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Individual Heterogeneity in the Relations Between
Sleep, Inflammation, and Somatic Symptoms

Iris Jonker, MD, PhD, Sjoerd Visschedijk, Msc, Judith G.M. Rosmalen, PhD,
Hendrika Maria Schenk, MD, PhD, and Sonja L. Van Ockenburg, MD, PhD

ABSTRACT

Objective: Poor sleep is associated with the experience of more somatic symptoms and a proinflammatory state, whereas a proinflamma-
tory state may also result in the experience of more somatic symptoms. However, existing studies ignore individual differences in these
associations. We aimed to study relations between sleep, inflammatory markers, and somatic symptoms at a within-individual level.

Methods: Time series of daily data on sleep, somatic symptoms, and inflammation markers in 10 healthy individuals (age, 19-58 years;
three men) for 63 days were analyzed. Bidirectional lagged (¢ — 1) and contemporaneous (f) relations between sleep duration, inflammatory
markers (C-reactive protein, interferon-«, interleukin 1RA), and somatic symptoms were analyzed using 24-hour urine and diary data.
Unified structural equation modeling was used to analyze the association between sleep duration, the three inflammatory markers, and
the amount of somatic symptoms at the individual level.

Results: Associations were found between sleep and at least one of three inflammatory markers in four individuals, both positive (three
associations) and negative (five associations) and contemporaneous (four associations) and lagged (four associations). Sleep was related
to somatic symptoms in four individuals, both positive (n = 2) and negative (n = 2) and contemporaneous (» = 3) and lagged (n = 1). In-
flammatory markers were associated with somatic symptoms in three individuals, both positive (three associations) and negative (one as-
sociation) and contemporaneous (three associations) and lagged (one associations). Two individuals showed no associations between
sleep, inflammatory markers, and somatic symptoms.

Conclusions: We observed a large variability in presence, strength, and direction of associations between sleep, inflammatory markers,
and somatic symptoms.

Key words: somatic symptoms, sleep, inflammation, immune activation, n = 1, diary, day-to-day sampling design, unified structural equa-
tion modeling, time series analysis.

INTRODUCTION

markers (6). However, inflammatory marker concentrations can
vary greatly during the day, with an influence of circadian rhythms

oor sleep and sleep deprivation are linked to the experience of
Psomatic symptoms, with or without a clear underlying pathol-
ogy (1-3). Results from previous studies trying to explore the path-
ophysiological pathways between sleep disturbances and morbidity
and mortality point toward a role for the immune system (4,5).

In the last decade, group-level evidence has been found for an
association between poor sleep and various inflammatory markers
(6-11). These inflammatory markers are also associated with so-
matic symptoms (7,12-16). One cross-sectional study focused
on sleep, low back pain, and inflammation and found an associa-
tion between insomnia and chronic low back pain. C-reactive pro-
tein (CRP) was found to be associated with low back pain and with
insomnia in the group with normal CRP levels (<3 mg/L), but not
in the group with “elevated” or “very high” levels (17).

Three important limitations exist in the current literature on
sleep, inflammation, and somatic symptoms. First, most studies
are cross-sectional and rely on a single assessment of inflammatory

on inflammatory markers (18). This makes it difficult to find and in-
terpret associations between sleep, somatic symptoms, and single
measurements of inflammatory markers. Second, although multidi-
rectional relationships between sleep, inflammation, and somatic
symptoms are hypothesized, only one cross-sectional study included
all three variables in one model, focusing on low back pain (17).
Third, the intertwined associations between sleep, inflammation,
and somatic symptoms on an individual level are still unknown.
These associations could vary greatly between individuals.
Studying individuals over time using a day-fo-day sampling
design might provide absolution for these limitations. It is impor-
tant to use noninvasive techniques when collecting inflammatory

CRP = C-reactive protein, IFN-a = interferon a, IL-1RA = interleu-
kin 1 receptor antagonist, PHQ-15 = Patient Health Questionnaire-
15, SS-score = somatic symptoms score, uSEM = unified structural
equation modeling
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markers on a day-to-day level to lower the burden for participants. A
useful noninvasive source for inflammatory markers is 24-hour urine
(19,20), which can give information on inflammatory status during
the whole day, instead of at a single time point. Also, a day-to-day sam-
pling design provides the possibility of studying within-subject associ-
ations between somatic symptoms, inflammation, and sleep. Studying
within-subject patterns over time can uncover interindividual differ-
ences. For instance, some individuals could be “resistant” to sleep dis-
turbances, whereas others could have strong inflammatory re-
sponses to sleep disturbances leading to more somatic symptoms.

