLFA).
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established CHD. To realize this aim, we examined the extent to which
critical parameters in the depression measurement model are moderated
by inflammatory markers using the MNLFA approach. In particular, we
simultaneously tested inflammatory markers as predictors of (1) latent
depression (factor means), (2) individual depression symptom items
(item intercepts), and (3) the factor loading of the item on latent
depression.

2. Methods
2.1. Dataset and study population

We evaluated patients with stable CHD who were recruited for the
Heart and Soul Study from 2000 to 2002. The Heart and Soul Study is a
prospective cohort study investigating the effect of psychosocial factors
on the prognosis of stable CHD. The enrollment process has been pre-
viously described (Ruo et al., 2003).

Briefly, participants were recruited from two departments of Veter-
ans Affairs (VA) medical centers (San Francisco VA Medical Center and
the VA Palo Alto Health Care System), one university medical center
(University of California, San Francisco), and 9 public health clinics in
the Community Health Network of San Francisco. Eligibility criteria
included: (1) history of myocardial infarction (MI), (2) history of coro-
nary revascularization, (3) > 50% angiographic stenosis in at least 1
coronary artery, or (4) exercise-induced ischemia on treadmill electro-
cardiogram or nuclear perfusion imaging. Exclusion criteria were: (1)
history of myocardial infarction within the past 6 months, (2) inability
to walk a block, or (3) intention to move out of the local area within 3
years. All participants underwent a baseline examination, which con-
sisted of an interview and a physical examination including blood
pressure measurement using sphygmomanometer, a fasting venous
blood sample collection, a standardized medical history questionnaire,
echocardiography, and exercise treadmill testing. Between September
2000 and December 2002, a total of 1,024 participants completed the
baseline examination whose data are used in this study.

2.2. Measurement

2.2.1. Depression criteria

The 9-item self-reported Patient Health Questionnaire (PHQ-9) was
used to measure the symptoms of depression as outlined in the Diag-
nostic and Statistical Manual of Mental Disorders-Fourth Edition
(Kroenke et al., 2001). As a concise questionnaire with excellent reli-
ability and validity (Kendrick et al., 2009; Kroenke et al., 2001; Mitchell
et al., 2016), PHQ-9 has been widely used for cardiovascular patients
(Lichtman et al., 2008). It is also recommended by the American Heart
Association for screening depression in patients with CHD (Lichtman
et al., 2008), making it an increasingly important tool in both clinical
and research settings. The PHQ-9 assesses the following nine symptoms:
(1) loss of interest, (2) appetite changes, (3) concentration difficulty, (4)
suicidal ideation, (5) fatigue, (6) feelings of worthlessness, (7) psycho-
motor problems, (8) feelings of sadness, and (9) sleep disturbance. The
questionnaire assesses the presence of these symptoms in the preceding
2 weeks, with each item scored as 0 (not at all), 1 (several days), 2 (more
than half of the days), or 3 (nearly every day). The total score is
computed by summing the individual item scores.

2.2.2. Inflammatory markers

In this study, we incorporated proinflammatory cytokines, including
CRP, interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and
monocyte chemoattractant protein-1 (MCP-1). Participants were
instructed to fast for 12 h (except for medication consumable with
water), avoid consuming aspirin for 1 week, and avoid smoking for 5 h
before their appointment. Venous blood samples were obtained, and
plasma and serum samples were stored at —70 °C. The laboratory
technicians performing the inflammatory marker assays were blinded to
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the results of the depression interview. High-sensitivity CRP was
measured by the Roche Integra assay or the Beckman Extended Range
assay. Results from these 2 assays were highly correlated (r = 0.99). The
Human Serum Adipokine Panel B LINCOplex Kit (Linco Research, Inc, St
Charles, MO - subsequently acquired by Millipore) was used to measure
IL-6, TNF-o0 and MCP-1 levels.

