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Abstract
Sickness behavior, a coordinated set of behavioral changes during infection and elicited
by the pro-inflammatory cytokines tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and
interleukin-1β (IL-1β), is well studied in non-human animals. Over the last two decades, several
papers have expanded this research to include humans. However, these studies use a variety of
research designs, and typically focus on a single cytokine and only a few of the many behavioral
changes constituting sickness behavior. Therefore, our understanding of human sickness
behavior remains equivocal. To generate a more holistic, integrative picture of this phenomenon,
a meta-analysis of the human sickness behavior literature was conducted. Full model results
show that both IL-6 and IL-1β have significant relationships with sickness behavior, and the
strength of these relationships is affected by a number of study parameters, such as type of
immune stimulus and inclusion of controls. In addition to research design heterogeneity, other
issues to address in future studies include an unequal focus on different cytokines and different
sickness behaviors.
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1. Introduction
Sickness behavior, a collection of behavioral changes occurring early in infection, has
been well described and thoroughly researched, both experimentally and observationally, in a
variety of animal species (e.g., Aubert et al., 1997; Avitsur and Yirmiya, 1999; Hetem et al.,
2007; Willette et al., 2007; Ashley et al., 2009), including humans. Sickness behavior is elicited
by the actions of the pro-inflammatory cytokines tumor necrosis factor-α (TNF-α) and
interleukins 1β and 6 (IL-1β and IL-6) which are released as part of the acute phase response
(APR; Baumann and Gauldie, 1994). Sickness behavior is comprised of lethargy, decreased
appetite, reduced social behaviors and mobility, decreased libido, cognitive disturbances (e.g.,
changes in memory and reaction times), weight loss, hyperalgesia, and depressed affect1 (Miller
et al., 2005).
Whether subjects are humans or non-human animals, sickness behavior research utilizes a
variety of methods. For methodological reasons, studies of natural infection are rare, and most
researchers prefer the use of immunostimulants, namely endotoxin or poly i:c, in order to trace
the development of inflammation and sickness behavior from a known point of origin. Endotoxin
has also used in human sickness behavior research, as have common vaccines (e.g., VollmerConna et al., 2004; Janicki-Deverts et al., 2007; Eisenberger et al., 2010). Experimental
inoculation with live virus is another, extremely rare, means of elicting sickness behavior
(Janicki-Deverts et al., 2007). Studies of one or only a few sickness behavior symptoms, rather
than the entire suite of behaviors, are the norm. Finally, a number of different psychometric

1

We use the term “depressed affect” here as opposed to “depression” to distinguish the
transient state of low mood induced by sickness/inflammation from pathological
“depression,” which could be due to a number of different causes (Halbreich, 2006).
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and/or objective measurements have been used to determine the presence and severity of
sickness behavior in humans.
As a consequence of varying methodologies and a relative dearth of research, we have an
incomplete picture of human sickness behavior. We therefore conducted a meta-analysis in an
attempt to generate a integrative picture of this phenomenon. Research questions included
determining which of the three dominant research designs (natural infection, use of LPS, or use
of vaccines) shows the strongest and most consistent association with sickness behavior, whether
differences in study design affected results, whether any of the three pro-inflammatory cytokines
discussed above (TNF-α, IL-6, and IL-1β) showed stronger associations with sickness behavior
relative to the others, and if any particular cytokine is more strongly associated with individual
“symptoms” of sickness behavior (e.g., lethargy, reduced social behaviors, etc.). Because cells
encounter a variety of cytokines during an immune response, rather than just one (Vilček 2003),
it is feasible that sickness behavior, as a whole, is driven by multiple cytokines. We also
examined the role(s) of participant sex, age, and ethnicity on sickness behavior, three variables
that affect immune responses (Baik et al., 2000; Carroll et al., 2010) or cytokine levels (Shattuck
and Muehlenbein, 2015, Tables 2 and 3 therein) and therefore could plausibly shape sickness
behavior (McLinden et al., 2012). Finally, we examined the literature for statistical evidence of
publication bias (i.e., unpublished results with null results).

