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Abstract

One of the most common inflammatory markers examined in depression is C-reactive protein
(CRP). However, the magnitude of the association between CRP and depression when controlling
for potentially confounding factors such as age, sex, socio-economic status, body mass index,
medication and other substance use, and medical illness, is unclear. Inconsistencies in other
methodological practices, such as sample collection, assaying, and data cleaning and
transformation, may contribute to variations in results. We aggregate studies that examined the
association between CRP and depression in two ways. First, a systematic review summarizes how
studies of CRP and depression have reported on methodological issues. Second, a tiered meta-
analysis aggregates studies that have adhered to various levels of methodological rigor. Findings
from the systematic review indicate a lack of protocol detail provided. The effect between
depression and CRP was small, but highly significant across all stages of the meta-analysis (p <
0.01). The effect size in the most methodologically rigorous stage of the meta-analysis, which
included studies controlling for age, sex, obesity, medical conditions and substance, medication, or
psychosocial factors, was small (r = 0.05). There were also only 26 articles in this stage (13% of
studies from the systematic review), suggesting that more studies that consistently account for
these confounding factors are needed. Additionally, an a priori quality score of methodological
rigor was a significant moderator in this stage of the meta-analysis. The effect size was strikingly
attenuated (r = 0.005) and non-significant in studies with higher quality scores. We describe a set
of recommended guidelines for future research to consider, including sample collection and
assaying procedures, data cleaning and statistical methods, and control variables to assess.
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Major Depressive Disorder (MDD) is a disabling and prevalent mental health condition
associated with significant mental and physical health comorbidity (Ferrari et al., 2013;
Kessler et al., 2003; Vancampfort et al., 2014). Although several pathways have been
implicated in the relationship between depression and physical health, inflammatory
processes have garnered considerable attention in psychological research as potential
biological mechanisms (Kiecolt-Glaser and Glaser, 2002; Miller, 1998; Miller et al., 2009;
Raison et al., 2006). The macrophage theory of depression postulates that pro-inflammatory
cytokines are secreted by activated macrophages, contributing to the onset or exacerbation of
depression (Smith, 1991). Further, depressive symptoms (e.g., depressed mood, anhedonia,
loss of appetite) are associated with acute infections and elevated cytokine levels (Dantzer
and Kelley, 2007; Maier and Watkins, 1998). Notably, common physical health
comorbidities observed in patients with depression, such as cardiovascular disease (CVVD)
(Elderon and Whooley, 2013), diabetes mellitus (DM) (Anderson et al., 2001), and
autoimmune disorders (e.g., rheumatoid arthritis and lupus; (Benros et al., 2013) are
characterized by robust disruptions in immunological functioning.

One of the most frequently studied inflammatory biomarkers is C-reactive protein (CRP), a
pentameric protein that increases in level during the acute phase of inflammation (Du Clos,
2000). In 2009, Howren and colleagues published the first meta-analysis on depression and
CRP, demonstrating that depression and CRP were positively associated in clinical and
community samples (Howren et al., 2009). These results were substantiated with further
meta-analytic studies (Haapakoski et al., 2015; Valkanova et al., 2013). Despite the
preliminary evidence for the role of CRP in depression, effect sizes in these meta-analyses
were attenuated after controlling for body mass index (BMI) or medication use (Haapakoski
et al., 2015; Howren et al., 2009). Furthermore, some large-scale studies have failed to
establish an association between CRP and depression (de Menezes et al., 2017; Steptoe et
al., 2003), especially after controlling for covariates such as medical illness (Almeida et al.,
2007), antidepressant use (White et al., 2017), and BMI (Shelton et al., 2015). Additionally,
akin to many psychological disorders, MDD is highly heterogeneous (Fried and Randolph,
2015) and a growing area of research indicates that only certain symptoms, or subtypes, of
depression may be associated with inflammatory dysregulation (e.g., Jokela et al., 2016).
Taken together, such findings call into question if MDD, as a case level diagnosis, is reliably
and robustly associated with CRP. Substantial heterogeneity in the handling of confounding
variables exists across studies in prior meta-analyses (Haapakoski et al., 2015; Howren et al.,
2009), suggesting that the relationship of immune dysregulation to depression may be
strongly influenced by lifestyle, disease, and other variables. Such inconsistencies limit our
ability to reliably determine if depression, either as a DSM diagnosis or a discreet symptom
profile within the diagnosis, is associated with CRP.

In 2009, O’Connor and colleagues published a review on associations between
biobehavioral factors and peripheral inflammatory biomarkers with specific suggestions
regarding which variables to assess, control, and exclude in analyses (O’Connor et al.,
2009). Variables that were considered necessary to account for included well-established
factors in the association between CRP and depression, such as age, sex, and BMI or waist
circumference. Additionally, substance use-related factors (e.g., nicotine use, alcohol use,
and caffeine use), medication-related factors (e.g., antidepressant use, and statin/
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antihypertensive use), and psychosocial factors (e.g., socioeconomic status (SES) and racial
and ethnic differences) were identified as important confounding variables (O’Connor et al.,
2009). However, it remains unclear how widespread the adoption of such methodological
guidelines for addressing confounds have been across the field. Equally important, other key
methodological inconsistencies exist in the literature, including variations in sample
collection and assaying procedures and data cleaning techniques (e.g., the handling of
outliers and data transformation decisions). As such, without a comprehensive synthesis of
data that has adhered to rigorous and appropriate methodological techniques (and a
comparison of results across techniques), future progress and replication in this area of
research will be hindered.

Several prior reviews have discussed biopsychosocial theories underlying the link between
depression and inflammation (e.g., Dantzer and Kelley, 2007; Dantzer and Capuron, 2017,
Miller et al., 2009). However, to facilitate valid and productive efforts to interpret and
replicate the association between CRP and case-level depression, extend our findings to
explore potential cytokine-induced discrete symptom profiles, and ultimately enhance our
theoretical knowledge of the link between immunology and depression, an understanding of
the current state of the literature is necessary. In the present paper, a systematic review
enables an examination of how studies have reported and handled key methodological
quandaries. From these studies, results are presented of a meta-analysis that probes how
varying methodological approaches, such as confounding variables and data handling
techniques, influence the strength of the association between CRP and depression. The
meta-analysis is designed to advance knowledge about the individual effects of depression
and other covariates on levels of CRP. Overall, the aim of the paper is produce a set of
recommendations that can serve as guidelines for the field and a starting place for future
replication and reproducibility efforts.

Review of methodological practices

1.1. Sample collection procedures

1.2.

Recommendations for the proper collection and assaying of CRP samples vary in the
literature. Assay manuals recommend that blood samples of CRP are tested within the same
run to reduce inter-assay variability, and that samples are tested in duplicate (Aziz et al.,
2003). However, there is no gold standard for behavioral studies about various collection and
assaying issues, such as if the participant should be resting or in the supine position prior to
sample collection. Given the established role of immune markers in common infections
(e.g., influenza), and findings that have shown that inflammatory markers are elevated in
individuals with a fever or the common cold (van den Broek et al., 1990; Whicher et al.,
1985), it is recommended that subjects are free of acute infection and that vital signs (e.g.,
body temperature, blood pressure) are within normal limits.

Data cleaning and statistical methods

As the precision of immunoassays improves, the field has benefited from lower detection
limits and heightened sensitivity (Vashist et al., 2016). However, particularly in healthy
controls or community populations, inevitably there are samples where the concentration of
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CRP is too far below the lower limit to be detected by the assay reader (i.e., “nondetects™).
To date, there is no consensus on the proper handling of such participants’ samples, even
though they may account for nearly % of participants (e.g., Ford and Erlinger, 2004). Studies
may dichotomize or sort CRP levels into quartiles to include nondetects (Ford and Erlinger,
2004) or assign nondetects to the value of the lower detection limit (e.g., Kling et al., 2007)
or equal to half of the lower detection limit (e.g., Gimeno et al., 2009). On the other hand,
high values of CRP (e.g., > 10mg/L) are often excluded from analyses as they may be
indicative of an acute infection (Pearson et al., 2003). Given that certain variables (e.g., SES
and alcohol) have a dose-dependent relationship with CRP (Alley et al., 2006; Bell et al.,
2017), the exclusion of high values may inadvertently result in the loss of valuable
information on individual differences. Further, the adoption of excluding high values, and at
what threshold, is inconsistent across studies, impeding replication and reproducibility
efforts.

Values that are out of range of the assay, either “nondetects” or values representing extreme
high levels, are considered a distinct form of missing data. The recommended techniques for
how to deal with such values varies widely and can include listwise deletion (removing all
cases with missing data from analyses; e.g., Lucas et al., 2016), pairwise deletion
(calculating summary statistics for only detected observations; recommended by the United
States Environmental Protection Agency for “nondetects”; (EPA, 2000), multiple imputation
(estimating of the missing data /7 times and using covariate information to estimate missing
data; (Chen et al., 2013; Little and Rubin, 1987), and winsorization (replacement of extreme
data values with the next highest of lowest value; (Danner et al., 2003)). As mentioned
previously, other researchers have substituted values for “nondetects” and excluded extreme
high values, or most often, do not report data management procedures at all. Additionally,
CRP levels are typically non-normally distributed and positively skewed (Woloshin and
Schwartz, 2005). Many studies employ log-transformations, or comparable techniques to
normalize the data, and run parametric statistical tests while others utilize non-parametric
tests on the raw data. Further, some studies do not report skewness or kurtosis statistics,
which limits transparency and the ability to successfully replicate findings.

Overall, studies fluctuate in methods for handling and cleaning data, which carries strong
implications for the statistical models applied. The variance of the datasets has significant
effects on the results and interpretations, adding to inconsistencies in the field. Coupled with
a dearth of papers that report transparent data management techniques for the handling of
“nondetects” and high value outliers, replication and reproducibility efforts are likely to be
hindered. For example, with a single dataset, different researchers could theoretically
reproduce distinct findings hinging primarily on the data management techniques they
utilize. Without clear instruction or consensus in the field, this will obstruct future
replication efforts.

Review of confounding variables

While Howren et al. (2009) established that the overall effect size between depression and
CRP was moderate (d= 0.15; 95% CI = 0.10, 0.21), they also found that when restricting to
studies that adjusted for BMI, the effect size was reduced (¢=0.11, Cl = 0.06-0.17)
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(Howren et al., 2009). The role of medication use was unclear in this metaanalysis; when
medications were not controlled for, the association decreased, but this finding was
inconsistent and depended largely on the medication type. Notably, it is unclear how
adjusting for BMI and medication use would have influenced the effect size in this
metaanalysis. Further, variables that are conceptualized as confounders may actually be key
mechanisms in the pathophysiology of inflammatory depression. A primary step for the field
is to first determine the independent relationship between inflammation on depression to
examine their impact above and beyond other factors. Despite the wide array of
biobehavioral factors implicated in the relationship between depression and CRP, no meta-
analysis to date has examined both community and clinical samples while simultaneously
investigating the role of concurrent covariates beyond age, sex, BMI, and antidepressant use.

