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Abstract
Purpose of Review To review how peripheral inflammation in rheumatic disease influences the central nervous system. We
consider recent studies of rheumatic disease that employ functional and structural neuroimaging in the context of inflammation,
as well as recent studies considering how immunosuppressive therapy is associated with changes in brain function and structure.
Recent Findings The most compelling evidence thus far comes from studies of rheumatoid arthritis and indicates that higher
levels of inflammation are associated with changes in cognitive, affective, and pain-processing brain regions, some of which may
be rectified by anti-inflammatory treatment. Comorbid symptoms such as widespread pain and fatigue may also be associated
with these changes. Inflammation may be associated with compensatory activation of brain regions to offset structural changes.
Summary This emerging line of evidence suggests that communication between the brain and immune system are an important
and underappreciated aspect of inflammatory rheumatic disease.
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Introduction

Many rheumatic diseases are characterized by altered or in-
creased inflammatory activity. This activity is understood to
play a significant if not essential role in the primary pathology
of each condition [1–3]. Rheumatology routinely focuses on
immunomodulation as a means of disease modification; if
successful, there are clear indications that disease activity
has been slowed or even arrested.

However, the inflammatory molecules that contribute to
indices of the primary disease lead a parallel life in communi-
cation with the central nervous system (CNS) [4]. One reason
that immune and CNS activity are often viewed independently

is that the brain is an “immunologically privileged” organ.
This view, while certainly correct, may lead to the misappre-
hension that the brain and immune system are not involved in
coordinated activity, when, in fact, they engage in constant
bidirectional communication [4]. One product of this commu-
nication is a set of conserved behavioral changes, mediated by
the CNS that occur when an individual experiences serious
injury or infection—social withdrawal, reduced activity, loss
of appetite, hyperalgesia, and changes in affective and cogni-
tive processes. These “sickness behaviors” are meant to prior-
itize the intense demands of a robust immune response at the
cost of severely disrupting normal activity in the short term
[4]. This relationship between acute inflammatory insults and
behavioral changes is well described in the animal literature
and reproducible in human study participants receiving exper-
imental immunogenic insults such as lipopolysaccharide or
vaccination [5, 6]. However, the effect of chronic or repeated
inflammatory insults on symptoms and behaviors is more
mysterious, particularly in the context of complex rheumatic
disease. It is well established that some multisystem autoim-
mune illness can result in severe neuronal injury accompanied
by gross neurological deficits and clear evidence of damage to
white and gray matter, but this occurs in a very small subset of
patients [7]. An emerging literature suggests that subtle in-
flammatory insults to the CNS might contribute to
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burdensome co-occurring symptoms that are prevalent across
the spectrum of inflammatory rheumatic diseases.

The battery of symptoms recognized as “sickness behav-
iors” bear striking similarity to the complex comorbid symp-
toms observed in rheumatic diseases. In rheumatoid arthritis
(RA), a third or more of patients show the complex battery of
hyperalgesia, fatigue, and cognitive dysfunction that indicate
co-occuring fibromyalgia (FM) [8], and even when biologic
therapy is deemed successful in RA by disease activity metrics
(e.g., no swollen joints, normal erythrocyte sedimentation rate
[ESR]), a large number of patients continue to report signifi-
cant pain and fatigue [9, 10]. In systemic lupus erythematosus
(SLE), up to 90% of patients have some co-occurring neuro-
psychiatric symptoms, while cognitive dysfunction specifical-
ly affects 30–50% of those with SLE [11]. Within a given
patient, symptoms tend to fluctuate considerably even in rel-
atively short time frames, as seen in a study of 106 rheumatic
disease patients monitored for 28 days where within-subject
variance accounted for 34% of the total variance in pain and
41% of the total variance in fatigue [12]. In ankylosing spon-
dylitis (AS), approximately half of patients have fatigue as a
major symptom [13]. These behaviors in turn contribute great-
ly to deleterious quality of life and work disability [14].
Identifying risk factors, such as systemic inflammation, that
modify the symptom presentation in rheumatic disease could
have a large and positive impact on treatment.