2. Methods
Articles included in the analysis were found by searching PubMed, Web of Science, and
Medline. Because there are few articles specifically examining sickness behavior in humans, we
broadened our search criteria to include studies that examined at least one sickness behavior
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“symptom.” Keywords and search terms used were: human sickness behavior; experimental
human endotoxemia and behavior; IL-6 and human behavior; IL-6 and human mood; TNF-α and
human behavior; TNF-α and human mood; IL-1β and human behavior; IL-1β and human mood.
The bibliographies of the studies were searched for any relevant studies not found in the database
search. Non-English language studies were excluded, as were review papers. To avoid any
implicit and unanticipated bias, only those studies examining the effects of cytokines on mood
and behavior, rather than the effects of mood or behavior on cytokine levels, were included. To
achieve this, the hypotheses and methods of each study were examined when directionality was
not immediately apparent based on the title. Studies explicitly hypothesizing that mood states or
behavior would affect cytokine levels were excluded, while those hypothesizing the reverse were
included. If the direction of the effect was still uncertain, the methods were consulted to
determine whether the researchers tested the effects of some condition (e.g., infectious or chronic
disease) on cytokine levels. Of the 215 studies found in the bibliographies (N = 59) and
databases (N = 156), 92 were selected for inclusion in the analysis based on the above criteria.
Within those papers, a further subset of 51 papers reported Pearson’s or Spearman’s correlations.
Because these correlational measures comprised the majority of statistical tests used, and to
maintain consistency in the meta-analysis, we excluded any papers using different statistical
measures. Spearman’s and Pearson’s correlations were transformed into Fisher’s z scores for
analysis. Finally, many individual papers included multiple relevant analyses (e.g., correlation
between IL-6 and depressed affect as well as IL-6 and fatigue). Therefore, our dataset represents
174 analyses from 51 publications (Figure 1; all citations can be found in the Supplementary
Materials). Three independent researchers extracted the data from the publications.
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Approximately 5% of papers yielded questions of inclusion, and these were resolved through
discussion amongst the researchers.
Insert Figure 1 about here
Random-effects meta-analyses were conducted in R (http://www.R-project.org), using
the metafor package (Veichtbauer, 2010). Random-effects models differ from fixed-effects
models in that they do not assume that true effect sizes remain constant among studies. Thus,
these models are more conservative and preferred in instances where high inter-study
heterogeneity is expected (Borenstein et al., 2009), as was the case with the present study.
Subgroup analyses were conducted for all categorical variables, and meta-regressions were
conducted for continuous variables (i.e., age, percent male, and percent ethnic minority).
Categorical variables were: treatment used to generate a cytokine response, sickness behavior
outcome measured (e.g., depressed affect, fatigue, cognitive disturbance, etc.), and type of
controls included in the study. The treatment variable categories were LPS/endotoxin,
vaccination, no treatment, and a separate category that included all other “treatments” or
conditions (e.g., cancer, heart failure, kidney disease, etc.). Categories for the type of controls
used in the study were placebo controls and matched controls receiving no treatment.
Inter-study heterogeneity was assessed with the I2 statistic. This statistic, based on the Q
statistic, expresses the ratio of true heterogeneity to total variation in observed effects
(Borenstein et al., 2009). A very low I2 indicates that all or most of the observed variance in
effect sizes is illusory, while a large I2 suggests that there may be underlying reasons for the
variance (Borenstein et al., 2009).
Finally, to address possible publication bias, funnel plots were used in conjunction with
Rosenthal’s fail-safe N calculation and the trim and fill method (Duval and Tweedie 2000).
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Rosenthal’s fail-safe N is a computation of the number of studies, with an assumed effect size of
zero, required to make the p-value non-significant (Borenstein et al., 2009). A small fail-safe N
value might be indicative of a true effect size of zero, while a large value lends confidence to the
effect size estimate (Borenstein et al., 2009). The trim and fill process imputes the number of
missing studies needed to produce a symmetrical funnel plot. These missing studies are then
included in the calculation of effect size, giving a theoretically unbiased estimate of effect size.