In this proof-of-principle study, we will explore individual differ-
ences in the direction and the strength of the association between
sleep, inflammatory markers, and somatic symptoms. We are inter-
ested in the associations between normal daily fluctuations in sleep,
inflammatory markers, and somatic symptoms. To this end, we per-
formed time series analyses of sleep, inflammatory markers, and so-
matic symptoms in 10 healthy individuals of whom we collected daily
information for 63 days on sleep duration, total output of inflamma-
tory markers per day, and somatic symptoms. Contemporaneous
and lagged associations between sleep, inflammatory markers, and
somatic symptoms were studied within individuals using unified
structural equation modeling (uSEM).

METHODS

Participants

This longitudinal prospective observational study included 10
healthy participants, consisting of 3 men and 7 women. They were
recruited via poster adverts displayed on multiple places in Gro-
ningen in the Netherlands. The study took place from July 9,
2012, to March 10, 2013. Exclusion criteria were the existence
of somatic/mental illnesses or the use of medication other than oral
contraceptives or acetaminophen. For 63 consecutive days, 24-hour
urine and electronic diary data about sleep duration and somatic
symptoms were collected. Also, participants were asked daily to
provide information on health or other relevant circumstances. Data
collection was prepandemic. Participants received a reward of €5
per day that all measurements were completed. The study protocol
was approved by the Medical Ethics Committee of the University
Medical Center Groningen in the Netherlands (NL39630.042.12).
All participants gave written informed consent, this included a
clause in the protocol that stated that, after the study was closed,
the key to identify individuals from research data was destroyed,
and all data and samples were released for further research goals.

Sleep Duration

Sleep duration was measured using the morning part of the Pitts-
burgh Sleep Diary (21). Each morning, participants filled out a
Web-based electronic diary for sleep duration the night before.
This diary contained the moment of falling asleep and waking up
and a question about being awake during the night. Sleep duration
was estimated by calculating the difference in minutes between
falling asleep and waking up minus the number of wakeful mi-
nutes during the night.

Inflammatory Markers

CRP, interferon-o« (IFN-«), and interleukin 1 receptor antagonist
(IL-1RA) were chosen as immune markers of interest, based on
availability (measurable in urine) and findings in previous research.

Psychosomatic Medicine, V 85 « 266-272
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Higher CRP and interleukin-6 levels were associated with sleep dis-
turbances (6). Administration of IFN-« has a disrupting effect on
sleep (7,8). IL-1RA was increased after sleep deprivation (9-11),
whereas administering IL-1RA resulted in deeper sleep (10). These
inflammatory markers were also associated with somatic symptoms
(7,12-16). Urine was collected daily in two portions: the night and
the subsequent-day portion. The night portion consisted of the “first
morning void” and all urine voided during the night. The day por-
tion consisted of the remaining voids of the awakening time until
bedtime. Urine was collected in urine collection containers. Every
other day, a researcher collected the samples and transferred them
to the laboratory. The urine was stored at —80°C until laboratory
analysis, which was done in April till June of 2015. The night por-
tion and the subsequent-day portion together were considered as a
24-hour urine sample, but samples of the night and day portion were
analyzed separately in the laboratory. By use of magnet bead multi-
plex assays with the Luminex 200 analyzer, levels of CRP, IFN-«,
and IL-1RA levels were analyzed. The total output of inflammatory
markers in 24-hour urine was calculated with the following formula:
total concentration of the night portion (pg/ml) x total output of the
night portion (ml) + total concentration of the day portion (pg/ml) x
total output of the day portion (ml). Inflammatory markers remain
stable in collected urine and fluctuate from day-to-day (19,20,22).
The 24-hour urinary creatinine output was used to assess complete-
ness of the 24-hour urine samples; cases were excluded from further
analyses when 24-hour urine samples were incomplete. A sample
was considered incomplete when the 24-hour creatinine output
was lower than 2 standard deviations from the persons own mean,
as described before (23).