Mechanistic investigation of these symptoms in human pa-
tients is limited by the difficulty in accessing the brain. The
appl icat ion of non- invasive surrogate assays of
neurobiology—particularly innovative neuroimaging
techniques—has provided helpful insights. Moreover,
employing neuroimaging in the context of interventional lon-
gitudinal studies will be valuable if we are to better infer
causality of inflammatory pathways.

In this brief critical review, we consider recently published
literature on the role of inflammation in altering brain activity
and structure in inflammatory rheumatic disease. We empha-
size publications in approximately the last 5 years, particularly
those that have considered inflammation in the context of
functional neuroimaging and the effect of immunomodulation
on neuroimaging measures.

How Does the Immune System Change the Brain?

Imagine an RA patient with elevated ESR or C-reactive pro-
tein (CRP). These two indices of inflammatory activity are
closely associated with levels of IL-6, IL-1β, and TNF-α in
circulating blood. Beyond the affected joints, what effects
might these cytokines be having? Dantzer (2008) identifies
several routes by which inflammatory actors can induce
changes in the CNS: peripheral cytokine production can acti-
vate afferent nerves, such as the vagus, or perivascular im-
mune cells in brain venules, that result in the production of

new inflammatory mediators in the brain. It is also possible for
macrophage-like cells in brain structures outside the blood
brain barrier (BBB, e.g., circumventricular organs) to spur
cytokine production that enters the brain through volume dif-
fusion, and cytokines can cross the BBB through a saturable
transport system [4]. Each of these routes provide a plausible
pathway for inflammatory influences on the CNS in rheumatic
diseases. It is again worth noting that these pathways need not
result in severe neuronal injury and consequent gross anatom-
ical changes to the CNS as is sometimes seen in conditions
such as SLE. Instead, they may subtly influence the pattern of
connections between different neural networks or result in
more granular structural changes that require advanced neu-
roimaging techniques to detect.

Inflammation and Effects on the CNS
in Rheumatic Disease—Functional
and Structural Neuroimaging Findings

One method of assessing CNS plasticity related to peripheral
inflammation is to measure the functional interactions be-
tween brain regions with MRI and their association with in-
flammatory measures. This methodology can only provide
indirect evidence of neuroinflammatory processes, as in vivo
measures of neuroinflammation, such as the PET ligand
[11C]PBR28, are still maturing and have not yet been used
in inflammatory rheumatic disease.

Functional connectivity is defined as the temporal correla-
tion of neural activity between brain regions (for a review on
functional connectivity methods and interpretations, see Van
den Heuvel and Pol [15]). The brain is organized into large-
scale networks, wherein the neural activities of the component
brain regions are highly correlated over time and spontane-
ously active even during the resting state. Themost commonly
reported networks include dorsal attention network (DAN),
default mode network (DMN), fronto-parietal network
(FPN), salience network (SLN), sensorimotor network
(SMN), and the visual network.

Only a handful of studies have addressed the link between
inflammation and functional connectivity of the brain in rheu-
matic conditions. Hou et al. [16] measured cerebral activation
during a cognitive function task and resting state functional
connectivity in SLE patients. Relative to healthy controls, the
SLE patients had increased activation in the inferior/superior
parietal lobule and inferior frontal gyrus during task execu-
tion. Additionally, these regions were more strongly connect-
ed to each other at rest in the SLE patients and the strength of
this connectivity positively correlated with the SLE disease
activity index. The authors interpreted these results as evi-
dence of disease-related CNS plasticity. Since there was no
difference in task performance between SLE patients and
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controls, the increased brain activation may be compensatory
in nature.

In another study of AS patients, Li and colleagues com-
pared resting state functional connectivity between patients
and controls and examined associations between connectivity
and measures of disease activity and inflammation [17]. They
found that functional connectivity between the left mid tem-
poral gyrus and left precuneus was negatively correlated with
the Bath AS disease activity index (BASDAI) score, CRP, and
ESR.