2.1. Age and sex

Inflammatory biology changes across the lifespan, with extensive research supporting that
CRP levels increase with age in both men and women, even after statistical adjustment for
key covariates, such as BMI, medication use, and race and ethnicity (Harris et al., 1999;
Lowe, 2005; Puzianowska-Kuznicka et al., 2016; Woloshin and Schwartz, 2005; Yamada et
al., 2001). Population-based studies have also consistently reported elevated CRP levels in
women compared to men, even after controlling for BMI (Khera et al., 2005, 2009; LakoskKi
et al., 2006; Nazmi et al., 2008). However, several studies specifically investigating CRP and
depression have found that CRP levels were higher in men but not women (e.g., Danner et
al., 2003; Elovainio et al., 2009; Hafner et al., 2011; Liu et al., 2014; Song et al., 2015),
while others have found the opposite (e.g., Duivis et al., 2013), suggesting that the role of
sex on CRP levels may be more complex in the context of depressive symptomatology.

Further, age and sex influence the frequency and severity of depressive symptomatology.
Research has supported a consistent, nonlinear association between age and depressive
symptoms (Kessler et al., 1992), with an increase after puberty, especially for girls (Angold
etal., 1998). A wide gender gap emerges in adolescence, in which women are significantly
more likely to develop MDD (Angold and Rutter, 1992), a trend that continues into
adulthood (Weissman et al., 1993). Several factors, including childhood adversity,
sociocultural factors (e.g., increased discrimination and placing less value on traditionally
female roles), and coping styles, may underlie this gender disparity (Piccinelli and
Wilkinson, 2000). Following puberty, depressive symptoms appear to increase modestly
with age across both sexes. Health status (Fiske et al., 2003), social isolation (Cacioppo et
al., 2006; Glass et al., 2006), and physical activity (Kim et al., 2017; Sin et al., 2016) are key
factors potentially related to elevated depressive symptoms in older populations and have
also been independently linked to elevated CRP levels (Albert et al., 2004; Benros et al.,
2013; Elderon and Whooley, 2013; Ford et al., 2006; Heffner et al., 2011; Kasapis and
Thompson, 2005).

2.2. Obesity

Indices of obesity, such as BMI, waist circumference, and waist-to-hip ratio, are dependably
and robustly correlated with elevated CRP (Brooks et al., 2010; Panagiotakos et al., 2005;
Rexrode et al., 2003). Evidence suggests that the relationship between CRP and BMI is
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likely driven primarily by obesity (Timpson et al., 2011). Adipocytes and tissue-resident
macrophages produce a wide range of inflammatory biomarkers. While the typical measure
of obesity is BMI, several investigations have also established that waist circumference and
waist-to-hip ratio are also significantly associated with circulating levels of CRP (e.g., Choi
et al., 2013; Forouhi et al., 2001; Panagiotakos et al., 2005; Saijo et al., 2004).

Despite the establishment of a strong link between obesity and depression (Luppino et al.,
2010; Moreira et al., 2007; Rosmond et al., 1996), the mechanisms underlying this
relationship have yet to be fully elucidated. Growing evidence suggests that abdominal
obesity is a stronger risk factor for depressive disorders than general obesity (Greenfield et
al., 2004; Vogelzangs et al., 2008; Zhao et al., 2011). Visceral adipose tissue is hypothesized
to play a key role and high levels of inflammatory markers have been observed in visceral
obesity and depression (Penninx et al., 2003; van Reedt Dortland et al., 2013).
Understanding if inflammation and depression are significantly related above and beyond
the effects of obesity (and other confounders) is critical to determine next steps for
interventions and treatments.

2.3. Chronic medical health conditions

Given the high rates of comorbidity between depression and physical health conditions (e.g.,
CVD, DM, autoimmune disorders; Smith et al., 2014), chronic medical health conditions
likely play a significant role in the relationship between CRP and depression. A
methodological challenge for researchers investigating the link between depression and CRP
is the proper measurement and statistical adjustment for chronic health conditions. Medical
health conditions with strong immunological disruptions, such as CVD, DM, rheumatoid
arthritis, and metabolic syndrome, may be the most significant medical conditions to
consider. However, studies vary widely in which medical conditions they assess and adjust
for (e.g., Copeland et al., 2012; Ford and Erlinger, 2004). To combat limitations related to
self-report assessment, studies can also assess and control for biological factors such as
cholesterol, triglycerides, blood pressure, and fasting glucose levels (e.g., Ford and Erlinger,
2004).

3. Substance-use related variables

3.1

Several substances, notably nicotine, alcohol, and caffeine, are related to dysregulated CRP
levels (O’Connor et al., 2009).

Nicotine

The relationship between nicotine and circulating CRP is complex, but has been established
in large, well-controlled studies (Nanri et al., 2007; Yanbaeva et al., 2007). Cigarette
smoking weakens innate immune defenses, promotes autoimmune disease progression,
moderates antigen presentation (Lee et al., 2012), and is associated with elevated CRP levels
(Gongalves et al., 2011). Elevated CRP levels have even been observed among former
smokers (Bazzano et al., 2003; Hastie et al., 2008; Tracy et al., 1997). Notably, the effects of
smoking on CRP have not been documented in all studies; however, this may be due
partially to sex differences, with higher nicotine levels disproportionately linked to higher
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CRP in men (Bo et al., 2005; Frohlich et al., 2003; Nazmi et al., 2008). Furthermore,
smoking and depression are often comorbid, though there is debate if they share etiological
vulnerabilities (Dierker et al., 2002).

3.2. Alcohol

Peripheral levels of CRP are typically lower in moderate drinkers, which has been roughly
defined as 1-7 alcoholic beverages per week, or around 15-30 g of alcohol/day (O’Connor
et al., 2009), compared to non-drinkers and heavy drinkers (Bell et al., 2017; Imhof et al.,
2004; Pai et al., 2006; Raum et al., 2007; Wang et al., 2008), who have the highest levels of
CRP even after adjustment for several covariates (Xu et al., 2016).

One of the most prevalent psychiatric comorbidities for individuals with alcohol use disorder
is depression (Grant et al., 2004) with research suggesting the two disorders share common
genetic factors (Prescott et al., 2000; Procopio et al., 2013) and several risk factors (e.qg.,
childhood adversity, SES, race and ethnicity; (Swendsen and Merikangas, 2000).

3.3. Caffeine use

Caffeine use, in the form of coffee, soft drinks, and energy drinks, is the most widely
consumed central nervous system stimulant (Heckman et al., 2010) with 85% of the United
States population consuming at least one caffeinated beverage per day (Mitchell et al.,
2014). Coffee may have anti-inflammatory properties as animal studies have indicated that
caffeine intake prevents metabolites from inducing inflammation (Swirski and Nahrendorf,
2017), while cross-sectional studies have found an inverse relationship between coffee intake
and CRP (Furman et al., 2017; Williams et al., 2008); however, this observation was more
robust in healthy subjects (Lopez-Garcia et al., 2006). There are also contradictory findings,
which may be due to type of caffeine intake. For example, boiled coffee, which produces
higher caffeine levels, was associated with increased CRP levels in a study of 3032
individuals (Zampelas et al., 2004). The interactions between CRP and caffeine intake are
complex and results are inconclusive. While caffeine modulates inflammatory markers, there
is limited research on the neurobiological mechanisms and the overall impact of caffeine
intake on CRP (Bonita et al., 2007). A recent meta-analysis of observational studies on the
association between coffee, caffeine, and tea consumption and depression suggests a
protective effect of coffee intake on depression, but was inconclusive regarding the effects of
tea or other forms of caffeine (Grosso et al., 2016).

4. Medication-related confounding factors

Several medication types, including antidepressant use, NSAIDs, and statins and anti-
hypertensive medications, are associated with both CRP and depression (O’Connor et al.,
2009).

4.1. Antidepressant medication

Antidepressant medications, most notably selective serotonin uptake inhibitors (SSRIs),
potentially modulate inflammatory processes, though the mechanisms behind this
phenomenon are not clear. A longitudinal population-based study found that antidepressant
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use was associated with elevated levels of CRP, independent of mental health
symptomatology and cardiovascular risk factors (Hamer et al., 2011). Several studies have
found that CRP levels decrease significantly after SSRI treatment in patients with depression
(Lanquillon et al., 2000; O’Brien et al., 2006; Tuglu et al., 2003; Uher et al., 2014) and that
baseline CRP levels may predict treatment response in SSRIs and norepinephrine reuptake
inhibitors (Uher et al., 2014). However, other studies did not observe a significant change in
CRP levels following SSRI treatment (Chang et al., 2012) or, conversely, that CRP levels
actually increased during SSRI treatment, even if patients had a therapeutic response
(Dawood et al., 2007). Overall, the potential inflammatory mechanisms activated by
antidepressants have not been thoroughly elucidated.

Antidepressant medications are considered a frontline treatment option for patients with
depressive symptoms (Hollon et al., 2002) and are being prescribed at increasing rates
across the world (Abbing-Karahagopian et al., 2014; Uchida et al., 2007; Zhong et al.,
2014). Antidepressants may also be prescribed for individuals without a depressive disorder
— a study that reviewed approximately one million health plan members filling an
antidepressant prescription found that 39% of the sample did not have a mental health
disorder (Simon et al., 2014). Patients with more severe or chronic depressive symptoms
may benefit the most from antidepressant therapy (Fournier et al., 2010), and are likely to be
on a higher dose and be prescribed adjunctive antidepressants (Cleare et al., 2015). Given
the prevalence of antidepressant use in both community and clinical samples, and the
variation in dosage, use of antidepressants should be considered as an important covariate in
associations between CRP and depression.

4.2. NSAID use

The use of NSAIDs is widespread, with increasing use for the management of a range of
physical health condition that are commonly comorbid with depression (e.g., CVD, arthritis)
(Zhou et al., 2014). In healthy samples, NSAID use may not affect CRP levels (Azar et al.,
2003; Feldman et al., 2001; Vaucher et al., 2014). However, in populations with physical
health conditions, NSAID use does appear to reduce CRP levels (Ikonomidis et al., 1999;
Solheim et al., 2003). Recently, clinical trials have investigated the potential of NSAIDs,
such as celecoxib, as an adjunctive treatment option for MDD, with a small number studies
demonstrating preliminary support, though the studies heretofore are very heterogeneous
and demonstrate a high risk of bias (Kéhler et al., 2014; Na et al., 2014).

4.3. Statins and anti-hypertensive medications

Hypertension (HTN) and hypercholesterolemia are both prevalent conditions, with HTN
estimated to affect roughly 29% of the US adult population (Nwankwo et al., 2013).
Cholesterol-lowering statins are prescribed as treatment options for both HTN and
hypercholesterolemia (Wierzbicki, 2006). Statins have been shown to decrease CRP levels,
though the majority of these studies have been conducted in individuals with physical health
conditions (Prasad, 2006); however, statins may also reduce CRP levels in healthy
individuals (Ridker et al., 2001). Angiotensin-converting enzyme (ACE) and beta-blockers
are the most common antihypertensive medication prescribed (Gu et al., 2006) and appear to
lower CRP levels in individuals with medical conditions (Di Napoli and Papa, 2003; Joynt et
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al., 2004; Palmas et al., 2007). In individuals with HTN, depressive symptoms may predict
noncompliance with medication regimens (Bautista et al., 2012; Krousel-Wood et al., 2010).
There does not appear to be a substantial link between the use of antihypertensive
medication and elevated risk for depression when controlling for HTN (Ko et al., 2002).