Somatic Symptoms

Somatic symptoms were measured using items of the Patient
Health Questionnaire-15 (PHQ-15), with answering options on a
7-point Likert scale (24). The following 12 somatic symptoms
were assessed: stomach pain; back pain; pain in arms, legs, or
joints; headaches; chest pain; dizziness; fainting spells; feeling
heart pound or race; shortness of breath; constipation, loose
bowels, or diarrhea; nausea, gas or indigestion; and feeling tired
or having low energy. Score ranged from 0 to 72. We did not in-
clude PHQ-15 items related to menstruation or sexual intercourse
because we considered these not suitable for daily assessments; the
item on sleep problems was not included because of overlap with
the Pittsburgh Sleep Diary. Participants indicated in the evening to
which extent they experienced each somatic symptom during the
day that just passed. The scores on the somatic symptoms were
summed resulting in a total somatic symptoms score (SS-score)
reflecting the severity of somatic symptoms on that day. Sum
scores as an outcome of this questionnaire are more often used
(25), although we are not aware of the PHQ-15 being used in daily
diary studies. If measurement error is large (») in a time series set-
ting, this could lead to loss of power and spurious results.

Data Preparation

Observations more than two standard deviations below or above
average were considered outliers, but only removed if these values
were unrealistically high or could not be explained within the con-
text of other values (23). This was the case for days 10, 22, and 42
for ID1; days 5, 25, and 26 for ID4; and days 23 and 24 for ID6.
Another reason to remove data points was infection, for example,
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ID3 had cystitis on 6 consecutive days (days 4-9). The following
urine samples were excluded from further analyses because of in-
complete urine samples based on creatinine values: days 23, 24,
28, 29, and 32 for ID1; day 42 for ID2; day 63 for IDS; day 22
for ID6; days 1 and 34 for ID7; day 56 for ID8; day 53 for ID9;
and day 40 for ID10. Because only a small proportion of the urine
samples was missing and none of the diary items, we choose to de-
lete the items considered as incomplete and not to impute them
There were no CRP values for ID7, ID8, ID9, and ID10 because
of technical problems. For ID1, most IFN-« levels were close to
zero and its exclusion resulted in greatly improved model fit.

Data Analysis

To study the within-subject relationship between sleep, inflamma-
tory markers, and somatic symptoms, we used unified uSEM.
uSEM is a statistical technique that can be used to study both con-
temporaneous and lagged relations between variables within indi-
viduals (26). uSEM is a data-driven approach that fits the explor-
atory nature of the current study very well. Variables included in
the uSEM model consisted of an SS-score in the evening, sleep du-
ration in the morning, and values from inflammatory markers from
the night plus the following day. uSEM was applied using a pack-
age in Rstudio (version 3.5.1), called “GIMME” (version 0.7.6),
with the complementary function “indSEM().” This function iden-
tifies the model for each individual separately and does not use
shared information between individuals, unlike the GIMME
model (27). Contemporaneous associations are associations be-
tween variables during the same period. In our study, time is mea-
sured as days. To give an example, if there is a positive contempo-
raneous association between CRP and SS score, then this means
that the higher today’s CRP is, the higher today’s SS score will
be. Lagged associations on the contrary are associations between
variables of a different period. In our study, we used a first-order
lag. This means that we modeled how yesterdays’ events influence
the situation today. Therefore, a negative lagged association be-
tween sleep and SS score, for instance, means that a higher sleep
duration yesterday predicts a lower SS score today (i.e., on the next
day). uSEM assumes that outcome variables are continuous with a
distribution that approximates normality. If this model assumption
could not be met, then variables were excluded as an outcome var-
iable but could be used as a predictor variable. The fit of the
models was evaluated based on the comparative fit index > 0.95,
nonnormed fit index >0.95, the root mean square error of approx-
imation <0.10, and the standardized root mean square resid-
ual <0.0565. A model was considered a good fit if at least two of
four fit indices met the criteria (28). Often data were either log
transformed or squared to improve model fit.

Model Building

Sleep duration and all three inflammatory markers were included
as predictor and outcome in all models, with the exception of
CRP in ID7-10 because of missing values, and IFN-c in ID1 be-
cause most IFN-« levels were close to zero and its exclusion re-
sulted in greatly improved model fit. Variation in SS-scores was
sufficient to include it as outcome in ID4, ID8, and ID10. In all
other models, SS-scores were only included as predictor because
its distribution deviated from normality due to infrequent experi-
ence of somatic symptoms. The models for all 10 individuals were

Psychosomatic Medicine, V 85 « 266-272

a very good fit, meeting the criteria on all four fit indices, except
for nonnormed fit index in ID9 (0.9236) and ID10 (0.9397).