More recently, researchers have examined the whole brain
network using graph theoretical techniques. Graph theory is a
set ofmathematical tools to examine the structure and function
of networks. A network is simply a collection of nodes (i.e.,
brain regions) and edges (i.e., structural or functional connec-
tions between nodes). Network organization is important be-
cause it determines the efficiency and content of information
transfer [18–20]. The brain network shares an optimal pattern
of organization with many other physical and biological sys-
tems (e.g., the Internet or social networks). One such feature is
the presence of highly connected and functionally central
brain regions called hubs. Hub brain regions, just like hub
airports, facilitate communication and information integration
across distinct modules (i.e., functional systems) of the brain.

We examined the central response to inflammation in 54
patients with RA [21]. Employing a multi-modal approach,
we correlated task-based functional connectivity and gray
matter volume with peripheral inflammation (measured by
ESR). We assessed both seed network-to-whole brain connec-
tivity and every pairwise connection in the brain network
using graph theoretical techniques. Finally, we determined
the hub status of brain regions to assess if inflammation was
related to network organization.

We found that two brain regions, the left inferior parietal
lobule (IPL) and medial prefrontal cortex (mPFC), were con-
sistently and significantly related to inflammation. First, we
found that connectivity between several resting state networks
(DMN, DAN, SLN, and medial visual networks) and the left
IPL and mPFC were positively associated with ESR.
Additionally, we found that the gray matter volume of the left
IPL was negatively correlated with ESR. Using a more de-
tailed approach to examine the whole brain network (all
pairwise connections between 264 nodes), we found a signif-
icant configuration that was associated with inflammation.
This configuration included multiple nodes in the left IPL
and mPFC that overlapped with the clusters mentioned above.
In individuals with high levels of peripheral inflammation, the
nodes in this configuration are more hub-like, meaning that
they are more connected and functionally important to com-
munication within the brain network. Many of these results
were replicated in the same individuals 6 months later.

We recently expanded this effort by examining the interac-
tion between inflammation and comorbid symptoms of FM in

the same RA patient group. We hypothesized that RA patients
with comorbid symptoms of FM might show a different or
more pronounced CNS response to inflammatory activity.
We therefore analyzed the association between inflammation
and functional connectivity in RA patients with and without
comorbid FM. In RA patients with comorbid FM, there was a
significant positive association between inflammation and
functional connectivity between the posterior insula and the
left IPL, and between the left IPL and the dorsal anterior
cingulate cortex (ACC) [22]. The posterior insula and dorsal
ACC are classic pro-nociceptive brain regions [23–25], and
alterations in the structure, function, and neurochemistry of
these regions have been frequently reported in FM [26–29].
These results indicate that in some RA patients, there is an
interaction, and perhaps integration, of inflammation-linked
brain connectivity and classic pro-nociceptive circuitry lead-
ing to sensitization of the CNS.

Another approach to examine CNS plasticity in response to
inflammation is to measure brain structure, such as the con-
centration of gray matter volume (GMV) using voxel-based
morphometry [30]. Reductions in GMV in disease states are
generally interpreted as cortical atrophy. Mak and colleagues
[31] found reduced GMV in SLE patients without overt neu-
ropsychiatric symptoms in multiple cortical regions, including
the orbital frontal cortex, left IPL, insula, and left primary
somatosensory cortex (S1) compared to healthy controls. A
second MRI scan was completed in patients after treatment
which revealed increases in GMV that correlated with the
reduction in systemic disease activity.