5. Potentially confounding psychosocial factors

5.1. SES and education

Socioeconomic status (SES) has been reliably inversely correlated with circulating levels of
CRP, often independent of other demographic, physical, or behavioral factors (Jousilahti et
al., 2003; Lubbock et al., 2005; Obinwa et al., 2016; Owen et al., 2003). The
operationalization of SES varies, with different studies utilizing occupation, income, and
neighborhood conditions (or a combination of these factors) to define SES (Shavers, 2007).
Level of education is also often used as a proxy measure for SES (Shavers, 2007) and is also
inversely correlated with CRP levels (Kershaw et al., 2010; Panagiotakos et al., 2004).
Smoking, drinking, physical activity, and obesity may act as mediating factors in the
relationship between SES and CRP (Alley et al., 2006; Gimeno et al., 2007; Kershaw et al.,
2010). Notably, the association between SES and CRP is very robust at the highest levels of
CRP (Alley et al., 2006) and remains stable over time (Gimeno et al., 2007). Childhood
poverty may even predict CRP levels in offspring (Schreier and Chen, 2010).

Lower SES is also linked to depressive disorders; a meta-analysis found that lower
educational status and income were specifically associated with higher likelihood of MDD
(Lorant et al., 2003). Causal factors linking low SES to MDD include adverse childhood
experiences, neighborhood and poverty-related stress, sexual and racial discrimination, and
lower levels of social support (Belle and Doucet, 2003; Blair et al., 2014; Santiago et al.,
2011; Williams, 1999).

5.2. Race and ethnicity

Although race has been found to be an important factor in overall levels of CRP (for review,
see O’Connor et al, 2009), less research has focused on race as a moderating factor in the
association between CRP and depression. Despite recommendations (O’Connor et al.,
2009), many studies do not control for these variables or stratify results by racial or ethnic
group; often it is difficult to obtain clear information about if this information was collected.
Therefore, although there are indications that race and ethnicity may influence inflammatory
mechanisms of depression, this meta-analysis will not examine it as an explicit factor as too
few of the studies examined reliably reported these statistics. Instead, we devote a section of
the discussion to elaborating on the importance of collecting these important demographic
variables in future research.

6. Summary

In summary, several factors are related to both CRP and depression. However, studies vary
widely in accounting for these variables when examining the relationship between CRP and
depression. As such, we cannot reject the possibility that some findings regarding the
association between CRP and depression may be epiphenomenal — an apparent association
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that is not inherent to these two variables, but that is actually causally reliant on a third,
unmeasured variable. Indeed, evidence suggests that controlling for specific factors, such as
BMI or antidepressant use, may independently attenuate the association between CRP and
depression (e.g., Shelton et al., 2015; White et al., 2017). Further, some confounders (e.g.,
obesity) may mediate the relationship between depression and CRP, while others are less
likely to be causally linked to depression or CRP and instead are best conceptualized as
proxies for an unmeasured mechanism (e.g., race and ethnicity may be a proxy for
discrimination). However, no review to date has synthesized how the statistical control of
multiple covariates affects the strength of the relationship between CRP and depression.
Equally important, other key methodological inconsistencies exist in the literature, including
variation in sample collection procedures, handling of outliers, and data transformation
decisions.

7. The present study

Without a comprehensive synthesis of data that has adhered to the most rigorous and
appropriate methodological techniques (and a comparison of results across techniques), it
will be difficult for this area of research to be reproduced and therefore replicated, allowing
our scientific inferences to be stronger. In order to address these issues, the current study has
three aims: 1) to conduct a meta-analysis on specific studies utilizing the most rigorous and
theoretically justifiable methodology, and to compare results to what is commonly reported
in the field; 2) to systematically identify and evaluate methodological inconsistencies that
may hinder replication and reproducibility efforts; and 3) to establish a set of empirically
grounded guidelines for best practice methodology in CRP research to help inform future
replication and reproducibility efforts. To address the aims, first a systematic review of all
studies investigating the association between CRP and depression (either diagnosed MDD or
depressive symptoms) in otherwise healthy individuals was conducted, in order to synthesize
the status of the current field regarding the statistical adjustments for key covariates as well
as methodological issues, including the assaying, handling, cleaning, and testing of data.
Secondly, a focused meta-analysis was conducted to specifically investigate the role of
crucial confounding factors: age, sex, BMl/adiposity, and chronic medical conditions,
substance-related factors (e.g., nicotine, alcohol, and caffeine), medication-related factors
(e.g., antidepressant, NSAID, and statin/antihypertensive use), and psychosocial factors
(e.g., SES and education) as well as proper and transparent data handling techniques.

The meta-analysis was conducted in stages both to examine how an increase in
methodological integrity affects the strength of the relationship between CRP and
depression, and how separate groups of potential confounders may differentially impact this
association. Additionally, this approach will address how the level of heterogeneity in
studies examining the association between CRP and depression differs across stages. The
final meta-analysis, which reflects the highest standard of methodological rigor with respect
to these issues, will be the first meta-analysis on this topic to examine only studies that
adhere to stringent quality standards. This study was pre-registered on 06/15/2017 with
Open Science Framework (link: osf.io/x5wug) and the data analytic plan and code was
uploaded on 09/20/2017.
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8. Method

8.1. Systematic review

8.1.1. Identification and selection of studies—A systematic review was conducted
of the PubMed and Google Scholar electronic databases for English language studies to
identify studies that have conducted statistical analyses of the association between CRP and
unipolar depression. Searches were conducted for the following key terms: “CRP”, “C-
reactive protein”, “depressive,” and “depression” to capture a broad range of potential
articles. Further, the reference lists of all relevant publications and prior meta-analyses were
scrutinized for additional articles.

Eligibility for inclusion was independently determined by two of the authors (SH and ML).
Studies reporting cross-sectional or longitudinal analyses for unipolar depression and CRP
in either clinical or community adult populations were included. Depression could be
assessed by a clinician-based interview (e.g., Structured Clinical Interview for DSM-5; (First
et al., 2016), with symptom-based psychometric instruments (e.g., Beck Depression
Inventory (BDI) (Beck et al., 1996), or via medical records. Unstimulated measures of CRP
via venous blood samples, blood spots, or saliva were included. Given the wide range of
physical health disorders that impact immunological functioning, studies in which physical
conditions were the primary focus (e.g., a study of the association between a physical health
condition and CRP), such as metabolic syndrome or CVD, were excluded. However, studies
that included participants with stable medical conditions (e.g., HTN, DM) were included.
Further, clinical studies in which depression was not the primary mental health disorder
(e.g., studies investigating CRP and anxiety disorders) were excluded as there were not
properly defined a priori hypotheses focused on depression.

8.1.2. Study selection and data extraction—A consort chart of the literature search is
shown in Fig. 1. Studies that provided sufficient information about the relationship between
depression and CRP (e.g., a statistical analysis) were included in the systematic review (a
total of 192 original studies).

A standardized data coding system was developed to extract the following information from
each study: Study characteristics included: 1) authors and citation; 2) sample size and
description of the sample (e.g., mean age, sex, percent with depression, clinical or
population-based), 3) main aim of the study, 4) study design (e.g., cross-sectional,
longitudinal, randomized controlled trial-RCT), 5) measure(s) of depression; sample
collection procedures included: 6) mode of specimen collected for CRP analysis (serum,
plasma, blood spot, saliva, or unspecified venous blood), 7) fasting status, 8) time of day of
sample collection, 9) freezer temperature/details, 10) additional details of collection (e.qg.,
type of tubes used, supine/resting position, time resting before blood draws); assay
technology included: 11) assay type (name, brand), 12) intra-inter assay coefficients
provided (yes or no with value), 13) if samples were measured in duplicate; data
transformation and handling included: 14) normality statistics reported (yes or no), 15) type
of transformation applied (e.g., log-transformation, square root transformation), 16) type of
statistical test utilized (parametric or non-parametric), 17) handling of high value outliers
(e.g., number excluded, statistical handling), 18) handling of “nondetect” values, 19)
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additional exclusion criteria. In addition, confounders coded forincluded: 20) demographic
confounders (age, sex, race and/or ethnicity, SES, education), 21) health variables (BMI,
waist circumference, waist-to-hip ratio, cholesterol levels, triglyceride levels, glucose levels,
blood pressure, exercise/physical activity, acute sleep deprivation, body temperature, acute
illness/infection (e.g., fever), and chronic medical conditions (e.g., CVD, DM, HTN, cancer,
asthma), 22) substance variables (smoking/nicotine use, alcohol use, caffeine use), 23)
medication variables (birth control/estrogen, hormone replacement therapies, NSAID use,
antibiotics, stimulants, antidepressants, antipsychotics, anxiolytics, sleep medications/
sedatives, antiarrhythmic drugs, and statin/antihypertensive use). For confounders, studies
were coded for if the variable was statistically controlled for, found to be non-significantly
associated with both CRP and depression, matched between groups, excluded, or not
accounted for in the statistical model.

Data were searched and extracted independently by three authors (SH, ML, BN) and a team
of trained research assistants. Each article was coded by one author and checked by a
separate author. All articles were verified with a quality check by the first author.
Disagreements were resolved through group discussion.

8.2. Meta-analysis

8.2.1. Identification and selection of studies—For the meta-analysis, we developed
a set of quality indicators that reflect established recommendations (e.g., O’Connor et al,
2009), and theoretically justifiable methodological practices. The meta-analysis was
conducted in five stages to explore how methodological quality may influence the strength
of the relationship between CRP and depression. In order to maintain as much homogeneity
as possible across studies, and because the strength of correlation of CRP values across
modes of collection has yet to be determined (Brindle et al., 2010; Ouellet-Morin et al.,
2011), the few studies that measured CRP via saliva (n = 1) or blood spots (n = 3) were not
included in the metaanalysis. The present meta-analysis focused on the strength of
concurrent associations between CRP and depression, therefore, all studies included in the
meta-analysis were of cross-sectional design; in cases of longitudinal studies or RCTs, if a
cross-sectional analysis was conducted and reported, the study was considered for inclusion.
Stage One of the meta-analysis reflected studies that met the basic baseline level of
methodological integrity, described below. Stages Two - Four included studies that met
criteria for Stage One and also controlled for particular confounding variables, described
below. Stage Five included studies that met criteria for Stages One-Four. Eligibility for
inclusion in all stages of meta-analysis was independently determined by three of the authors
(SH, ML, and BN). Two authors (SH, MB) independently extracted outcome data (e.g.,
effect size) for the association between depression and CRP and relevant variables (e.g.,
sample size, level of significance, type of effect size). Disagreements were resolved through
group discussion until a consensus was reached. Fewer than 8% of all studies required
discussion.