RESULTS

Descriptives

The descriptives of the 10 participants are shown in Table 1.
Figure 1 summarizes the significant associations that were

found in each individual, also presenting the f3 of the associations.

Associations Between Sleep Duration and
Inflammatory Markers

We found evidence for associations between sleep duration and in-
flammatory markers in four individuals. In two individuals, we
found negative contemporaneous associations between sleep dura-
tion and IL-1RA (ID8 and ID9). In one individual, we found a neg-
ative lagged association between sleep duration and IL-1RA
(ID2). In one individual, there was a negative lagged association
between sleep duration and CRP (ID5) and in one individual be-
tween sleep duration and IFN-« (ID9). In two individuals who
showed a negative association, we also found an opposite effect
suggesting a negative feedback loop for sleep and inflammation.
This was found for IL-1RA with a negative lagged association
and a positive contemporaneous association (ID2) and with TFN-oc
with a positive and a negative lagged association (ID9). In six in-
dividuals, we found no associations between sleep duration and
inflammatory marker levels.

Associations Between Inflammatory Markers and
Somatic Symptoms

Associations between inflammatory markers and somatic symp-
toms were found in three individuals. Positive contemporaneous
associations were found between SS-score and CRP in ID6, and
between SS-score and IFN-« in ID8. We found a positive lagged
association between SS-score and IL-1RA levels in ID10. In one
individual (ID3), we found a negative contemporaneous associa-
tion between SS-score and IL-1RA. In six individuals, no associa-
tions between SS-score and inflammatory markers were found.

Associations Between Sleep Duration and Somatic
Symptoms

Associations between sleep duration and somatic symptoms were
found in four individuals. We found negative contemporaneous as-
sociations between sleep and SS-score in two individuals (ID2 and
ID7). In the other two individuals, we found the opposite effect,
with a positive contemporaneous association between sleep and
SS-score (ID9) and a positive lagged association between
SS-score and sleep (ID10). Six individuals showed no associations
between sleep and SS-score.

DISCUSSION

Our proof-of-principle study was the first to perform time series
analyses of daily fluctuations in sleep duration, inflammatory
markers, and somatic symptoms. We found a wide variety between
individuals in the presence, direction, and strength of these associ-
ations. We showed that it is possible to analyze associations be-
tween biomarkers and symptoms within individuals. This is im-
portant because associations that only exist in a minority of
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FIGURE 1. Overview of associations in all individuals. § values of significant correlations are reported. Dark gray lines show negative
associations, light gray lines show positive associations, straight lines show contemporaneous associations, and dotted lines show
lagged associations. A circular arrow toward the same variable means an autocorrelation, so higher values on 1 day predicted higher
values the following days. CRP = C-reactive protein; [FN- = interferon o; IL1-ra = interleukin 1 receptor antagonist; SS = somatic

symptom score.

individuals will not be identified with classical designs based on
groups.

A major strength of this study is its duration of 63 days, which cre-
ated an extensive time series of the variables of interest. Another
strength of this study is the healthy study population, which provides

Psychosomatic Medicine, V 85 « 266-272 270

results on normal daily fluctuations in sleep, inflammatory markers,
and somatic symptoms. A third strength is the data-driven statistical
approach, because it allows for differences between individuals and
can be used to generate new hypotheses (29). Lastly, we used urine
for the assessment of the inflammatory state, which reflects the
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inflammatory status of the entire day instead of a short time point,
as is the case with blood sample analysis (19,20). However, urine
analysis can also be seen as a limitation because it is not known
how urine levels correlate with blood levels. This study also had
some other limitations. First, the database is small with 10 partic-
ipants, and it is missing CRP measures in four individuals because
of technical problems. Second, our sleep duration was measured
with a questionnaire, making it subjective and vulnerable to recall
bias. We also did not analyze sleep quality. In our sleep score, we
did not account for nightly awakenings and therefore might over-
estimate the total duration of sleep in people who suffer from lon-
ger or frequent nightly awakenings. Third, because our study was
conducted in a healthy population, some individuals did not experi-
ence somatic symptoms for several consecutive days. This allowed
us to only model the SS score as a predictor variable in the time se-
ries models of these specific individuals and not as an outcome var-
iable. Also, we could not include time lags of more than 1 day, even
though it is likely that these variables could influence each other
over a longer period. Furthermore, we chose to remove data in
which a participant had a cystitis. One could argue that a cystitis
influences sleep and inflammation and somatic symptoms, and it
is interesting to know how these patterns are in this case. However,
these days would influence the general model, without providing de-
tailed information on this specific period. Lastly, studies have shown
that there are great differences between research groups in statisti-
cal approaches for time series analyses (29,30). However, the
“GIMME” package in R allows for a relatively standardized ap-
proach that has been used in many network and time series data
analyses (28,31).