Effects of Immunosuppressive Therapy
on the CNS in Inflammatory Rheumatic
Disease

A second emerging line of evidence examining inflammation
in rheumatic disease examines how inflammation-suppressing
therapies could alter CNS activity. As noted above, these stud-
ies provide indirect evidence of the relationship between the
CNS and inflammatory activity. Hess et al. were the first
group we are aware of to demonstrate changes in brain func-
tion secondary to anti-inflammatory treatment [32].
Specifically, they monitored fMRI activity before and after
TNF-alpha inhibition (TNFi; infliximab) in RA (n = 5) during
an evoked pain task. The paradigm used compression of the
most affected hand to induce BOLD activation. As expected,
this task produced activation in the contralateral hemisphere
of the brain in many pain-processing regions, and this activity
was reduced post-treatment in the thalamus, secondary so-
matosensory, insular, and cingulate cortices.

Rech et al. [33] followed these analyses in a slightly larger
sample (n = 10), again exploring the effects of short (i.e., 3
days) and medium term (28 days) effects of TNFi
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(subcutaneous certolizumab pegol) on fMRI measures in RA
patients. Similar to the preceding analyses, compression of the
most affected hand resulted in increased BOLD activity in
regions associated with pain processing including S1, the
insula, and dorsolateral prefrontal cortex. After 3 days of
TNFi, there were substantial decreases in BOLD activity in
these regions, decreases that were largely maintained after
seven and 28 days as well. Furthermore, those patients who
showed a robust clinical response to TNFi (n = 5) showed
greater baseline BOLD activation in response to the compres-
sion paradigm, suggesting that neural signatures may be use-
ful in distinguishing patients most likely to benefit from anti-
inflamamtory treatment.

Mak et al. [34] examined brain activation during a neuro-
psychological test (the Wisconsin card sorting test) in 14 SLE
patients without overt neuropsychiatric symptoms. Treatment
consisted of prednisolone for all patients with most receiving
addi t ional immunosuppressive therapies such as
hydroxychloroquine and/or azathioprine. Following treat-
ment, SLE patients showed increased activation of the anterior
cingulate cortex, but decreased activation of the frontal gyri
and IPL in addition to several other regions.

Wu et al. [35] examined the impact of TNFi on cortical
thickness in 14 AS patients. The included patients had clini-
cally significant levels of fatigue and back pain (at least 3 on a
0–10 scale) and were not using biologic therapy at the time of
the first scan prior to the intiation of a minimum of 10 weeks
of TNFi treatment. TNFi treatment produced a substantial
decrease in back pain but not fatigue scores. The analysis of
cortical thickness focused on those regions where cortical
thickness was associated with back pain prior to treatment.
Post-treatment, three a priori areas of interest showed cortical
thinning—the left primary motor area/supplementary motor
area, left inferior parietal sulcus, and the right premotor area.
The thinning of the right premotor area was furthermore asso-
ciated with the magnitude of pain relief experienced following
treatment. Because cortical thinning was associated with the
severity of back pain prior to treatment the discovery of further
thinning during a period of pain relief was viewed as counter-
intuitive by the authors.

Other Rheumatic Disease

Rheumatic conditions that are not viewed as primarily inflam-
matory or autoimmune, such as FM and ostearthritis, may still
involve inflammatory communication to the CNS in a subset
of patients. A recent study used the ligand [11C]PBR28, a
putative marker of glial activation in the CNS [36], in FM.
Eleven FM patients were compared to the same number
healthy controls on the degree of [11C]PBR28 binding. FM
patients showed widespread increases in binding across the
cerebral cortex with particularly pronounced elevations in

the frontal and parietal lobes compared to healthy controls,
suggestive of neuroinflammatory processes. The elevations
in binding in the midcinguate cortex were furthermore asso-
ciated with current levels of patient reported fatigue [37]. FM
provides an interesting context for neuroinflammatory pro-
cesses, as attempts to define FM using peripheral markers of
inflammation have been quite mixed [38]. Nonetheless, FM
does appear to feature altered inflammatory activity in cere-
brospinal fluid [39]. Osteoarthritis, which is not considered an
autoimmune condition, nonetheless features a substantial pro-
portion of patients with elevated levels of circulating inflam-
matory markers and increased inflammation from circulating
immune cells [40, 41]. Interestingly, following treatment with
Naproxen, osteoarthritis patients showed substantial reduc-
tions in brain activity in the bilateral somatosensory cortices,
as well as the thalamus and amygdala [42], though similar
effects have been observed in a study using paracetamol, so
these changes may be due to generic COX inhibition [43].