8.2.2. Stages of meta-analysis criteria—For inclusion in Stage One of the meta-
analysis, the study must have used a valid measure of MDD or depressive symptoms, such
as the SCID or BDI-II. To investigate the overall strength of the association between CRP
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and depression as a whole disorder or the full range of depressive symptomatology, studies
that only measured a subset of clinical depressive symptoms (e.g., cognitive symptoms of
depression) or used non-validated measures of depression (e.g., a single question regarding
depression status or the use of antidepressants) were excluded. Further, given the skewed
nature of CRP values (Woloshin and Schwartz, 2005), studies must have utilized and
reported clear and consistent data transformation and handling techniques in line with
recommendations for non-normal data (Bishara and Hittner, 2012). Specifically, if the
distribution of CRP was non-normal and values were left raw, studies using non-parametric
testing were included. Studies that employed parametric tests on raw CRP data were also
included if the researchers provided kurtosis and skewness statistics to justify treating the
data as normally distributed. If the CRP values were transformed, the transformation must
have been clear (e.g., type of transformation) and appropriate corresponding parametric tests
must have been utilized. In addition, studies included in Stage One must have also controlled
or accounted for age, sex, BMI/waist circumference/waist-to-hip ratio, and chronic medical
conditions. We chose these variables because, as outlined in the introduction, they have the
strongest and most consistent empirical associations with both CRP and depression. Studies
were included if they conducted separate sex analyses (e.g., male versus female), controlled
for the variable, matched groups based on the variable, or excluded relevant cases (e.g.,
excluding chronic medical conditions). A total of 7= 59 articles was included in Stage One.

Studies included in Stage Two of the meta-analysis must have met for all criteria in Stage
One and accounted for at least one of the following substance-related covariates: nicotine
use, alcohol use, and/or caffeine use (7= 57). Studies included in Stage Three of the
metaanalysis must have met for all criteria in Stage One and accounted for at least one of the
following medication-related covariates: antidepressant use, NSAID use, and/or statin/anti-
hypertensive use (7= 43). Stage Four of the meta-analysis included studies that met criteria
for Stage One and accounted for at least one psychosocial factor: SES and/or education level
(n=35).

The final and most rigorous meta-analysis stage included studies that met for criteria from
all the above stages (7= 26). These studies fulfilled Stage One criteria and accounted for at
least one covariate from each category: substance- related confounders (nicotine, alcohol,
caffeine), medication-related confounders (antidepressants, NSAID, statin/antihypertensive
use), and psychosaocial-related confounders (SES, education).

8.2.3. Quality score—In addition to the meta-analysis stages, an a priori quality
composite score was calculated that considered other notable methodological considerations.
The quality score included the covariates from Stages Two- Four (smoking, alcohol,
caffeine, antidepressant use, NSAID use, statin/antihypertensive use, SES, and/or
education). Other key covariates that were highlighted in O’Connor’s review, such as
physical exercise/activity, sleep deprivation, and acute illness, were included. The quality
score also accounted for whether the study statistically adjusted the model for covariates or
demonstrated that the variable was non-significantly associated with depression and CRP
(higher score) or simply matched groups on covariates (lower score), as matching the groups
by depression status may only account for the variability in depression rather than in CRP.
Additionally, the quality score considered recommended sample collection procedures, such
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as if the participants were resting before the sample was collected, if the study reported
proper handling of “nondetect” values and high-value outliers, if the sample was measured
in duplicate, and if the study reported an effect size. The highest possible quality score was
16. All design factors contributed equally to the quality score. All quality score calculations
were double checked by the first author. The quality score was considered as a potential
continuous moderator for Stage 5 of the metaanalysis if considerable heterogeneity was still
observed.

8.2.4. Calculation and aggregation of study effect sizes—The metaforand
userfriendlyscience packages on RStudio 1.0.136 were used to compute and aggregate effect
sizes (Team, 2015). All code for this meta-analysis is in Supplementary material and at the
Open Science Framework pre-registration link. Random-effects models are the most
appropriate approach for the purposes of this paper and were used in all analyses. Random-
effects models assume a distribution of population effect sizes across studies and account for
within- and between-study variation. Lastly, random-effects models produce wider
confidence intervals (Cl) and are considered a more conservative analytic strategy compared
to the fixed-model approach (Egger et al., 1997; Hedges and Vevea, 1998). Effect sizes were
calculated as r~values, with positive r~values representing higher levels of CRP in depression
or a positive association between CRP and levels of depressive symptoms. R-values were
selected as the effect size index as this meta-analysis includes continuous and categorical
predictors (range of depressive symptoms and diagnosis of depression versus no depression).
Rvalues are comparable across the studies with different types of predictors and readily
computable from the information reported in the articles. Finally, rvalues are interpretable
and the primary effect size recommended for meta-analyses of correlational data,
particularly for meta-analyses including studies conducted with one group (Borenstein et al.,
2009).

In the event that a statistical test was reported as non-significant with no additional
information provided, the effect size was set to 7= 0.00 and weighted according to sample
size. This approach yields the most conservative effect size estimate, and has been utilized in
past meta-analytic approaches (Howren et al., 2009). If results were reported for both a
continuous measure of depression and a categorical diagnosis of depression versus no
depression, effect sizes from the continuous measure of depression were included as
continuous variables contain more variability. Similarly, in papers that report both
continuous and dichotomized or binned CRP (e.g., CRP “low versus high” or CRP in
quartiles), effect sizes derived from the continuous measure of CRP were included. Lastly, if
studies provided separate results by sex or type of depression (e.g., atypical versus
melancholic), the results were treated as separate analyses from the same parent study.

Heterogeneity among effect sizes was calculated and assessed with the @ statistic, which is
distributed as 2, and indicates if the variability among study outcomes is sufficiently large
to reject the null hypothesis that they are drawn from a common population. An # value was
also calculated which describes the percentage of variation across studies due to
heterogeneity. A separate meta-analysis was conducted for each stage, with studies utilizing
both continuous and categorical predictors combined. A post-hoc analysis at each stage was
run separating the two types of samples (e.g., continuous predictor studies and categorical
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predictor studies). Lastly, the quality score was entered as a continuous moderator for the
Stage 5 analysis.

Forest plots displaying the effect sizes for each study with associated Cls are included for
each stage (Fig. 3a—e). Funnel plots that show the distribution of effect sizes in the analysis
were created to illustrate any potential publication bias (Supplemental Fig. 1a—¢). In the
funnel plot, an asymmetrical distribution indicates that there is an overrepresentation of
positive results in the published literature.

9. Results

9.1. Systematic review

9.2.

Basic defining features of all studies are summarized in Supplemental Table 1.

Methodological practices

9.2.1. Sample collection and assaying protocols—Nearly 97% of studies
measured CRP in blood samples (7= 104 in serum, 7= 52 in plasma, and »= 30 in blood
sample that was not specified). Four studies measured CRP in blood spots and 2 studies
measured CRP in saliva. Sixty-eight studies (35.4%) reported assaying their samples in
duplicate, either by including an intra-assay coefficient or statement that samples were
analyzed in duplicate. In terms of studies reporting assay detection sensitivity values, 108
(56.3%) did not and 84 (43.6%) did report assay sensitivity values. Across studies, the lower
assay detection limit ranged from 0.008 mg/L to 0.16 mg/L.

Sixteen studies (8.3%) reported that participants were in a supine, resting position prior to
the specimen collection. The time spent resting prior to the blood draw ranged from 5 min to
45 min across studies. Fifty-one studies (26.7%) accounted for individuals with acute illness
either via exclusion criteria or statistical control.

9.2.2. Data handling and transformation—~Fourteen studies (7.3%) explicitly
reported the handling of non-detect values with four studies assigning nondetect values to a
random number, two studies assigning nondetect values to half of the detection limit, and
one study assigning nondetect values equal to 0. Four studies excluded nondetect CRP
values. Forty studies included dichotomized or binned categorical analyses of CRP;
however, only three studies explicitly stated that nondetect values were included in the
lowest CRP category. Ten of those studies also included continuous analyses of CRP and
depression without specifying the handling of nondetect values. Fifty-two studies (27%)
reported handling of high outliers. The most reported cut-off utilized was 10 mg/L (7= 34
studies) with the remaining studies using a range of cut-offs from 5 mg/L to 20 mg/L. Seven
studies explicitly stated that they included high values in their analysis.

Half of the studies (50.5%, n= 97) transformed the CRP data and ran parametric tests, while
only 8 (4.2%) reported that the CRP data was normal and then used parametric tests. Thirty-
four studies (17.7%) left the CRP data raw and ran non-parametric tests and 20 studies
(10.4%) indicated that they ran both parametric and non-parametric tests. The remaining 33
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studies (17.2%) ran parametric tests without providing normality statistics or provided
insufficient information about the type of statistical test employed.

9.2.3. Confounding variables—Fig. 2 illustrates the percentage of studies that
accounted for the following confounding variables.

9.2.4. Age, sex, BMl/waist circumference/waist-to-hip ratio, and chronic
medical conditions—Most studies accounted for age (17 = 168, 87.5%). Only 22 studies
(11.5%) did not account for sex differences; 141 (73.4%) studies either examined the sexes
separately or statistically controlled for sex, while 29 (15.1%) studies were conducted in all-
male or all-female populations. A total of 123 articles (64.1%) statistically accounted for the
role of BMI, waist circumference, and/or waist-to-hip ratio. The majority of studies
accounted for chronic medical conditions (n7= 159 studies, 82.8%) with roughly equivalent
numbers of studies excluding medical conditions (43%) and controlling for them (40%).
There was widespread inconsistency in the reporting of which medical conditions were
accounted for; the two most common medical conditions controlled for or excluded were
CVD-related disorders (7= 107; 55.7%) and DM (= 80, 41.7%). Several studies provided
only general statements, such as exclusion of “any condition known to affect the immune
system” or “chronic health morbidities,” which prevented examination of which conditions
specifically were being accounted for. Overall, studies ranged from reporting 1-39 physical
health conditions accounted for, with 40% of studies not providing sufficient information to
know how many conditions were accounted for in the statistical analysis of CRP and
depression.

9.2.5. Substance-related variables: nicotine, alcohol, and caffeine—120 studies
(62.5%) controlled for nicotine use and 12 (6.3%) studies excluded acute or chronic nicotine
use prior to the sample collection. The most common method of measuring nicotine use was
via self-report (7= 91 studies). Out of the studies controlling for nicotine use, 7= 48
controlled for both current and former nicotine use while 7= 50 reported controlling for
only current nicotine use. For alcohol use, 69 (35.9%) studies controlled for alcohol use
while 9 studies (4.7%) excluded individuals with a diagnosis of alcohol-use disorder or
heavy drinking patterns. Studies accounted for alcohol with varying methods; 29% of
studies used a self-report regarding frequency of drinking, 24.7% of studies specifically
controlled for the number of drinks in the prior week or month, 21.2% calculated and
controlled for the number of grams of alcohol consumed in the prior week or month, and
10.6% prohibited alcohol consumption prior to the sample collection. Eighty-seven (45.3%)
studies controlled for caffeine intake; 88.5% of the studies accounting for caffeine intake
instructed participants to fast overnight prior to the sample collection. The remaining 11.5%
of studies specifically reported asking subjects to abstain from caffeine intake or controlled
for caffeine intake.

9.2.6. Medication-related variables: NSAID use, antidepressant use, and
statin/anti-hypertensive medication—Sixty-four studies (33.3%) accounted for
NSAID use with 17% of those studies excluding NSAID use and 16% statistically
controlling for subject’s NSAID use. Eighty-three studies (43.2%) accounted for
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antidepressant use with 22% excluding individuals taking antidepressants and 21%
statistically controlling for antidepressant use. Lastly, 27 (14%) studies statistically
controlled for anti-hypertensive and/or statin use and 37 (19.2%) studies excluded
individuals on these medications.