The most striking finding of this study is the large individual
difference in associations that we found. Associations existed be-
tween sleep duration, inflammatory markers and somatic symp-
toms, but varied among the individuals in the presence, strength,
and direction. This is in line with inconsistencies in findings in cur-
rent literature on group-level associations between inflammatory
markers and sleep (6,32-35), as well as on inflammatory markers
and somatic symptoms (14,15,36,37).

Starting with literature on sleep and inflammatory markers,
group-level evidence shows heterogeneity in results on sleep and
CRP levels (32-34), even though study samples have been large
enough to make sampling error an unlikely explanation for the het-
erogeneity. Maybe this could be due to differences in study popu-
lations in other factors such as age, smoking, or body mass index,
even though these factors were included as covariates in the re-
gression models of both studies.

Just like with sleep, we also found a great variability in the as-
sociations between inflammatory markers and somatic symptoms.
Earlier studies on inflammatory markers and somatic symptoms
focused mostly on CRP. It was found in population-based cohorts
that CRP was associated with functional SS-scores only in specific
subsets of somatic symptoms (14,15). However, because of our
study design, we were not able to study symptom clusters or spe-
cific symptoms.

The association between sleep duration and somatic symptoms
also differed greatly across individuals in our study. In earlier large
cohort studies, sleep disturbances were found to be significant pre-
dictors of somatic symptoms (1,3). Because somatic symptoms
could not be included as outcome in many of our models, we should
interpret our results as somatic symptoms influencing sleep.
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Thus, the associations between sleep and inflammatory markers
and between inflammatory markers and somatic symptoms show
heterogeneity when studying them in large cohorts at the group
level, as well as when studying them on the individual level using
time series data. The findings in our study suggest that associations
between sleep, inflammation, and somatic symptoms differ greatly
among individuals, not only in presence but also in direction of
the association. It seems unlikely on a pathophysiological level that
associations between sleep, inflammation, and somatic symptoms
can go in opposite directions among individuals. A possible expla-
nation for these contradictory findings could be that there are other
factors in play that could make individuals more vulnerable for the
effects of sleep on inflammation and somatic symptoms. Even
though this seems unlikely, the “Yule Simpson effect” teaches us
that it is possible that when confounding factors are not included,
the direction of certain effects can change when these factors are
included in a later stage (38).

In conclusion, this study found a wide variety of associations
between sleep duration, inflammatory markers, and somatic symp-
toms in eight individuals. Only two individuals showed no associ-
ation between sleep, inflammation, and somatic symptoms. The
findings of the current study generated a within-individual look
on the studied associations, which may be of importance for the in-
terpretation of current literature and for future study designs.

Our study was a proof-of-principle study and there performed
in only 10 individuals. Because we analyzed only within-individual
effects, the power of our statistical analysis is derived from the amount
of time points, not the amount of people. Time series analysis can be
done with a minimum of 30 time points, although larger numbers of
observations provide more statistical power and yield more reliable
results (39). It would also be interesting to include more factors in
intraindividual analyses, such as mood, experience of stress, or a
daily functioning score, to get a more complete assessment of the
impact of the associations that we found. However, the more vari-
ables included in the model, the longer the time series need to be
(i.e., the more observations are needed).

Future studies should repeat our approach in a larger popula-
tion. If time series of a sufficiently large number of individuals
are analyzed, it becomes possible to identify clusters of people that
display similar patterns over time. This allows to study which
between-individual differences (e.g., sex, age, educational level,
life events) explain cluster membership and thus knowledge that
is useful at the population level or subgroup level. The power for
these between-individual analyses is derived from the number of in-
dividuals, and thus, such studies need to be large (e.g., n > 100). One
application of our approach is to study patients with persistent so-
matic symptoms, to find out whether fluctuations in their symptoms
can be related to fluctuations in biomarkers or other symptoms,
thereby potentially identifying targets of treatment. Thus, such
studies within individuals can be seen as a bridge between findings
in science and clinical practice.
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