Discussion

Peripheral inflammation influences the CNS in many patients
with rheumatic diseases, likely in ways that are subtle and do
not result in obvious neurologic deficits. The best evidence for
this phenomenon thus far is concentrated in RA. Furthermore,
anti-inflammatory treatments may well alter brain function
and even structure in many RA patients. These conclusions
may sound provocative on the surface given the tendency to
compartmentalize immune and CNS activity, but they are sup-
ported by a large and consistent body of pre-clinical research
[44, 45]. At the same time, research into the interaction of
inflammation and the CNS in human rheumatic disease pa-
tients is a new outgrowth that will certainly branch in many
directions as the complexities of each disease and the great
variability in symptoms is further explored. The methodolog-
ical variability in the fields of neuroimaging and psychoneu-
roimmunology will also present a challenge to synthesizing
the results of these studies.

One of our working hypotheses is that in some patients,
chronic inflammation produces neuroinflammatory stress in
the CNS forces additional cortical resources to be employed
in the completion of “everyday” activities. It bears repeating
that the ability to work and socialize is heavily dependent on
cognitive function and energy—two symptom domains that
are greatly impaired in many rheumatic disease patients. In
multiple sclerosis, the literature suggests that most patients
are able to perform isolated cognitive tasks on par with healthy
individuals, but require participation of more cerebral cortex
to do so [46]. In healthy individuals, greatly increasing the
complexity of cognitive tasks results in activation of brain
regions normally associated with the DMN, a brain network
that is thought to be quiescent during the performance of tasks
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[47]. We found that DMN regions become more connected
areas involved in cognitive processing as inflammation in-
creased across the RA patient sample [21]. One interpretation
of these findings is that the brain requires “reserve” resources
to perform cognitive tasks under the duress of inflammatory
signaling, similar to what is observed in multiple sclerosis and
what may occur in healthy people engaging in highly compli-
cated tasks. This compensatory activity provides welcome
resources, but may actually conceal the degree of strain that
inflammatory activity places on the CNS. These changes in
brain function may be secondary to changes in brain
structure—we found an area of reduced graymatter associated
with higher inflammation in the left IPL, which appears to
play a critical role in the functional changes associated with
inflammation [21].

Future Directions

Functional neuroimaging has revealed much about the
complexity of the CNS in rheumatic diseases, but under-
standing the role inflammation plays in this complexity
will require several new lines of inquiry. Studies are need-
ed that explore brain structure and function in the context
of inflammation for several common rheumatic conditions
including SLE, AS, psoriatic arthritis, and osteoarthritis,
while results in RA need to be replicated in a new sample.
Though we know that symptoms resembling classic “sick-
ness behaviors” are ubiquitous in inflammatory rheumatic
diseases, we do not yet know if a generic mechanism is
involved (e.g., the central IL-1β pathway) or if the bio-
logic drivers are disease-specific. Studies are needed that
are designed a priori to address the role of inflammation
in symptom heterogeneity. Our work in RA suggests that
there may be important differences in the way inflamma-
tion acts on the CNS when patients display co-occurring
fatigue, widespread pain, and cognitive dysfunction. If it
is true that some individuals are more vulnerable to the
central impact of inflammation, then we need to under-
stand what contributes to this vulnerability. A promising
lead comes from research on how the BBB can be more or
less permissive in allowing immune communication with
the CNS, a topic covered comprehensively in a recent
review [48]. Finally, it is possible and even likely that
the inflammatory mediators used to monitor disease activ-
ity may not provide the clearest indication of inflamma-
tory signaling to the CNS. As we and other groups ex-
plore biomarkers that better reflect inflammatory sensiti-
zation of the CNS, it may be possible to monitor different
aspects of the inflammatory response in rheumatic disease
simultaneously.
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