3. Results
The full model, including all three cytokines in the analysis, gave an effect size of 0.131
(p < 0.0001) and an I2 of 83.83% (Table 1, Supplementary Figure S1). Studies using
LPS/endotoxin and natural infection as stimuli showed greatly increased effect sizes (0.263 and
0.401, respectively). Depressed affect and fatigue were the outcomes most strongly associated
with this model (d = 0.160, p <0.0001 and d = 0.177, p <0.001, respectively). The use of both
placebo controls and non-treatment controls in studies increases the strength of cytokine-sickness
behavior associations (d = 0.351, p = 0.003 and d = 0.201, p = <0.0001, respectively). Finally,
age approaches significance (p = 0.052) as a moderating variable in these studies (Table 2).
Insert Tables 1 and 2 about here
3.1 IL-6 Subgroup Analysis
The majority of observations found a positive association between IL-6 and sickness
behavior (Figure S2). Table 3 shows the results of all subgroup analyses for studies measuring
IL-6, while Table 4 shows the results of the meta-regressions. Interleukin-6 is a statistically
significant (p < 0.0001) biomarker in human sickness behavior studies, with a relatively small
(sensu Cohen, 1988) effect size of 0.1634. There is a high degree of heterogeneity (I2 = 85.87%)
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due to differences in study design or other parameters. A combination of all other treatments
increases the effect size somewhat (d = 0.1978, p < 0.0001), while the use of natural infection to
examine relationships between IL-6 and sickness behavior yields a greatly increased effect size
(d = 0.4198, p < 0.0001). However, this last result should be interpreted with some caution, as
the thirteen observations come solely from three studies.
Insert Tables 3 and 4 about here
In terms of individual aspects of sickness behavior, IL-6 shows significant relationships
with depressed affect (d = 0.1492, p = 0.0003) and fatigue (d = 0.2585, p = 0.001), though a lack
of relationship with other aspects of sickness behavior could be due to small sample sizes.
Studies that include matched, non-treatment controls find a larger effect size than those that do
not include controls (d = 0.2352 vs. 0.1366, respectively). Age, proportion of male participants,
and proportion of non-Caucasian participants have no effects (Table 4).
3.2 TNF-α Subgroup Analysis
TNF-α is not a significant sickness behavior biomarker (d = 0.0827, p = 0.0949; Table 5
and Figure S3). Those studies that use LPS to elicit sickness behavior show a moderate,
statistically significant relationship (d = 0.4895, p = 0.0075), though there is relatively high
variability due to study parameters (I2 = 75.70%) and a small sample size. TNF-α is significantly
associated with depressed affect (d = 0.1896, p = 0.0015), and studies using placebo controls find
a much stronger and significant relationship with sickness behavior (d = 0.6371, p < 0.0001).
Considering that only studies using LPS/endotoxin found significant associations, it is no
surprise that placebo-controlled studies share similar results, as only studies using vaccines or
LPS/endotoxin would use these controls. The inclusion of more males in the study strengthens
the relationship between TNF-α and sickness behavior (Table 6; d = 0.5471, p = 0.027).
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Insert Table 5 and 6 about here
3.3 IL-1β Subgroup Analysis
Like IL-6, IL-1β is a significant biomarker in studying human sickness behavior, with a
similar effect size (Table 7 and Figure S4; d = 0.1085 p = 0.0064). There is less study design
heterogeneity (I2 = 61.34%) than with IL-6 and TNF-α studies, although this could be explained
by the small number of studies (N = 11) included in the analysis. LPS/endotoxin shows a
significant relationship with sickness behavior (d = 0.219, p = 0.012); however, these results are
based on a single study. Sickness behavior due to natural infection shows a small to moderate
statistically significant relationship to IL-1β (d = 0.3656, p < 0.0001). As in the case of IL-6, IL1β is significantly related to depressed affect (d = 0.1548, p = 0.0052) and fatigue (d = 0.1789, p
= 0.04), though with a smaller effect size in the latter case. Inclusion of matched controls
increases the strength of the relationship between IL-1β and sickness behavior slightly (d =
0.1571, p = 0.038), but it should be noted that there are very few observations (N = 5). Neither
participant age, proportion of males, or proportion of non-Caucasian participants significantly
affects the outcome (Table 8).
Insert Tables 7 and 8 here
3.4 Publication Bias
Supplementary Figures S5, S6, S7, and S8 show the funnel plots for the combined
analysis, IL-6, TNF-α, and IL-1β studies, respectively. The distribution of observed correlation
coefficients in these plots appear to be relatively symmetrical and spread widely around the mean
effect size, though there are no studies in the lower right of Figure S1. There are fewer studies at
the top of the TNF-α plot, indicating that there are few studies of sickness behavior and TNF-α
with large sample sizes. Finally, the distribution of the IL-1β plot suggests that there are no
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studies with large, and few studies with small, sample sizes. Table 9 shows the results of
Rosenthal’s fail-safe N and the trim-and-fill calculations for the combined analysis and each
individual cytokine. Given these plots and the large fail-safe Ns, we find no evidence of
publication bias in each instance. However, the trim-and-fill results for the combined analysis,
TNF-α, and IL-1β indicate several missing studies and give very different p values and effect
sizes. Imputing the 21 missing studies for the combined analysis drives the effect size down
considerably, although the association remains statistically significant. Missing studies focusing
on TNF-α and IL-1β may be partially responsible for this. For TNF-α, the estimated effect size
with missing studies included is approximately half of the original effect size, and is wildly
statistically insignificant. IL-1β shows a similarly diminished effect size and significance when
multiple imputed studies are included. These findings raise the strong possibility that the results
for the combined analysis, TNF-α, and IL-1β found here suffer from some degree of publication