2.2.3. Covariates

We chose variables previously identified as crucial contributors to
the inflammation-depression association or found to generally affect
either inflammation or depression in CHD patients as relevant covariates
(Fried et al., 2020; Moriarity et al., 2021; O’Connor et al., 2009; Smith
etal., 2018). These included age (continuous), sex (male or female), race
(Latinx, Asian or Pacific Islander, African American, White, Other), in-
come level (less than $10,000, $10,000-$19,999, $20,000-$29,000,
$30,000-$39,999, $40,000-$50,000, greater than $50,000), body mass
index (BMI; kg/mz), the number of chronic medical conditions, and the
use of antidepressants including selective serotonin reuptake inhibitors,
tricyclics, or other classes of antidepressants (yes or no). The number of
chronic medical conditions was assessed by the question “has a medical
doctor ever told you that you have [condition]?” Responses include 13
conditions: hypertension; heart attack; angina; congestive heart failure;
stroke; diabetes; peripheral vascular disease; emphysema, asthma, or
chronic obstructive pulmonary disease; kidney disease; liver disease,
hepatitis or cirrhosis; arthritis, gout, or chronic joint problems, thyroid
disease; elevated cholesterol. The total number of chronic medical
conditions was calculated, thereby resulting in a continuous scale
ranging from O to 13. The descriptions of the patients based on these
covariates are presented in Supplementary Table 1.

2.3. Statistical analysis

Analyses used Mplus 8.8 (Muthén and Muthén, 2018), supplemented
by R version 4.0.3 (R Core Team), with MplusAutomation as an add-on
package. RStudio was used as an integrated development environment
for R.

We first tested the unidimensionality of PHQ-9 by implementing a
one-factor CFA model with weighted least squares means and variance
adjusted (WLSMV) estimation (Flora and Curran, 2004). Model fit was
assessed using standard indices as operationalized in Mplus in conjunc-
tion with the WLSMV estimator, such as the root mean square error of
approximation (RMSEA) (Steiger, 1990) and the comparative fit index
(CFI) (Bentler, 1990). The criteria for excellent (or acceptable) model fit
were based on conventional standards: CFI > 0.95 (0.90) and RMSEA <
0.05 (0.10). We also reported the Chi-square goodness-of-fit (y2) sta-
tistic for completeness. However, as this metric is known to be sensitive
to sample size (Bollen, 1989), only the CFI and RMSEA were considered
for assessment of fit. Next, we automated a series of MNLFA models with
a separate model for each predictor (i.e., inflammatory marker). The
latent variable (i.e., the latent factor reflected by the PHQ-9 items), an
individual indicator variable (i.e., the PHQ-9 item), and the factor
loading of the item onto the latent variable (i.e., from the latent factor to
the PHQ-9 item) were regressed on each inflammatory marker in a single
group model. MNLFA models were estimated both with and without
covariates. Inflammatory markers and covariates were mean-centered
for use in analyses. Missing data were handled with the
full-information-maximum-likelihood procedure available in Mplus
assuming their random occurrence. All parameters were estimated at o
= 0.05.

3. Results
3.1. Confirmatory factor analyses

A CFA model with the PHQ-9 items loading onto a single latent
depression factor demonstrated acceptable to excellent model fit (CFI =
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0.985, RMSEA = 0.082 [90% CI: 0.072, 0.092]). The %2 test was sig-
nificant (y2 (27) = 211.83, p < 0.001).

3.2. Moderated non-linear factor analyses

The results for the MNLFA model without covariates are presented in
Table 1. Among the broad panel of inflammatory markers, only higher
TNF-a levels were associated with higher latent depression (average
range of rs = 0.091-0.148, ps = < 0.001-0.005). Three of the nine items
varied as a function of CRP; specifically, higher CRP levels were asso-
ciated with greater appetite changes (r = 0.103, p = 0.001), lower
concentration difficulty (r = —0.067, p = 0.038), and greater fatigue (r
= 0.072, p = 0.024). Higher IL-6 levels were associated with greater
fatigue (r = 0.063, p = 0.048). While significantly associated with latent
depression, higher TNF-a levels were also associated with greater
appetite changes (r = 0.066, p = 0.039). Higher levels of MCP-1 were
only linked to greater increased sleep disturbance (r = 0.081, p = 0.012).

After adjusting for covariates (as detailed in Table 2), TNF-« levels
were no longer associated with latent depression. However, higher CRP
levels still were found to be linked to greater appetite changes (r =
0.116, p = 0.003) and lower concentration difficulties (r = —0.080, p =
0.042). Additionally, higher levels of MCP-1 also remained significantly
linked to greater sleep disturbance (r = 0.095, p = 0.016). Supplemen-
tary Table 2 shows that inflammatory markers were not consistent
predictors of factor loadings.