9.2.7. Psychosocial variables: SES, education, and race/ethnicity—Only 20%
of studies (= 39) controlled for SES and the mode of measuring SES varied across studies,
with income being the most widely used measure of SES (7= 18), followed by a
combination of different factors (e.g., income, occupation, neighborhood; 77 = 8),
employment status or occupation type (1= 7), a validated scale (e.g., Hollingshead Four-
Factor Index of SES; (Hollingshead, 1975); n= 3), neighborhood/zip code (7= 2), or
unspecified (7= 1). In comparison, 34.4% of studies (/7= 66) accounted for education level.

Race and ethnicity variables were typically presented together. A total of 24 studies (12.5%)
explicitly controlled for race and ethnicity and one study excluded African-American
participants. The majority of studies were conducted in the United States (7= 58) followed
by the United Kingdom (7= 20), the Netherlands (n = 18), and Germany (n= 14). Most
studies were conducted in Western European countries with predominantly Caucasian
populations (e.g., Germany, Finland; 55.4%). Roughly 8% of studies were conducted in
Asian countries (e.g., Thailand, Japan, China) and 7% of studies were conducted in Eastern
European, Middle Eastern, and/or Mediterranean-based countries (e.g., Israel, Greece,
Croatia). A total of 143 studies either did not report their race and ethnicity break-down or
only reported the country in which the study was conducted.

9.3. Meta-analysis results

Studies included in the meta-analysis with basic defining features are summarized in Table
1. The meta-analysis results are presented by stage and type of predictor (Table 2).

9.3.1. Stage one (Appropriate data transformation and statistical adjustment
for age, sex, BMl/waist circumference/waist-to-hip ratio, and chronic medical
conditions)—A total of n = 58 articles, with 78 independent analyses, were included in
Stage One (Fig. 3a; Table 2). Seventy-five percent of the analyses (k= 78) included in the
Stage One analysis reported a positive effect size between CRP and depression (Fig. 2a).
Out of the 78 analyses, 27% reported a statistically significant relationship between
depression and CRP. As indicated in Table 2, the aggregated correlation coefficient was
small, yet highly significant (r=0.07, SE = 0.01, 95% CI = 0.04-0.09, p < .001) and
demonstrated high heterogeneity (Q (df = 77) = 976.65, p< .001, # = 93.98%). The funnel
plot was asymmetric and suggests considerable publication bias with an overrepresentation
of positive effect sizes reported (Supplemental Fig. 1a).

9.3.2. Stage two (Stage one articles and control for at least one of the
following: nicotine, alcohol, or caffeine)—Stage Two included 57 articles (Fig. 3b),
with k= 76 analyses, and the effect size was identical (r= 0.07, SE = 0.01; Table 2). Further,
the heterogeneity was comparable (Q(df = 76) = 975.29, p< .001, /= 94.19%). Out of the
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76 analyses, 25% reported a statistically significant relationship between depression and
CRP.

9.3.3. Stage three (Stage one articles and control for at least one of the
following: antidepressant, NSAID, and statin/anti-hypertensive)—Stage Three
included 43 articles with &= 53 analyses (Fig. 3c). The aggregated effect size estimate was r
=0.07, SE = 0.01 (Table 2). The heterogeneity decreased, yet remained highly significant (Q
(df = 53) = 825.07, p<.001, 7 = 94.36%). Out of the 53 analyses, 26% reported a
statistically significant relationship between depression and CRP. Additional results
comparing effect sizes between studies that controlled for antidepressant medication versus
excluding for antidepressant medication at Stage 5 can be found in Supplemental Material.

9.3.4. Stage four (Stage one articles and control for at least one of the
following: SES or education)—Notably, in Stage Four (n = 35 articles, k= 52 analyses;
Fig. 3d), the effect size reduced, yet remained significant (r=0.05, SE = 0.01, 95% = 0.02—
0.08, p<.001) as did the heterogeneity (Q (df = 51) = 795.46, p< .001, = 93.69%) (Table
2). Out of the 52 analyses, 21% reported a statistically significant relationship between
depression and CRP.

9.3.5. Stage five (Met for all of the above stages)—In Stage Five (n = 26 articles, &
= 35 analyses; Fig. 3e), the effect size remained significant at 7= 0.05, SE = 0.01, 95% CI =
0.02-0.08, p < .01. The heterogeneity reduced, but remained high (Q (df = 34) = 684.17, p
<.001, = 93.32%) (Table 2). Out of the 35 analyses, 23% of the studies reported a
statistically significant relationship between depression and CRP. Additional results
comparing effect sizes between studies that controlled for antidepressant medication versus
excluding for antidepressant medication at Stage 5 can be found in Supplemental Material.

9.3.6. Comparison of studies employing continuous versus categorical
predictors—Within the 78 separate analyses, 61.5% used depression as a categorical
predictor (k= 48). Out of the analyses using a categorical definition of depression, 26
analyses (54%) used a clinical interview to diagnose depression while the remaining 22
analyses used a scale with a cut-off score for probable depression (19 self-report, 3 clinician-
administered scale). For studies utilizing a categorical predictor of depression, the effect size
was significant and ranged from = 0.04-0.06 depending on the stage (Table 2). The effect
size was relatively consistent across the stages with the lowest effect size observed at Stage
4. The heterogeneity was highly significant across the stages, but lowest at Stage 5 (Table 2).
Within studies employing categorical predictors, the type of depression assessment (i.e.,
self-report versus clinician diagnosis) was not a significant moderator at any stage (o > .3).

In comparison, the remaining 30 analyses included statistical models with a continuous
predictor of depression. The effect size ranged from r=0.03-0.10 depending on the stage. In
Stages 1-3, the effect size was highest (Stage 1: r=0.09, SE = 0.03; Stage 2: r=0.10, SE =
0.03, Stage 3: r=0.10, SE = 0.04). The effect size dropped to r= 0.06, SE = 0.02 at Stage
Four and further dropped to = 0.03, SE = 0.01 at Stage 5. The effect size was significant at
all stages, except Stage 5. Notably, at Stage 5, there were only &= 8 analyses included.
Considerable heterogeneity was observed at all stages, except Stage 5 (Table 2).
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9.3.7. Quality score—Given the significant heterogeneity observed at Stage 5, a quality
score was entered as a continuous moderator. The quality score ranged continuously from 4
to 11 and accounted for the number of confounding variables accounted for from Stages 2—4
and additional significant methodological considerations. Fig. 4 contains a violin plot to
illustrate the distribution of effect sizes separated by quality score for Stage Five analyses.
Results of the moderation analysis indicate that part of the heterogeneity in the true effects is
related to the moderator (QM(df = 1) = 8.17, p <.01) with approximately 20% of the
variance in CRP due to the interaction between depression and the quality score (r=-0.02,
p<.01). For illustrative purposes (Fig. 4), in a post-hoc analysis, the Stage 5 analyses were
separated into “higher quality scores” (above the median, scores 9-11, k=16 analyses) and
“lower quality scores” (equal to/below the median, scores 4-8, k= 19 analyses) to examine
how low versus high quality influenced the results. In the analyses with lower quality scores,
considerable heterogeneity remained (Q(df = 18) = 446.5, p< .001, # = 95.97%) and the
aggregated effect size was small, yet significant (r=0.08, SE = 0.02, 95% ClI: 0.04-0.13, p
<.001). In comparison, in analyses with a higher quality score, the heterogeneity was
notably reduced (Q (df = 15) = 45.27, p< .001, /= 66.87%) and the effect size diminished
greatly and became non-significant (= 0.005, SE = 0.009, 95% CI: —-0.01-0.02, p=.55). To
note, the quality score was a significant or trending moderator at all stages, except Stage 4
(Stage 1: QM (df = 1) = 2.76, p=.09); Stage 2: QM(df = 1) = 3.29, p=.07; Stage 3: QM(df
=1) = 6.83, p=.01); Stage 4: QM(df =1) = 0.30; p=.58).

10. Discussion

10.1.

To date, this is the first systematic review and meta-analysis focused specifically on the
methodological processes utilized and their influence on the relationship between depression
and CRP. Results from the systematic review and meta-analysis illustrate the current state of
the field, identifying both positive strides made in the past three decades as well as
inconsistencies that may hinder the validity of replication and reproducibility efforts. First,
we will review the methodological issues (i.e., sample collection and data transformation)
identified. Second, we will discuss results pertaining to confounding variables in the
systematic review and the corresponding meta-analysis stages. Lastly, we will present
recommendations for future studies examining CRP and depression that will promote valid
replicability.

Methodological issues

10.1.1. Sample collection procedures—The lack of consistent protocols around the
collection and assaying of samples for CRP is an issue whose importance cannot be
understated. The systematic review revealed that there is significant heterogeneity in the
sample collection and assaying procedures. Specifically, most studies did not specify any
procedure, while others highlighted that patients were in the supine position or resting for 5—
45 min prior to the collection. Further, while roughly 40% of the studies reported that
participants were fasting, protocols ranged in time from 5 to 12 h fasting with other
protocols specifying “overnight” fasting, while still others allowed some food groups. Lastly,
reporting of coefficient of variation ranges, assay detection sensitivity, and reporting assay
duplicate varied highly across studies with most not providing sufficient information,
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limiting our ability to compare these protocols across studies. Greater sample collection and
assay heterogeneity inherently leads to more noise when comparing CRP findings across
studies and impedes progress in the field.

10.1.2. Data cleaning and statistical methods—Another related issue was the
variability in the handling of data and statistical transformations. The lack of transparency
around the handling of non-detectable values of CRP makes it unclear what proportion of
data are missing from the final dataset. Even in those studies that did report handling of non-
detectable values, the techniques varied. Some replaced those values with random numbers,
zeroes, or half the detection limit. Most others excluded non-detectable values listwise,
which has implications for introducing bias (if data is not missing at random) or reducing
power. Equally variable was the treatment of high-value outliers. Nearly ¥ of the studies in
the systematic review did not provide critical details on how high-value outliers were
handled. Out of the studies that did report these procedures, the most common approach was
to exclude CRP values over 10 mg/L, as this may be indicative of an acute infection
(Pearson et al., 2003). However, the exclusion of values over 10 mg/L may reduce important
variability in the sample as other factors (e.g., BMI, SES, alcohol use) can also result in
elevated CRP levels. However, only 4% of the studies in the systematic review ran their
analyses with and without outliers to examine if the relationship remained similar.
Obviously, these inconsistencies will contribute to lack of replicability.

Furthermore, most studies either transformed non-normal data or reported that data was
normal (and corresponding normality statistics) and used parametric statistics, or they left
non-normal data raw and conducted non-parametric statistics. These were also required in
order to reach Stage One of the meta-analysis. However, 17.6% of studies in the systematic
review conducted parametric tests without providing normality statistics or provided
insufficient information about the type of statistical test employed. Correct reporting and
handling of nonnormal data is another recommendation that will allow for more consistency
and therefore vertical progress in the field.