bias or are otherwise inaccurate.
Insert Table 9 about here
4. Discussion
4.1 Combined Model
Based on the studies included in this meta-analysis, human sickness behavior shows a
small association with the three cytokines measured. The high inter-study heterogeneity measure
indicates that any differences in effect sizes are likely due to differences in study designs and
parameters. This is to be expected, considering that many possible moderators of sickness
behavior (e.g., personality factors, hormone status, age, etc.) have not been explicitly explored.
Of the various treatments commonly used in the literature, only vaccination is not
significantly associated with sickness behavior. This should be interpreted with caution,
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however, given the dearth of vaccine based observations/studies in our database. Interestingly,
only depressed affect and fatigue were significant in this model. The use of both placebo controls
and non-treatment controls in studies increases the strength of cytokine-sickness behavior
associations (d = 0.351, p = 0.003 and d = 0.201, p = <0.0001, respectively). Finally, age
approaches significance (p = 0.052) as a moderating variable in these studies (Table 2).
4.2 Individual Cytokines
Of the three cytokines most closely associated with sickness behavior in the wider
literature, IL-6 shows the largest effect size in our meta-analysis, particularly in reports that
measure sickness behavior during natural infection (d = 0.4198, versus d = 0.1569 for all IL-6
studies). Interleukin-1β shows a similar pattern, and is statistically significant in general, with a
stronger effect size in studies using natural infection. It is interesting that TNF-α, a potent
inducer of IL-6 (Fong et al., 1989; Ghezzi et al., 2000; Sundgren-Andersson et al., 1998;
Zetterstrom et al., 1998), is not significantly related to sickness behavior, outside of a small
number of studies (N = 7) that use LPS as an immunological stimulus. This could indicate that
TNF-α is not in fact associated with sickness behavior, and that studies measuring this cytokine
are instead measuring some effects of IL-6. Alternatively, there may be a higher threshold effect
for TNF-α than IL-6 in sickness behavior. Future research should clarify this, as well as other
shortcomings regarding TNF-α and sickness behavior, discussed below.
4.3 Immunological Stimuli
Both natural infection and LPS show significant associations with sickness behavior, both
in the full model and in terms of individual cytokines. Natural infection and IL-6 are strongly
associated (d = 0.4198, p < 0.0001) with sickness behavior, as is natural infection and IL-1β (d =
0.3656, p < 0.0001). However, as suggested by low inter-study heterogeneity, the bulk of these
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observations are from a single paper (Vollmer-Conna et al., 2004). In our dataset, there were no
studies measuring TNF-α and sickness behavior during natural infection. Future studies
examining the effects of natural infection on any aspect of sickness behavior should include
TNF-α in their analyses to permit direct comparisons with the two interleukins. That there are so
few papers is perhaps indicative of difficulties associated with this study design, perhaps
including the recruitment of sick participants and their compliance with the study protocol.
Furthermore, it is worth noting that a natural infection paradigm does not lend itself to a
measurement of the strength of the immune stimulus. This is particularly relevant if cytokine
effects are dose-dependent.
Endotoxin and sickness behavior are associated with TNF-α (d = 0.4895, p = 0.0075) and
IL-1β (d = 0.219, p = 0.0377), but not with IL-6. However, these observations again derived
from a small number of papers (seven observations from three papers, and five observations
from one paper, respectively). In their review of endotoxin experiments in humans, Bahador and
Cross (2007) note that humans are highly sensitive to LPS as compared with other animals, and
the subsequent use of smaller doses (e.g., 250 times less than in rodents) could explain
discrepancies between findings in humans and other animals. There are also findings that suggest
that some physiological outcomes (e.g., core temperature) of LPS administration are mediated by
sex, being more robust in males, though there are no differences in cytokine levels between the
sexes (Coyle et al., 2006; but see van Eijk et al., 2007). Age may also modulate differential
inflammatory responses to LPS (Bahador and Cross, 2007), with downstream effects on sickness
behavior. While our present data is not sufficient to parse out exact differences between the sexes
or age groups, a future review of original data sets along these lines would likely be highly
illuminating. A final caveat of using LPS comes from Pollmächer et al. (1996). These authors
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found greater physiological responses to LPS in the evening when compared to morning
administration, though there were again no differences in pro-inflammatory cytokine levels.
They conclude that sensitivity to these cytokines shows diurnal variation, and future studies
should take this into account.
Vaccination is not significantly associated with sickness behavior, but only five
observations from four papers in our dataset examined this relationship, and then only with
regard to IL-6. There are no studies of sickness behavior and vaccination focused on TNF-α or
IL-1β in our dataset. Although our analysis indicates that IL-6 is the cytokine most strongly
associated with sickness behavior, it may be useful to include these cytokines in vaccine studies
of this kind.
Finally, we combined all other treatments (e.g., cancer, stroke, kidney and lung disease,
etc.) into a single category. Interestingly, this category is only statistically significant for the full
model (d = 0.145, p < 0.0001) and IL-6 (d = 0.1978, p < 0.0001). Considering that many of these
conditions are more chronic than the other immunological stimuli, it may be the case that IL-6
levels are higher than IL-1β or TNF-α during the course of these illnesses. It could also be
possible that the observed relationship is reflective of the effects of stress and depression on IL6, though we purposefully avoided including studies with this directionality.