4. Discussion

This study elucidated novel perspectives on the relationship between
inflammation and depression among patients with stable CHD,
employing a MNLFA approach to simultaneously examine both the
broader depression construct and individual symptoms in the same
model. Importantly, before adjusting for covariates, we found that
higher TNF-a levels were associated with higher levels of a latent
depression factor as well as greater endorsement of the individual
symptom (appetite changes) beyond the influences of a latent depression
factor. These observations align with previous characterizations of a
hierarchical inflammatory phenotype of depression (Moriarity et al.,
2023). Whereas, CRP, IL-6, and MCP-1 appeared to specifically correlate
with individual depression symptoms, but not with a latent depression
factor as a whole, supporting the view that many inflammatory pro-
cesses may not all be equally related to all symptoms of depression
(Felger and Miller, 2020; Fried et al., 2020).

The findings of this study corroborate prior research, which dem-
onstrates that heart failure patients with depression exhibit a higher
expression of TNF-o as compared to healthy individuals (Moorman et al.,
2007). Additionally, studies employing symptom-level analyses have
established a correlation between alterations in appetite and
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inflammation, particularly with regard to TNF-a (Lamers et al., 2018;
Lekander et al., 2005). Our research confirmed that both these scenarios
(TNF-o-latent depression and TNF-oa-symptom correlations) are true
among patients with stable CHD. This indicates that patients exhibiting
higher TNF-a levels are likely to demonstrate depression scores biased
towards increased instances of appetite changes relative to those with
lower TNF-a levels with the same depression scores. That is, identical
depression scores may not accurately represent differences in the
depression construct between groups. Therefore, conducting mean
comparisons of unidimensional depression sum scores and TNF-a,
without considering symptom-specific associations, may be methodo-
logically flawed (Putnick and Bornstein, 2016). Yet, this observed bias
was confined to a single symptom among the nine examined, exhibiting
a relatively small effect size, thus implying that it may not constitute a
substantive issue for TNF-a. However, the link between inflammation
and depression seems to operate in a positive feedback loop, and these
small effects may accrue over time (Moriarity et al., 2020).

Furthermore, the findings led us to contemplate the distinct modes of
association between TNF-o and depression symptomatology. The
mechanistic underpinnings linking TNF-a to individual symptoms could
diverge from those associated with the broader depression construct. It
has been argued that TNF-a not only precipitates symptoms of sickness
behavior, such as changes in appetite, but also true major depressive
disorders (Himmerich et al., 2008; Tizard, 2008).

In this study, we found CRP and the IL-6, its upstream stimulator, to
be associated with individual symptoms but not with the latent
depression among patients with CHD. This finding again underscores the
need to discern the level at which depression measurement best corre-
lates with inflammation biology. Notably, elevated CRP levels were
correlated with greater appetite changes and fatigue, while increased IL-
6 levels corresponded to higher fatigue. These associations are in line
with previous studies utilizing network analysis techniques to examine
the comprehensive perspective on inflammation-symptom correlations
(further details on network analysis can be found in Borsboom et al.,
2021); particularly, CRP levels have been found to specifically charac-
terize these two sickness behavior symptoms compared to other
depression criteria (Fried et al., 2020; Moriarity et al., 2021; Lee et al.,
2023; Lee and Whooley, 2023). Concurrently, substantial evidence have
established a significant correlation between IL-6 and fatigue across
varied clinical samples, including women with CHD (Janszky et al.,
2005), hemodialysis patients (Bossola et al., 2015), and HIV-positive
individuals (Pala et al., 2016). In a case-control study by Pedraz-Pe-
trozzi et al. (2020), of all proinflammatory cytokines, only IL-6 predicted
fatigue. This was further supported by the Mendelian randomization
analyses from the study by Milaneschi et al. (2021), which indicated a
potential causal relationship between the IL-6/IL-6 receptor pathway
and fatigue problems among the population cohort.