10.2. Confounding variables

10.2.1. Stage one confounders—The importance of proper assessment and control of
relevant confounding variables is paramount. A wide range of variables that affect both CRP
and depression has been identified in the literature; however, the adoption of those
guidelines is mixed. The confounding variables included as criteria in Stage One of the
meta-analysis (age, sex, BMI/waist circumference/waist-to-hip ratio, and medical
conditions) have the most support in the research (Hamer et al., 2011; Harris et al., 1999;
Khera et al., 2005, 2009; Smith et al., 2014). Encouragingly, these variables were among the
most consistent variables statistically accounted for in the systematic review. Specifically,
the majority of studies accounted for age, sex, and medical health conditions (83-87%),
while BMI, waist circumference, or waist-to-hip ratio was statistically controlled for in 65%
of the studies. However, significant inconsistencies were observed that introduce substantial
heterogeneity in the studies to date and could deter replication efforts in the future. For
example, while most studies accounted for chronic medical conditions, the number and type
of conditions controlled or excluded varied widely, from 1 condition up to 39 health

Brain Behav Immun. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horn et al.

Page 21

conditions or more. Further, 40% of the studies did not provide explicit information or
details on which conditions were accounted for in their models. For example, some studies
excluded or adjusted for “any significant medical disorders” or “disorders known to affect
inflammatory functioning.” The participants in studies exploring CRP and depression
therefore could be very inconsistent with respect to the types of medical disorders that are
excluded (and therefore included), limiting generalizability. Clear inclusion and exclusion
criteria are critical in future replication efforts.

Obesity is increasingly identified as among the most robust confounders affecting depression
and CRP (Hamer et al., 2011, 2009; O’Connor et al., 2009; Shelton et al., 2015); yet, one-
third of studies did not properly assess or control for BMI, waist circumference, or waist-to-
hip ratio. Notably, nearly half of the studies that did not account for these obesity indices
were published in 2011 or later, two years following Howren et al.’s (2009) meta-analysis
and O’Connor et al.’s (2009) recommended guidelines. Given the strength of the role of
obesity, it is a potentially significant problem that so many published studies did not include
BMI, waist circumference, or waist-to-hip ratio in their analysis.

In the current meta-analysis, even when controlling for these well-established covariates, the
association between CRP and depression remained significant. However, the aggregated
effect size of r=0.07 was quite small. Results suggest that while age, sex, obesity indices,
and medical conditions may attenuate the relationship between depression and CRP, they do
not fully account for the association. Very high rates of heterogeneity were observed at this
stage, as well as considerable publication bias, suggesting caution regarding this finding (see
Table 2; Supplemental Fig. 1a).

10.2.2. Stage two confounders—It has been recommended that researchers assess and
adjust accordingly for nicotine, alcohol, and caffeine (O’Connor et al., 2009). Nicotine use
was controlled for in 68% of the studies, comparable to the proportion of studies adjusting
for BMI, waist circumference, or waist-to-hip ratio. However, over half of the studies that
adjusted for nicotine use only accounted for current nicotine use. This is troubling given that
nicotine use in both current and former smokers has been linked to heightened CRP levels
(Bazzano et al., 2003; Hastie et al., 2008). In contrast, alcohol and caffeine use were
assessed less frequently, with over half of the studies in the systematic review not adjusting
for these substances. As both substances have been linked to depression (Grant et al., 2004;
Lucas et al., 2011) and CRP (Bell et al., 2017; Swirski and Nahrendorf, 2017), it is
discouraging that so few studies included them in their analyses.

In the meta-analysis, only one article was dropped from Stage One to Stage Two. This
suggests that in studies adjusting for age, sex, obesity, and medical conditions, substances
are also generally evaluated and controlled for accordingly. Not surprisingly, the
heterogeneity from Stage One to Stage Two reduced only minimally and the effect size
remained constant (= 0.07), suggesting that statistical adjustment for substances does not
appear to account for the association between depression and CRP or significantly reduce
the heterogenenity.
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10.2.3. Stage three confounders—Assessment and control for medication usage was
also inconsistent. Antidepressants, commonly prescribed for both depressive disorders and
other health conditions (Pratt et al., 2011; Simon et al., 2014) may modulate inflammatory
functioning (Lanquillon et al., 2000; O’Brien et al., 2006; Tuglu et al., 2003; Uher et al.,
2014). Yet, over half of the studies in the systematic review (57%) did not adjust for
antidepressant use. Interestingly, near equal number of studies excluded or controlled for
antidepressant use. Excluding individuals who use antidepressant medication may eliminate
more severely symptomatic patients and limit the generalizability of the findings. NSAIDs
and statins/antihypertensives, were each only controlled for in one-third of the studies. Both
medications are prescribed at even higher rates in individuals with depression and have been
linked to lowered CRP levels in individuals with a physical health condition (Di Napoli and
Papa, 2003; Ikonomidis et al., 1999; Joynt et al., 2004; Palmas et al., 2007; Solheim et al.,
2003).

Comparable to Howren, control for medication usage did not appear to significantly alter the
effect size (Howren et al., 2009). In the metaanalysis, Stage Three saw a significant drop of
the number of studies from n = 58 in Stage One to n = 43 in Stage Three, yet, the level of
heterogeneity was still relatively high. Only 14 studies with continuous predictors controlled
for one of the three medications, highlighting that this recommendation is rarely considered
in community-based studies or studies examining a range of depressive symptoms. It is
possible that studies that did not use a formal diagnosis of depressed versus nondepressed
may have considered the prevalence of medication use to be neglible. However,
antidepressants, NSAIDs, and statin/antihypertensive medications are frequently prescribed
for other conditions. Future research that properly assesses and accounts for medication use
in community-based samples will further elucidate the potential role of medication use on
the relationship between CRP and depression.

10.2.4. Stage four confounders—Only 20% of studies assessed and adjusted for SES
in their models, though 34% of studies adjusted for education. Given the stable association
between low SES/education and higher levels of CRP and rates of depression (Belle and
Doucet, 2003; Obinwa et al., 2016), it is alarming that so few studies controlled for SES or
education. Results from Stage Four of the meta-analysis revealed a significant drop in the
number of studies that properly adjusted for SES or education. Interestingly, the effect size
also decreased at this Stage, both across studies and within categorical and continuous
predictors (Table 2). In studies utilizing a continuous predictor, the effect size only changed
significantly at Stage Four, when it dropped from r=0.09 at Stage One to r= 0.06 at Stage
Four (Table 2). The change in effect size was less drastic in studies with a categorical
predictor (Stage One, = 0.05, Stage Four, r=0.04). While preliminary, these findings
highlight that psychosocial factors, particularly SES/education, may have a stronger
influence on the relationship between depression and CRP and merit additional attention. To
extend these findings, a future direction in the field could utilize structural equation
modeling approaches to create psychosocial profiles to combine predictors that are the
highest risk factors for depression and dysregulated immune functioning.

The current systematic review elucidates that race and ethnicity have received far too little
attention in the study of the association between CRP and depressive symptoms, which is
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particularly troublesome given that cultural variables have historically been considered
nuisance variables (Hall et al., 2016; Sue, 1999) that receive passing or even hostile attention
by researchers (Neville and Carter, 2005). Notably, 75% of the studies in the systematic
review did not report basic descriptive participant data, such as demographic and ethnicity/
race data, and for those that did, minority populations made up such a small aspect of their
sample size that there is likely not enough power in order to detect robust, race/ethnicity
specific, and generalizable results. It has been established that race and ethnicity influence
outcomes in psychological science, specifically due to their relevance for scientific
reproducibility (Collaboration, 2012; Van Bavel et al., 2016), making their omission from %
of studies all the more worrisome. One study indicated that they collected variables on race,
but then removed all African-Americans from their sample to reduce participant
heterogeneity in CRP (Halder et al., 2010), which indicates that race differences may
moderate the association between inflammation and depression. Prior research has
demonstrated that African-American race is associated with elevated CRP levels (Kelley-
Hedgepeth et al., 2008; Matthews et al., 2005; McDade et al., 2006; Morimoto et al., 2014).
Indeed, out of the 24 studies that controlled for race, 8 studies or one-third found race to be a
significant covariate influencing CRP levels.

10.2.5. Stage five meta-analysis—In Stage Five of the meta-analysis, which included
studies that had controlled for age, sex, BMI/waist circumference/waist-to-hip ratio, medical
conditions and at least one substance, medication, and psychosocial factor, the effect size
was further attenuated from r=0.06 to 7= 0.05, though it remained significant. Of note,
while the heterogeneity decreased across the stages, it remained highly significant in Stage
Five, indicating that even with proper control of these variables, other factors are still likely
influencing the association between depression and CRP. These findings suggest that even
when studies adhered to higher degree of methodological integrity, results should be
interpreted carefully as additional factors are likely at play in evaluating the association
between CRP and depression.

A quality score was entered as a continuous moderator at Stage Five, to explore if other
important factors, including the methodological issues discussed previously, may reduce
heterogeneity, thus getting closer to understanding the strength of the direct association
between CRP and depression. The quality score was conceived a priori and weighted studies
that accounted for more of the variables from Stages 2—4 and also met other recommended
guidelines (e.g., proper handling of outliers and nondetect values, assessment of acute
illness). Results indicated that the quality score was a significant moderator in that within
studies that had a quality score above the median, (> 8) the effect size diminished (r=
0.005), becoming non-significant (see Fig. 4). In comparison, the studies with quality scores
at or below the median (<8), had a significant effect size (r = 0.08) with higher rates of
heterogeneity. Fig. 4 illustrates that studies in the “high quality” group were normally
distributed, with significantly lower levels of heterogeneity (Q(df = 15) = 45.27, 2 = 67%),
and centered around 0. In comparison, the “low quality” studies were skewed, with
significant heterogenenity (Q(df = 18) = 446.5, 2 = 96%) (Fig. 4). Of note, the quality score
was significant or trending across all stages, except Stage 4. These compelling results
indicate that in studies that adhered to the highest number of recommendations in the field,
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the association between depression and CRP attenuated to near zero and was not statistically
significant. However, given the small number of analyses included in Stage Five, and the
smaller group with a quality score above 8 (1= 13 studies, k= 16 analyses), the results
should be interpreted with caution.

It is important to note that the inclusion of multiple individual confounders, even when each
contributes a low percent of variability, will cumulatively reduce the effect size, and
significance, of the CRP-depression relationship. However, at all stages, even when
adjusting for several covariates, the association between CRP and depression remained
significant, albeit small. It was only when a quality score that also accounted for data
practices and methodological rigor was incorporated into Stage 5 that the effect size
diminished to non-significance. Additionally, results from this meta-analysis further
illustrate that CRP, while a useful and readily available general marker of systemic
inflammation, may be affected by other factors and confounders that contribute to systemic
inflammatory process. For example, there are other specific immune markers that directly
act on the brain and thus affect behavior and depression (as reviewed in, Dantzer et al.,
2008). It should be noted that such markers, or studies that calculate composite scores of
several inflammatory markers, may be less sensitive to certain confounders. It will be
important for future research to examine and report on these confounders with other immune
markers or composite scores to help elucidate such associations. Thus, we may not
anticipate that CRP would robustly correlate with behavior once con-founders and other
methodological factors are accounted for. More studies need to be conducted that follow this
level of methodological rigor in order to elucidate the strength and accuracy of the
association between CRP and depression that is currently accepted in the field.

10.2.6. Effect size across stages—The effect size between depression and CRP
remained stable across Stages One-Three, attenuating further at Stages Four and Five (Table
2). However, the effect size, particularly in Stage Five, is quite small, yet, highly significant
across the stages until the quality score was introduced. These findings indicate that the
effect size between CRP and depression may be inflated in studies that do not adhere to
higher methodological standards, or even that depression may not be the most salient
predictor of inflammation over and above the other confounding factors. Results do not
suggest that any specific group of confounding variables is uniquely moderating the
relationship between CRP and depression, but rather, that the control variables, when
combined, may weaken the association.