4.4 Outcomes
Depressed affect is by far the most studied component of sickness behavior in our
analysis, with 75 observations. Other outcomes, such as cognitive disturbance and fatigue, are
represented less. Hyperalgesia and decreased libido are entirely absent from our analysis.
Clearly, more research is needed on other aspects of sickness behavior apart from depressed
affect.
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Interestingly, cytokine associations, both combined and individually, with various
outcomes are not necessarily homogenous. This suggests that these three cytokines are not
completely interchangeable drivers of sickness behavior. Depressed affect shows significant
associations with immune activation across all three cytokines, and shows a larger effect size
with TNF-α (d = 0.1896) than either IL-6 (d = 0.1443) or IL-1β (d = 0.1548). Fatigue is nearly as
consistent, but is not significantly associated with TNF-α. However, these data are derived from
only three publications; significance might be achieved with further studies. Sleep disturbances
show negative, albeit non-significant, associations with IL-1β and TNF-α, and a positive
association with IL-6. Cognitive disturbance shows a similar pattern of both positive and
negative associations, depending on the cytokine in question. Further experimental research will
hopefully clarify these relationships. It should also be noted that relatively small differences in
effect sizes, as with depressed affect, may not be biologically relevant. For now, however, these
data suggest that some aspects of sickness behavior may be driven by different cytokines.
The three cytokines examined here have been shown to have differential effects on a
number of neurochemicals (Dunn, 2006). For instance, IL-1β administration increased
norepinephrine (NE) activity in rodents, particularly in the paraventricular nucleus of the
hypothalamus; serotonin and tryptophan concentrations also increased (ibid.). On the other hand,
IL-6 does not appear to affect NE levels at all, and while IL-1β increased tryptophan and
serotonin across the entire brain, higher levels of serotonin were found in the hippocampus,
prefrontal cortex, and brain stem (though other studies have found increased hypothalamic
activity as well) (ibid.). Contrary to the interleukins, TNF-α seems to inhibit NE release in a
number of brain regions and only increases tryptophan at high doses (ibid.).
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Whether cytokine specific effects on different neurochemicals or brain regions are
responsible for eliciting different symptoms of sickness behavior is an interesting question and
has only been touched upon in the literature (e.g., Harrison et al., 2009). A number of
neurotransmitter antagonists failed to reduce levels of hypophagia, though treatment with COX
inhibitors and adrenoreceptor blockers does diminish reductions in food intake and lethargy
caused by LPS (Harden et al., 2011) and cytokine injections, suggesting different neural
pathways underlying these responses (Dunn, 2006). The effects of COX inhibitors on sickness
behavior appear to be dose-dependent, as higher doses that those required to abolish fever are
necessary to stop anorexia and lethargy, which suggests variable sensitivities or responsiveness
in the relevant brain regions (Harden et al., 2011). Furthermore, Harden and colleagues (2011)
found that large (~80%) reductions of IL-6 through the use of antiserum did not completely
abolish anorexia and lethargy, raising the possibility that other cytokines are equally responsible,
if not more so, for these sickness behavior symptoms. If the latter proves to be true, then IL-6
may not be as central to these symptoms as previously thought, lending support to a hypothesis
of differential cytokine effects on behavior. However, redundancy and pleiotropy are
characteristic of the immunological effects of cytokines, and the same may be true of behavioral
effects, in which case our findings of variable associations with particular symptoms may be an
artifact of study design choices. For instance, LPS is known to have dose-dependent effects on
sleep, mood, and cognition (Schedlowski et al., 2014), and not every immunostimulatory agent
will elicit the same symptoms (DellaGioia and Hannestad, 2010).
4.5 Controls
Studies that include controls (both placebo and healthy, untreated controls) generally find
stronger effect sizes for all three cytokines when compared to all studies. Two exceptions are IL-
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6 studies using placebo controls and TNF-α studies using non-treatment controls. In the first
instance, studies using vaccination and LPS are non-significant. As these are the only study
designs for which placebo controls are possible, it is not entirely surprising that studies using
these controls are non-significant. Similarly, for TNF-α, study designs that could have used
untreated controls are non-significant. In future work on sickness behavior in humans, study
designs utilizing healthy or placebo controls should be preferred.
4.6 General Conclusions
In short, our meta-analysis’ full model finds that sickness behavior is characterized by
relatively small effect sizes across all three cytokines. This strength of association is improved to
varying degrees in studies that focus on a particular immunological stimulus or behavioral
control, or that include controls in their experimental design (Table 1). With the exception of
subgroup analyses that used observations from only a few studies, we also find high inter-study
heterogeneity, which is likely due to the wide variety of study designs and behavioral
instruments used. The selected studies also show that not every aspect of sickness behavior
(depressed affect, lethargy, reduced social behavior, etc.) has been given equal attention, and the
same is true for each cytokine. Although all three have been strongly linked with sickness
behavior in the wider literature, our database includes nearly as many IL-6 observations as TNFα and IL-1β combined.
Furthermore, work remains to successfully operationalize sickness behavior in humans.
For instance, is fatigue functionally different from lethargy, and if so, how? In humans, we might