Interestingly, our results also showed an inverse correlation between

Table 1
Latent + symptom-level relations with inflammatory markers.
Latent Dep” Lost_int App Conc Suic Fati Worth Motor Sad Slp
CRP r=0.032 r=-0.016 r=0.103 r=-0.067 r=0.022 r=0.072 r=-0.041 r=0.031 r=-0.010 r=-0.011
p=0.325 p=0627 p = 0.001% p = 0.038* p =0.489 p = 0.024* p =0.207 p=0.335 p =0.760 p=0.736
IL-6 r = 0.005 r=0.018 r=0.021 r=-0.040 r=0.022 r=0.063 r=-0.046 r=0.018 r=-0.013 r=-0.024
p = 0.889 p=0.568 p=0519 p = 0.209 p = 0.492 p = 0.048* p=0152 p = 0.568 p=0.676 p =0.452
TNF-a r=0.111 r=0.040 r = 0.066 r=-0.009 r=0.024 r=0.023 r=-0.044 r=-0.014 r=-0.016 r=—-0.063
p = 0.001% p=0213 p = 0.039* p=0784 p =0.462 p=0.474 p=0171 p = 0.658 p=0.625 p =0.051
MCP-1 r=0.028 r=0.022 r=—0.056 r=—0.032 r = 0.045 r=—0.037 r=—0.036 r=—0.053 r = 0.049 r=0.081
p=0.395 p =0.501 p =0.082 p=0.324 p=0.159 p =0.246 p=0.257 p=0.102 p=0.126 p =0.012*
Note.

r = converted correlation coefficient, p = p-value.

Dep, depression; Lost_int, loss of interest; App, appetite changes; Conc, concentration difficulty; Suic, suicidal ideation; Fati, fatigue; Worth, feelings of worthlessness;
Motor, psychomotor problems; Sad, feelings of sadness; Slp, sleep disturbance.

*Indicates significant results.

# Statistics for “Latent Dep” represent mean results across all 9 item-level models.
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Table 2
Latent + symptom-level relations with inflammatory markers including covariates.”
Latent Dep” Lost_int App Conc Suic Fati Worth Motor Sad Slp
CRP r = 0.007 r=-0.017 r=0.116 r=—0.080 r = 0.005 r=0.036 r=—0.048 r=0.043 r = 0-0.001 r=—-0.012
p=0.863 p=0.673 p = 0.003* p = 0.042* p =0.908 p=0.361 p=0.221 p=0.278 p=0976 p=0.762
IL-6 r = 0.005 r=0.018 r=0.036 r=—0.050 r=0.026 r = 0.040 r=—0.057 r=0.033 r=0.015 r=-0.037
p = 0.904 p=0.657 p=0.367 p = 0.200 p = 0.504 p=0312 p = 0.150 p =0.398 p = 0.700 p=0.342
TNF-a r=0.076 r=0.029 r=0.074 r=-0.013 r=0.057 r=0.037 r=—0.056 r=-0.031 r=-0.012 r=—0.062
p = 0.061 p = 0.464 p = 0.059 p=0733 p=0.149 p=0.343 p=0.158 p=0.437 p=0.767 p=0.116
MCP-1 r=0.012 r=0.013 r=—-0.067 r=-0.034 r=0.027 r=—-0.038 r = —0.057 r = —0.055 r=0.054 r = 0.095
p=0.770 p=0.737 p =0.089 p=0.395 p=0.488 p=0.336 p=0.147 p=0.165 p=0.171 p = 0.016*
Note.

r = converted correlation coefficient, p = p-value.

Dep, depression; Lost_int, loss of interest; App, appetite changes; Conc, concentration difficulty; Suic, suicidal ideation; Fati, fatigue; Worth, feelings of worthlessness;

Motor, psychomotor problems; Sad, feelings of sadness; Slp, sleep disturbance.
*Indicates significant results.

# Adjustd for age, sex, race, income level, BMI, the number of chronic medical conditions, and the use of antidepressants.

b Statistics for “Latent Dep” represent mean results across all 9 item-level models.

CRP levels and concentration difficulty, contrary to the prevailing
literature. Studies have suggested that chronic systemic inflammation
and oxidative stress, which are characteristics of cardiovascular dis-
eases, may cause neuroinflammation and neurodegeneration, thereby
increasing the risk of cognitive impairment (McDonagh et al., 2021;
Rusanen et al., 2014). Generally, individuals with pre-existing CHD
show a greater likelihood of experiencing cognitive impairment than the
general population (Muller et al., 2007; Singh-Manoux et al., 2008)
possibly because of the presence of chronic systemic inflammation
related to the underlying atherosclerotic process (Casserly and Topol,
2004). Individuals with mild cognitive impairment and dementia also
have an increased level of inflammatory markers, including CRP
(Vuorinen et al., 2015; Komen et al., 2022). However, these findings
should be carefully interpreted because our study does not conclusively
establish whether concentration difficulty associated with depression
indicates an independent dysfunction related to cognitive impairment in
patients with stable CHD. In addition, concentration difficulty is only
one example of many types of cognitive deficits. Additional evidence is
needed to expand this interpretation.