Interesting patterns in the effect sizes across the Stages emerged between continuous and
categorical predictors. In studies utilizing categorical predictors, the effect size remained
relatively stable across the Stages, ranging from r=0.04-0.06. Of the studies that
categorized depression, 45% used a validated self-report measure with a cut-off indicative of
probable depression while 55% of studies compared groups with diagnosed depression
versus healthy controls free of any psychological disorder. Wide variability was noted in
how the control groups were defined for studies that used a cut-off score for probable
depression. Several studies dichotomized the sample with the depression group meeting the
“depression” cut-off score and any participants with scores lower than that score were
defined as “no or mild depression” (e.g., Almeida et al., 2007; Eurelings et al., 2015; Forti et
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al., 2010; Naghashpour et al., 2011; Ranjit et al., 2007), while others designated a score for
probable depression and a score for no evidence of depression (Liu et al., 2014; Prohan et
al., 2014). Other studies did not explicitly define their comparison group, labeling them as
“no depression” without providing a mean depression score or any indication of how that
group was defined (Almeida et al., 2009; Pan et al., 2008; Penninx et al., 2003; Smagula et
al., 2014). While self-report continuous measures (e.g., the BDI) often have acceptable
validity and reliability, they are not intended to be measures of a depression diagnosis.
Rather, they are helpful tools for screening for possible depressive disorders and measures of
symptom levels, particularly in large, population-based studies. It must be noted that
symptom scales do not take into account key elements required for valid diagnosis, such as
duration of illness, level of impairment, or comorbidity. However, given the limitations of
dichotomizing a continuous scale, these studies are better conceptualized as investigations of
distinct constructs that may reflect distinct psychobiological phenomena. Future research
should report results from analysis of the continuous result.

Studies that compared individuals with a depression diagnosis versus healthy controls have
typically yielded higher effect sizes (Haapakoski et al., 2015), however, this meta-analysis
did not explicitly compare effect sizes in clinical versus community samples that were
categorized. The studies with categorical predictors had lower and more consistent effect
sizes across the stages (Table 2). This lower effect size may have resulted from some of
these studies including individuals with subsyndromal symptoms of depression in their
control group, thereby increasing the within group variances in their non-depressed samples.
As for the greater consistency of effect sizes across the stages, it is not immediately obvious
why this would particularly be the case with the studies that defined depression
categorically, although it may be that those studies that used matched case-control designs
also indirectly matched their samples more closely on variables that were unmeasured and/or
not explicitly controlled, meaning that the introduction of explicit controls had less impact
than it might in correlational designs.

In the studies with continuous predictors, the effect size was larger in Stages One-Three
compared to categorical predictors (Table 2), diminishing significantly at Stages Four and
Five. In Stage Five for the continuous predictors, the heterogeneity lessened greatly and
became non-significant and the effect size attenuated to 7= 0.03 and was also no longer
significant (Table 2). However, only 8 studies qualified for Stage Five with continuous
predictors, demonstrating that very few studies using depression as a continuous predictor
are following recommended guidelines from the field. Results do indicate that the strength
of the relationship between depression and CRP may be significantly smaller, and
potentially non-significant, in these cases but given the small number of studies, this result is
preliminary. Future research is required to build upon these early findings and elucidate how
continuous measures of depression may relate to CRP, particularly in population and
community based samples.

10.2.7. Defining depression—As defined by the DSM, MDD is a highly heterogenous
disorder. Using DSM-5 criteria, there are over 200 unique symptom profiles for MDD (Fried
and Randolph, 2015). More research is now being conducted to identify subtypes of

depression, which will enhance precision in diagnosis and treatment. It is possible that there
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is an “inflammatory depression” subtype. In fact, several ongoing clinical trials of
immunomodulators for depression use indicators of low-grade inflammation (e.g., CRP) as
an inclusion criterion (e.g., clinical trial NCT02363738).

However, very little research thus far has examined how discreet depressive symptoms, or
subtypes of depression, are related to inflammation, with notable exceptions (e,g., Duivis et
al., 2013; Glaus et al., 2014; Jokela et al., 2016; Lamers et al., 2013; White et al., 2017). In
this meta-analysis, only two studies met criteria and stratified results by subtype of
depression (Glaus et al., 2014; Lamers et al., 2013). Lamers and colleagues found a higher
and significant association only between atypical depression and CRP (Lamers et al., 2013)
while Glaus and colleagues reported that “unspecified depression” (i.e., neither melancholic
nor atypical) was significantly associated with CRP, while neither atypical nor melancholic
presentations alone were significantly correlated to CRP (Glaus et al., 2014). Jokela and
colleagues compiled data from three large cross-sectional studies and found that depressive
symptoms mimicking sickness behaviors, including fatigue, reduced appetite, withdrawal,
and inhibited motivation, were most related to CRP (Jokela et al., 2016). While this study
did not adjust for several important confounders (e.g., BMI), it is an important first step to
investigating if there is an “inflammatory subtype” of depression, which may explain the
great deal of heterogeneity and inconsistency observed in the field thus far.

As bipolar disorder also includes depressive episodes, further research is also needed to
explore differences in immunological systems between unipolar and bipolar depressive
disorders. A meta-analysis of 30 studies of bipolar depression has provided preliminary
evidence for significant elevation of inflammatory cytokines in bipolar disorder
(Modabbernia et al., 2013). However, fewer studies have explicitly contrasted inflammatory
dysregulations between unipolar and bipolar depressive disorders. Bai and colleagues
documented higher levels of CRP, and other inflammatory cytokines, in bipolar disorder
compared to unipolar depression (Bai et al., 2015), highlighting that this is an important area
of research.

Results from the present study contribute to a shared consensus on methodological practices
that will promote replicability and rigor and complement these preliminary investigations to
challenge the prevailing view in the field that CRP is strongly and independently associated
with case level MDD as defined by the DSM. In addition to depression symptom profiles,
other potential moderators, such as disease course and chronicity (e.g., number of episodes),
severity of illness, and treatment outcome will be very useful in not only understanding the
pathophysiology of depression but in setting up future clinical trials. Future research should
include information about discreet depressive symptoms and make hypotheses based on
symptom profiles (such as those based on sickness behaviors as in the study by Jokela and
colleagues) and treatment outcomes.

Overall, results from the meta-analysis stages and systematic review illustrate widespread
inconsistency in the adoption of recommended guidelines for control variables (O’Connor et
al., 2009), calling into doubt the nature and strength of reported associations between
depression and CRP. The control variables have unique and complex relationships both with
depressive pathology and inflammatory systems. However, a very small proportion of
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studies considered variables from each domain discussed (demographic, substance,
medication, and psychosocial). While over 85% of studies may have included age and sex as
control covariates, far fewer considered the many other variables known to affect depression
and CRP. Only 31% of studies met the criteria for Stage One of the meta-analysis, indicating
that they utilized proper statistical methods and adjusted appropriately for age, sex, BMI/
waist circumference/waist-to-hip ratio, and chronic medical conditions. Further, only 13.5%
of studies from the systematic review met for Stage Five, highlighting that only a small
proportion of the work completed in the field so far has followed recommended guidelines.

10.3. Recommendations

Table 3 includes a summary of recommendations for the field, described in detail below.

10.3.1. Sample collection and assaying procedures—We propose three guidelines
for sample collection procedures. First, we recommend that samples are collected after a
resting period of 20-45 min with participants in a supine position. Acute psychological
distress associated with a blood draw may lead to specious results. A supine position is
recommended as the references established for CRP levels, including cut-offs for elevated
CRP (e.g., 3 mg/L), were derived from studies in which participants were in a supine
position (Erlandsen and Randers, 2000). Second, due to the effects of caffeine and
substances on circulating biomarkers and depression, it is recommended that participants
fast overnight prior to the blood draw. Third, researchers should rule out any evidence of
acute infection via objective methods such as collection of body temperature and vital signs,
which will ensure a valid collection and reduce the observation of high value outliers
(Fortmann et al., 2004).

10.3.2. Assaying procedures—We recommend that future studies use standardization
of assays by referring to reference materials (Kimberly et al., 2009, 2003); run all assays in
duplicate, ideally within an upper limit of coefficients of variation of 5% (National Heart,
Lung, and Blood Institute, 2017), but realistically no greater than 10%; report analytical,
within subject, and between subject assay variance (Fraser and Harris, 1989); and report
CRP detection sensitivity.

10.3.3. Data cleaning and statistical methods—We recommend clearly reporting in
the methods section what proportion of CRP values were non-detectable and the patterns of
missingness (missing completely at random, missing at random, or missing not at random)
and include all available data. We do not recommend deleting any outliers listwise due to
loss of power and the likelihood of introducing bias to the sample, especially if data are not
missing at random. Furthermore, the substantial time and effort given to the studies from
participants ethically requires researchers to include data if it is valid. For both non-
detectable and high out of range values, we recommend winsorization to retain the ordinal
value of the data without excluding it. Although it is common to replace any outliers via this
process, there are no guidelines for exactly what the threshold should be. This is because the
definition of an outlier depends on the sample itself and the norms of the population (Ghosh
and Vogt, 2012). Therefore, we recommend that researchers first visualize the distribution of
their CRP data using boxplots and/or histograms to see which values are clearly outliers, and
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as a very general guideline, replace any values at three standard deviations and above (and
report this threshold in the manuscript), similar to other studies of CRP (Riis et al., 2015).
We also recommend reporting the number of outliers that were win-sorized. Lastly, we
recommend transparent reporting of handling of non-normal data, including calculation of
kurtosis and skewness statistics to justify the use of parametric testing.

Further, we recommend that researchers who have collected symptoms or biological data on
a continuous scale, always present continuous results (e.g., non-categorical continuous
depression measures, CRP levels) even if a clinical cut-off for the continuous scale, for
either depression or CRP, is utilized to divide people into groups (e.g., probable depression
versus no depression). Studies that have made a clinical diagnosis of MDD should also
collect data on discreet depressive symptoms (either by interview or self-report) and present
those continuous results.

10.3.4. Confounding variables—We recommend that each of the following variables
be properly assessed and controlled for accordingly. Specifically, to avoid extraneous co-
variates that reduce power and may introduce unnecessary heterogeneity and issues of
multicollinearity, we recommend that researchers first run and report a series of zero-order
bivariate correlations, exploring the association between the control co-variates with CRP
and depression separately. Then, researchers should only control for variables that are
significantly associated with CRP or depression. This approach is preferable to matching
depressed and control on these variables, which fails to account for the potential influence of
the variable on CRP. Further, reporting associations between depression and CRP with these
confounding variables also promotes transparency in the field and helps accrue knowledge
on how these factors relate independently to depression and CRP. Lastly, to promote
standardization and reproducibility, we note that all following recommendations are best
conceptualized as “default” criteria in the absence of specific design-related considerations.

10.3.5. Descriptives and health—Age, sex, race/ethnicity, BMI/waist circumference/
waist-to-hip ratio, and medical conditions should all be assessed. Medical conditions can
also be exclusion criteria, though explicit reporting of which and how many conditions were
exclusionary is necessary. Cholesterol, triglycerides, blood pressure, and fasting glucose
levels may be substituted as control variables and can also mitigate limitations related to
self-report.