wonder if there is a cognitive effect making one feel tired, slow to move, etc. distinct from a
physical, quantifiable effect. Blume and co-authors (2011) have recently highlighted the
necessity of distinguishing between multiple “phenotypes” of depression (e.g., immune
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activation or suppression associated depression, depression associated with imbalances in
neurotransmitters, etc.) in order to better understand its biological correlates. Perhaps sickness
behavior research has been unknowingly hampered by similar phenomenological complexities.
A consensus on appropriate methods (a subjective sickness behavior specific instrument has
recently been developed; Andreasson et al., 2013) should make this research far more uniform
and help to generate an operationalized definition of sickness behavior in humans.
4.7 Limitations
For the sake of consistency, only papers reporting correlations were utilized. Including
the additional 41 papers from the literature search could result in different findings at the cost of
statistical precision. Additional inclusion of unpublished work could similarly affect the results
(particularly since there is some evidence of publication bias). Broadening our search and
inclusion criteria would also increase the size of our database. The search terms and inclusion
criteria used here were chosen to capture the majority of the human sickness behavior literature,
including the most commonly used methodologies. Other study designs, including the use of
interferon-α (IFN-α) as an immunological stimulus, may yield different results. Additionally, our
analysis does not account for any possible effects of anti-inflammatory cytokines on sickness
behavior, although there is some evidence that these cytokines can potentiate the effects of an
immunological stimulus (Bluthé et al., 2001).
We have also chosen to focus our analysis on a holistic understanding of human sickness
behavior, rather than on any technological differences, such as cytokine assay type or associated
lab equipment that may have influenced results (e.g., our non-significant findings regarding
TNF-α). Certainly, some studies have found that results from a multiplex cytokine assay do not
correlate with ELISA results (Liu et al., 2005; Breen et al., 2011). However, reviews of
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differences in assay performance across multiple laboratories have found that results vary due to
a number of additional factors, including reagent supplier, lot number, instrumentation, and
laboratory proficiency (Fahey et al., 2000; Breen et al., 2011). The results of such a study,
however, may help to explain the high levels of inter-study heterogeneity that we have found
here. Thus, while an exhaustive review or meta-analysis of existing assays and technologies
could help interested researchers select the most ostensibly reliable assay, the differences
between labs and assays listed above are likely to still exist.
Finally, all meta-analyses are restricted by the quantity and quality of research previously
conducted. As such, our findings may not be generalizable outside of the populations analyzed
by these studies. For the present study, a number of diverse chronic illnesses were pooled into a
single category, which may mask any disease-specific associations present. These chronic
illnesses are likely marked by high degrees of stress as patients cope with long-term pain,
lifestyle changes, and so on. Given known associations between stress and pro-inflammatory
cytokines (e.g., Kiecolt-Glaser et al., 2003), the true relationship between sickness behavior and
chronic conditions can become obscured. More sickness behavior-specific research in chronic
illness would help to clarify this.
The findings presented here are a useful launching pad for researchers interested in
exploring human sickness behavior. Research designs specifically aimed at providing a more
nuanced understanding of the phenomenon are encouraged. Genetic variation in cytokine
promoter region polymorphisms (see Shattuck and Muehlenbein, 2015 for a review), interactions
between multiple cytokines, and the effects of cytokines besides the “classical” three examined
here (e.g., the regulatory effects of IL-4 or the potentiating effects of IL-13; Bluthé et al., 2001
and 2002) are all broad research questions that would contribute significantly to our currently
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limited understanding. Given that personal histories, psychological factors, and physiology can
affect immune and inflammatory responses (e.g., Cohen et al., 1997; Baik et al., 2000; Graham et
al., 2006; Cohen et al., 2010), a within-subjects study design examining behavior and mood
before and after an immune stimulus is suggested. Although not significantly associated with
sickness behavior in the present analysis, vaccines may represent an ideal stimulus for this
research, as participants would be able to continue their normal routines after inoculation.
However, sickness behavior is also responsive to physical and social circumstances (Shattuck
and Muehlenbein, 2015), so paradoxically, a “natural” environment may not be ideal for this
research. This highlights the many difficulties and complexities of human behavioral and
immunological research.
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Table 1: Results of combined cytokine analysis
Table 2: Results of combined cytokine meta-regressions
Table 3: Results of IL-6 sub-analysis
Table 4: Results of IL-6 meta-regressions
Table 5: Results of TNF-α sub-analysis
Table 6: Results of TNF-α meta-regressions
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Table 8: Results of IL-1β meta-regressions
Table 9: Results of asymmetry tests, including missing studies, new effect sizes, and new p
values imputed via trim-and-fill
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Figure Legend
Figure 1: Details of study selection process (1.5 column)
Figure S1: Combined cytokine forest plot
Figure S2: IL-6 forest plot
Figure S3: TNF-α forest plot
Figure S4: IL-1β forest plot
Figure S5: Combined cytokine funnel plot
Figure S6: IL-6 funnel plot (1 column)
Figure S7: TNF-α funnel plot (1 column)
Figure S8: IL-1β funnel plot (1 column)
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Table 1