It is worth noting that several inflammation-latent depression and
inflammation-symptom relations involving TNF-a, CRP, and IL-6 dis-
appeared after adjusting for covariates, indicating that some covariates
contribute to these associations. Specifically, BMI is acknowledged as a
significant confounding factor in the correlation between inflammation
and depression, with adipose tissue acting as a proactive endocrine
organ and producing a multitude of proinflammatory cytokines (Cop-
pack, 2001). Additionally, not all individuals with depression display
elevated levels of inflammatory markers. The correlation between
inflammation and depression could be influenced by variables such as
sex or race (Beydoun et al., 2020; Morris et al., 2011). Although drawing
any causal or mediating inferences regarding these covariates in the
inflammation-depression association remains a challenge due to
cross-sectional nature of the current analytic approach, this issue can be
addressed as an extension of the current work.

Finally, higher MCP-1 levels only showed a robust association with
sleep disturbance, regardless of covariate adjustment. MCP-1 is recog-
nized as a key cytokine, instrumental in activating monocytes and other
immune cells, which play a pivotal role in inflammation (Imani et al.,
2022). Previous studies suggest a potential involvement of MCP-1 in the
pathophysiology of major depressive disorder (Grassi-Oliveira et al.,
2012; Lehto et al., 2010; Myung et al., 2016); however, the precise
mechanism underpinning the relationship between MCP-1 concentra-
tions and depression remains to be elucidated. Prior to the present study,
no study had demonstrated that MCP-1 is related to specific symptoms of
depression such as sleep disturbance, except Goldsmith et al. (2016,
2020) who found that the inflammatory cytokine MCP-1 exhibits a
consistent association with psychomotor problems. Analogous findings

have been reported in research focused on obstructive sleep apnea
(OSA), primarily demonstrating that adults with OSA have increased
MCP-1 levels (Ohga et al., 2003; Imani et al., 2022). The hypoxic stress
induced by OSA could elevate circulating MCP-1, thus providing a po-
tential biological plausibility for the connection between OSA and car-
diovascular disease (Kim et al., 2010). A recent study by Kazmi et al.
(2022) revealed associations between MCP-1 and poor sleep quality in
individuals with alcohol use disorder. Further research is necessary to
deepen our understanding of this association.

4.1. Limitations

This study presents several limitations. First, the cross-sectional
design hampers our capacity to ascertain whether inflammation pre-
cedes depression (either as a latent factor or individual symptom), or if
depression precedes inflammation. It also potentially hinders us from
determining whether antidepressant therapy modifies cytokine levels.
Second, the PHQ-9 fails to provide information regarding symptom
directionality (e.g., increased versus decreased appetite), which could
have obscured potential associations in the analyses. Future research
should employ measures that disaggregate symptoms, fostering a more
comprehensive understanding of how the inflammatory process corre-
lates with nuanced depression symptoms among patients with stable
CHD. Third, although our MNLFA model accounts for key covariates, its
high computational demands, particularly its need for large sample
sizes, limited our ability to include other vital covariates in the analyses.
Specifically, in addition to antidepressant use, crucial clinical or
treatment-related covariates, such as the use of anti-inflammatory
medications (including NSAIDs or aspirin) or substance use (e.g.,
smoking or alcohol consumption), could not be considered because
further including them posed model convergence issues. These factors,
which can influence inflammation, should be carefully studied as po-
tential covariates in future research with sufficient power. Lastly,
although this exploratory investigation focused on well-studied in-
flammatory markers in the field, future research should explore a
broader range of critical inflammatory markers, such as interleukin-1,
particularly for cardiovascular patients.

5. Conclusion

This study, which was based on MNLFA, represents the initial step to
discussing how inflammation biology is truly related to depression
among patients with established CHD. Our insights substantiate the need
for further research to test for measurement noninvariance of depression
measures as a function of inflammatory processes to pinpoint areas
where this poses a significant issue warranting attention.
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