10.3.6. Substance use—Lifetime and current nicotine use should be assessed,
including the amount, type, and frequency as well as the date of abstinence for former
smokers. Smoking and other nicotine use can be assessed reliably via self-report or
measurement of serum cotinine levels (Welsh et al., 2008). Acute nicotine use can be
excluded; however, given the higher prevalence of nicotine use in MDD, this may lead to a
less representative sample. Therefore, we instead recommend that participants should be
instructed to avoid nicotine for 24 h prior to the collection and to provide detailed
information on amount, type, and frequency, including last time they smoked. Proper control
of alcohol use should include assessment and consideration of both the amount consumed
and frequency of use. Alcohol dependence should be excluded as a heavy levels of alcohol
are known to impact CRP levels. Further, to reduce variability, participants should be
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instructed to avoid alcohol for 24 h prior to their collection. For both nicotine and alcohol
use, withdrawal effects after withholding such agents should be monitored. Since valid
assessment of caffeine consumption is difficult given the nuanced influences of types of
caffeine and methods of preparation (Grosso et al., 2016; Zampelas et al., 2004), it is
recommended that studies investigating stress-related biomarkers instruct subjects to abstain
from caffeine use prior to the specimen collection, preferably via an overnight fast.

10.3.7. Medications—We recommend that antidepressant type, use, and dosage should
be carefully assessed and adjusted for accordingly, even in participants without depressive
disorders or symptoms. Given the many types and classes of antidepressant medication, it is
imperative that researchers document type, use, and dosage and examine and report if these
variables significantly influence CRP or depression, before deciding if they should be
included in the statistical model. We also recommend that researchers carefully document
the type, dosage, and frequency, and dates of use of NSAID, antihypertensive, and statin use
and control the medications in subsequent analyses if necessary. In the case of NSAID use,
which is often used “as needed,” participants should be instructed to not take any NSAID or
aspirin on the day of the collection, unless as part of a routine medication regimen.

10.3.8. Psychosocial variables—Socioeconomic status must be considered in
analyses of depression and CRP. It is preferable that a valid measure of SES is utilized (e.g.,
Hollingshead Four-Factor Index of SES), which considers marital status, educational
attainment, employment status, and occupation; (Hollingshead, 1975). However, if a single
parameter of SES is to be utilized, education is preferred as it has the most robut and
consistent correlation with cardiovascular risk factors (Winkleby et al., 1992) and validated
scales of SES (Cirino et al., 2002).

10.3.9. Additional variables—Additional variables to consider that were included in
the quality score include physical activity/exercise habits and sleep deprivation. Greater
levels of cardiorespiratory fitness have been linked to lower levels of circulating CRP in both
healthy and clinical populations (Plaisance and Grandjean, 2006). Physical activity is also a
protective factor against the development of depressive disorders (Strawbridge et al., 2002).
Sleep deprivation has been increasingly linked to elevated CRP levels (Meier-Ewert et al.,
2004) as has poor quality of sleep (Huang et al., 2017). Moreover, disruptions in sleep have
also been linked to more severe presentations of depression (Tsuno et al., 2005).

10.4. Limitations of the current study

The coding for the systematic review presented several challenges, as studies often did not
include critical information. Therefore, it is possible that certain studies did adhere to a
methodological standard that was not noted in the publication, possibly due to word limit
restrictions. However, the estimates provided in this review reflect the knowledge available.
In a push towards Open Science and transparency, it is imperative to report all steps taken in
the study protocol, data analysis, and results, even if published in Supplemental Material.
The Open Science Framework fosters reproducibility efforts and enables researchers to have
an additional space to document their protocols (Collaboration, 2012).
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A significant limitation is that we did not examine the differential impacts of excluding
versus controlling for certain confounders, such as chronic illness or medication use. Results
may also vary by class of antidepressant. Given the high levels of heterogeneity across the
field in the treatment of these variables, the present paper is an important step into gathering
ongoing evidence for the role of these confounders and for developing a shared set of
guidelines that help orient the field and set the stage for future progress. For example, an
important area of research will be to delineate how different classes of medication impact
inflammatory functioning in the context of depression. Additionally, investigating how
excluding medications compares to statistically controlling for them will provide useful
information on how to best accommodate such variables in the design and analysis of studies
examining inflammation and depression. However, such goals can only be achieved by
adhering to a shared set of guidelines that initially include the collection, assessment, and
proper reporting of the role of such variables. Additional research may shed light on
important distinctions that will enable the field to re-evaluate, and if necessary, update these
guidelines.

While all studies included in the meta-analysis (Stages 1-5) did account for sex, we were
unable to specifically examine sex differences in the association between CRP and
depression. At Stage 5, only three studies stratified results by sex. In addition to presenting
results from the overall model, future studies should consider presenting results stratified by
sex to advance knowledge of sex differences in the field.

Another notable limitation is that certain control variables that may influence depression and
CRP were not included in the meta-analysis. Most notable amongst these is race/ethnicity,
but physical activity and sleep deprivation are also potentially important confounders. The
reporting of descriptive data on race and ethnicity was limited and often hard to extract (e.g.,
only reporting the country of the study). While research has also identified physical activity
and sleep deprivation as potential control variables to consider (O’Connor et al., 2009), the
knowledge base is more limited and far fewer studies accounted for these variables.
Therefore, they were entered in the quality score and we recommend that researchers assess
them in future studies.

Finally, in the meta-analysis, even at the highest Stage, there was marked heterogeneity
across studies. Random-effects models were utilized to mitigate this concern. Further, at
Stage Five with the quality score moderator, the heterogeneity was significantly diminished.
We cannot deduce the individual role of any single confounding variable. Prior efforts have
already reported on the singular role of age, sex, and BMI. The purpose of the current study
was to see how the classes of confounding variables together affected the heterogenenity and
effect size.

10.5. Conclusions

In recent years, there has been a push for Open Science, a framework that aims to promote
transparency and foster reproducibility efforts (Collaboration, 2012). Ideally, scientific
findings can be reproduced independently, but this will rely on clear, transparent descriptions
of the original methods. The last three decades have witnessed a surge of research exploring
depression and CRP. However, there is marked variability in the methods utilized across the
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field, limiting reproducibility efforts and calling into question the heretofore accepted
findings in the literature. While there may be an independent association between depression
and CRP, the validity and robustness of that relationship is still undetermined, given that it
was altered or became non-significant depending when confounding variables and quality
measures were controlled.

While prior meta-analyses have included quality scores or explored moderators, this study is
the first focused meta-analysis that specifically excluded studies that did not meet a certain
threshold for methodological rigor. Despite the increasing methodological standards with
each Stage, significant heterogeneity between studies persisted. Results from the moderation
analysis at Stage Five are particularly compelling, demonstrating that when studies met the
highest bar of methodological quality as suggested by the field, the aggregated effect size
was attenuated to become non-significant, the heterogeneity diminished significantly, and
the studies’ reported outcomes were normally distributed. Notably, only 6.7% from the
systematic review, or 13 studies (with 16 analyses), met this standard. In order to make
progress in the field, and accurately delinate the relationship between CRP and depression,
more studies must adhere to these recommendations (Table 3). Future research should be
dedicated to following the guidelines as closely as possible to reduce heterogeneity in
methods and outcomes and pave the way for valid replication efforts.

It is an exciting time for the field as advanced research methods continue to explore and
elucidate the neurobiological underpinnings of depression. Innovative designs have paved
the way for exciting developments, such as the investigation of new treatments for MDD
targeting inflammatory functioning (Kohler et al., 2014; Na et al., 2014), utilizing CRP as
diagnostic biomarkers for MDD and treatment response to antidepressants and
psychotherapy (Harley et al., 2010; Jha et al., 2017; Uher et al., 2014), and employing
dimensional approaches to elucidate if CRP is distinctly related to specific depressive
symptoms (Jokela et al., 2016; Lamers et al., 2017; White et al., 2017). As we further
explore the complex association between depression and CRP, and apply these findings in
novel directions that will optimize treatment options for afflicted individuals, we must agree
on a common set of guidelines to follow that will set the stage for successful reproducibility
efforts (Table 3). Moreover, most of these clinical applications of the putative link between
CRP (or inflammatory processes more generally) and depression rely on the association
between these variables being causal and mechanistic, not epiphenomenal (i.e., based on a
third variable). In order to ensure that these translational activities are likely to really
improve the health and wellbeing of those affected by depressive conditions, our basic
research on the links between inflammatory and depressive phenomena must now meet the
most stringent standards — ones where our research designs put our hypotheses at increasing
risk of disconfirmation. Only when we find effects that shine through in such rigorous tests,
will we truly start to unravel the puzzle of depression in a way that can reduce the heavy
burden of suffering associated with these conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Studies in Stage One Meta-Analysis. Sample size included to the left of the effect size.
Fisher’s z transformed correlation coefficient and 95% Confidence Interval.
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Forest Plot of Stage Two Meta—-Analysis
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Studies in Stage Two Meta-Analysis. Sample size included to the left of the effect size.
Fisher’s z transformed correlation coefficient and 95% Confidence Interval.
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Studies in Stage Three Meta-Analysis. Sample size included to the left of the effect size.

Fisher’s z transformed correlation coefficient and 95% Confidence Interval.
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Studies in Stage Four Meta-Analysis. Sample size included to the left of the effect size.
Fisher’s z transformed correlation coefficient and 95% Confidence Interval.
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Studies in Stage Five Meta-Analysis. Sample size included to the left of the effect size.

Fisher’s z transformed correlation coefficient and 95% Confidence Interval. * =high-quality
study for moderator analysis.
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Table 3

Summary recommendations for future replication efforts.

Sample Collection Procedures
Sample collected after resting period of 20-45 min with participant in supine position
Sample collected following overnight fast

*
Rule out acute infection via collection of body temperature and vital signs

Assaying Procedures
Run all assays in duplicate with coefficients of variation under 10%
Report inter- and intra-assay coefficients
Report assay detection and sensitivity limits

Data Cleaning and Statistical Method's

Report proportion of non-detectable values and patterns of missingness, and number of high out-of-range CRP values, and include all
available data (no listwise deletion)

Visualize CRP values to determine outliers

Winsorization for non-detectable and high out-of-range values (three standard deviations)

Correct and transparent reporting of handling of non-normal data, including reporting of kurtosis and skewness statistics

Report results from continuous analyses

Control variables to assess and statistically adjust (as necessary)
Demographic Variables
Age
Sex
Race/ethnicity
Health Variables
Body mass index, waist circumference, or waist-to-hip ratio

*
Chronic medical conditions or health markers (e.g., cholesterol, triglycerides)
Substance Variables

*
Nicotine use (current and former)
*
Alcohol use (frequency and amount)
*

Caffeine use
Medication Variables
Antidepressant use (frequency, type & dose)
*

NSAID use (frequency and dose)
Statin/anti-hypertensive use (frequency and dose)
Psychosocial Variables
SES and/or education
Additional variables to consider (included in quality score)
Physical activity/exercise
Sleep deprivation

*
Indicates that it is appropriate for the study to exclude based on this variable or to exclude based on acute use.
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