Table 1: Results of combined cytokine analysis
Analysis

Observations Effect
Size (d)

P

95% CI

Q (df)

I2

All studies

174

< 0.0001

0.087 0.175

672.79
(173)

83.83 %

0.0096

0.064 –
0.462

58.45 (18) 77.15%

< 0.0001

0.323 –
0.478

23.80 (24) 13.64%

33.38 (4)

89.33%

83.89%

LPS/Endotoxin

Natural Infection

19

25

0.131

0.263

0.401

Vaccination

5

0.007

0.984

-0.661 0.675

All Other
Treatments

82

0.145

< 0.0001

0.086 0.203

318.60
(81)

No
Treatment/Healthy

43

-0.049

0.042

-0.097 - 0.002

85.44 (42) 54.90%

Depression

75

0.160

<0.0001

0.103 0.217

271.37
(74)

Fatigue

25

0.177

0.001

0.070 0.284

83.23 (24) 71.72%

0.683

-0.071 0.108

41.54 (18) 56.81%
148.35
(19)

Disturbed Sleep

19

0.019

84.81%

Cognitive
Disturbance

20

0.129

0.295

-0.112 0.369

Change in
Diet/Adipsia

13

-0.059

0.190

-0.148 0.029

16.63 (12) 15.45%

Lethargy

9

-0.131

0.004

-0.219 - 0.042

6.66 (8)

Placebo Controls

16

0.351

0.003

0.118 0.584

64.33 (15) 82.48%

Non-treatment
Controls

31

0.201

<0.0001

0.105 0.297

121.45
(30)

84.25%

0.0002

0.042 –
0.137

459.68
(126)

81.27%

No Controls

127

0.089

88.70%

0.00%

Table 2

Table 2: Results of combined analysis meta-regressions
Analysis

Observations Intercept

Moderator P
Coefficient

95%
CI

Q (df)

I2

Mean age

174

0.256

-0.0025

0.052

-0.005
–0

653.23
(172)

83.07%

Proportion 129
male

0.113

0.130

0.192

-0.065
– 0.326

525.27
(127)

86.12%

Proportion 28
ethnic
minority

0.276

-0.144

0.335

-0.436
– 0.149

100.42
(26)

76.21%

Table 3

Table 3: Results of IL-6 sub-analysis
Analysis

Observations Effect
Size (d)

P

95% CI

Q (df)

All studies

89

< 0.0001

0.102 0.221

363.2 (88) 85.87%

0.7677

-0.333 0.452

28.53 (6)

< 0.0001

0.318 0.522

11.15 (12) 9.17%

33.38 (4)

89.33%

83.23%

LPS/Endotoxin

Natural Infection

7

13

0.1634

0.0592

0.4198

I2

88.04%

Vaccination

5

0.007

0.984

-0.661 0.675

All Other
Treatments

47

0.1978

< 0.0001

0.123 0.273

185.79
(46)

No
Treatment/Healthy

17

-0.0166

0.6048

-0.080 0.046

28.52 (16) 52.22%

Depressed Affect

42

0.1492

0.0003

0.068 0.23

175.39
(41)

88.36%

Fatigue

13

0.2585

0.001

0.105 0.412

47.8 (12)

75.99%

0.0598

-0.004 0.181

14.06 (8)

22.21%

71.76 (9)

90.19%

Disturbed Sleep

9

0.0887

Cognitive
Disturbance

10

0.2589

0.1648

-0.106 0.624

Change in
Diet/Adipsia

5

-0.0864

0.1929

-0.217 0.044

2.77 (4)

0.00%

Lethargy

3

-0.099

0.2072

-0.252 0.055

1.08 (2)

0.00%

Placebo Controls

10

0.1747

0.289

-0.148 0.497

47.09 (9)

87.20%

Non-treatment
Controls

18

0.2352

0.0004

0.105 0.365

78.62 (17) 86.44%

< 0.0001

0.069 0.204

232.33
(60)

No Controls

61

0.1366

83.58%

Table 4

Table 4: Results of IL-6 meta-regressions
Analysis

Observations Intercept

Moderator p
Coefficient

95%
CI

Q (df)

I2

Mean age

89

0.1931

-0.0006

0.7417

-0.004
– 0.003

356.35
(87)

85.29%

Proportion 70
male

0.2059

-0.014

0.9084

-0.25 –
0.223

309.09
(68)

87.83%

Proportion 19
ethnic
minority

0.3144

-0.2886

0.1589

-0.69 –
0.113

80.92
(17)

82.29%

Table 5

Table 5: Results of TNF-α sub-analysis
Analysis

All studies

Observations Effect
Size (d)
43

0.0827

P

95% CI

Q (df)

I2

0.0949

-0.014 0.178

196.89
(42)

87.45%

19.60 (6)

75.70%

LPS/Endotoxin

7

0.4895

0.0075

0.130 0.848

All Other
Treatments

20

0.0891

0.1685

-0.038 0.216

87.98 (19) 87.34%

No
Treatment/Healthy

15

-0.083

0.067

-0.172 0.006

29.19 (14) 54.89%

Depressed Affect

18

0.1896

0.0015

0.0730.31

69.86 (17) 86.27%

Fatigue

5

-0.0412

0.6616

-0.226 0.143

8.77 (4)

53.54%

0.7735

-0.274 0.204

15.74 (4)

74.77%

39.63 (5)

89.77%

Disturbed Sleep

5

-0.0351

Cognitive
Disturbance

6

-0.0773

0.7544

-0.562 0.407

Placebo Controls

6

0.6371

< 0.0001

0.458 0.816

3.30 (5)

0.00%

Non-treatment
Controls

8

0.136

0.2152

-0.079 0.351

31.35 (7)

86.53%

No Controls

29

-0.019

0.6951

-0.114 0.076

123.06
(28)

81.77%

Table 6

Table 6: Results of TNF-α meta-regressions
Analysis

Observations Intercept

Moderator P
Coefficient

95%
CI

Mean age

43

0.3667

-0.0053

0.0532

-0.011 – 182.42
0.0001
(41)

86.30%

Proportion 31
male

-0.1603

0.5471

0.0272

-0.062 – 131.25
1.032
(29)

88.69%

Proportion 6
ethnic
minority

0.299

-0.0495

0.8793

-0.689 – 7.30 (4)
0.589

43.88%

Q (df)

I2

Table 7

Table 7: Results of IL-1β sub-analysis
Analysis

Observations Effect
Size (d)

P

95% CI

Q (df)

I2

All studies

42

0.1085

0.0064

0.030 0.187

104 (41)

61.34%

LPS/Endotoxin

5

0.219

0.0377

0.012 0.426

1.52 (4)

0.00%

< 0.0001

0.243 0.489

10.89
(10)

19.40%

35.62
(14)

62.02%

Natural Infection

11

0.3656

All Other
Treatments

15

0.0483

0.4398

-0.074 0.171

No
Treatment/Healthy

11

-0.0494

0.3651

-0.156 0.058

17.92
(10)

44.42%

Depressed Affect

15

0.1548

0.0052

0.046 0.263

25.18
(14)

40.04%

Fatigue

7

0.1789

0.0405

0.008 0.35

12.11 (6)

50.55%

Disturbed Sleep

5

-0.0211

0.7884

-0.175 0.133

6.96 (4)

43.31%

0.6307

-0.282 0.466

14.53 (3)

76.83%

8.86 (4)

57.21%

Cognitive
Disturbance

4

0.0918

Change in
Diet/Adipsia

5

0.036

0.7514

-0.187 0.259

Lethargy

3

-0.1275

0.1585

-0.305 0.050

2.75 (2)

24.48%

Non-treatment
Controls

5

0.1571

0.0381

0.086 0.306

6.38 (4)

31.27%

No Controls

37

0.0984

0.0259

0.012 0.185

96.59
(36)

62.97%

Table 8

Table 8: Results of IL-1β meta-regressions
Analysis

Observations Intercept

Moderator P
Coefficient

95%
CI

Q (df)

I2

Mean age

42

0.263

-0.0032

0.163

-0.008
– 0.001

97.61
(40)

59.69%

Proportion 28
male

-0.126

0.4799

0.1202

-0.125
– 1.085

62.16
(26)

57.90%

Proportion 3
ethnic
minority

-0.049

07257

0.7538

-3.808
– 5.260

0.078
(1)

0.00%

Table 9

Table 9: Results of asymmetry tests, including missing studies, new effect sizes, and new p
values imputed via trim-and-fill
Rosenthal’s Fail-safe Estimated
N
missing studies
Combined 9725
Analysis

Estimated effect
size

Estimated p
value

21 (SE = 8.52)

0.0711

0.004

IL-6

3847

9 (SE = 6.06)

0.1064

0.002

TNF-α

392

3 (SE = 4.19)

0.0444

0.404

IL-1β

376

9 (SE = 4.29)

0.0324

0.443

Figure 1

Citations from databases
(N = 156)

Citations from
bibliographies (N = 59)

215 studies screened
32 studies excluded, examined effects of
mood/behavior on cytokines, rather than reverse
3 studies excluded, used
healthy
subjects/irrelevant
stimulus

44 studies excluded, used depressed/cognitively
abnormal participants

3 review papers excluded

10 studies excluded, not measuring sickness
behavior outcomes
28 studies excluded, not measuring cytokines of
interest/no reported results for cytokines
3 studies excluded, included multiple cytokines in
statistical model
N = 92

Studies not reporting correlations excluded

51 studies included in analysis
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Highlights
•

A random-effects meta-analysis of human sickness behavior research was conducted.

•

Three pro-inflammatory cytokines show significant associations with sickness behavior.

•

IL-6 shows the strongest association with sickness behavior.

•

TNF-α is understudied in this literature.

•

High inter-study heterogeneity characterizes the literature.

29

