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Abstract

Appetite change is a defining feature of major depressive disorder (MDD), yet little neuroscientific 

evidence exists to explain why some individuals experience increased appetite when they become 

depressed while others experience decreased appetite. Previous research suggests depression-

related appetite changes can be indicative of underlying neural and inflammatory differences 

among MDD subtypes. The present study explores the relationship between systemic 

inflammation and brain circuitry supporting food hedonics for individuals with MDD. Sixty-four 

participants (31 current, unmedicated MDD and 33 healthy controls [HC]) provided blood samples 

for analysis of an inflammatory marker, C-reactive protein (CRP), and completed a functional 

magnetic resonance imaging (fMRI) scan in which they rated the perceived pleasantness of 

various food stimuli. Random-effects multivariate modeling was used to explore group differences 

in the relationship between CRP and the coupling between brain activity and inferred food 

pleasantness (i.e., strength of the relationship between activity and pleasantness ratings). Results 

revealed that for MDD with increased appetite, higher CRP in blood related to greater coupling 

between orbitofrontal cortex and anterior insula activity and inferred food pleasantness. Compared 
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to HC, all MDD exhibited a stronger positive association between CRP and coupling between 

activity in striatum and inferred food pleasantness. These findings suggest that for individuals with 

MDD, systemic low-grade inflammation is associated with differences in reward and 

interoceptive-related neural circuitry when making hedonic inferences about food stimuli. In sum, 

altered immunologic states may affect appetite and inferences about food reward in individuals 

with MDD and provide evidence for physiological subtypes of MDD.
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1. Introduction

Major depressive disorder (MDD) is one of the most commonly diagnosed mental illnesses 

in the United States (The National Institute of Mental Health, 2014), with a lifetime 

prevalence of approximately 16 percent (Kessler et al., 2003). MDD is also one of the most 

disabling mental illnesses worldwide (Vos et al., 2012) and is associated with an increased 

risk for numerous physical health disorders, including cardiovascular disease (CVD) and 

obesity (Chapman et al., 2005). These concomitant illnesses (e.g., CVD and obesity) are 

often associated with the somatic symptoms of MDD (e.g., altered sleep and increased 

fatigue) in ways that are bidirectional and mutually-reinforcing (Luppino et al., 2010; 

Milaneschi et al., 2019). The marked changes in appetite and weight experienced by 

individuals with depression may be particularly salient in this relationship. Approximately 

one-half of individuals with MDD report a decrease in appetite (MDD-A−), while one-third 

of individuals with MDD demonstrate increased appetite (MDD-A+; Maxwell & Cole, 

2009). These appetite change profiles tend to remain stable for individuals over recurrent 

depressive episodes (Stunkard et al., 1990).

Recent evidence has highlighted systemic inflammation as a potential biological substrate 

relating depression to its adverse long-term physical health outcomes, including CVD and 

obesity (Berg & Scherer, 2005; Bhattacharya et al., 2016; Dantzer et al., 2008; Milaneschi et 

al., 2019; Miller & Raison, 2016; Miller et al., 2002; Monteiro & Azevedo, 2010; Raison et 

al., 2006). Specifically, inflammation is theorized to be a precursor to the development of 

depressive symptoms for some individuals (Miller & Raison, 2016; Miller et al., 2002; 

Moieni et al., 2015; Shelton & Miller, 2011). However, systemic inflammation may not be 

present for all individuals with depression (Chamberlain et al., 2018; Lamers et al., 2013; 

Lamers et al., 2016; Lamers et al., 2018; Simmons et al., 2018). As has been noted 

previously (Simmons et al., 2018), the complex crosstalk between immune and metabolic 

signaling pathways may help account for the observation that increased appetite in 

depression is associated with elevated peripheral markers of inflammation. Compared to 

MDD-A−, MDD-A+ have been shown to have higher levels of C-reactive protein (CRP; 

Lamers et al., 2013; Lamers et al., 2018; Simmons et al., 2018), an immune system signaling 

protein produced by hepatocytes as an acute response to inflammation, infection, or tissue 

damage (Pepys & Hirschfield, 2003). Thus, the appetite change profiles experienced by most 

individuals with MDD may reflect an underlying immunologic pathophysiology. What 
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remains unclear, however, is the specific intervening neurobiological processes that turn 

systemic inflammation into increased appetite and eating.

Prior work provides some evidence for links between systemic inflammation and the insula, 

striatum, and orbitofrontal cortex (OFC), which play important roles in homeostatic food 

significance and reward value (Simmons et al., 2016; Simmons et al., 2018). The insula is 

also implicated in interoception, or awareness of visceral sensations such as signals of 

hunger and thirst (Craig, 2002; Khalsa et al., 2009; Simmons et al., 2013). First, studies that 

elicit acute systemic inflammatory responses by administering endotoxins to non-depressed 

adults have reported altered activity throughout the insula, striatum, and OFC (Eisenberger 

et al., 2010; Harrison et al., 2015; Kullmann et al., 2013). Additionally, a meta-analysis has 

identified insular and striatal regions as primary structures implicated in systemic 

inflammation in depression (Byrne et al., 2016). Further, while passively viewing food 

pictures, MDD-A+ exhibit greater hemodynamic response in the insula, striatum, and OFC 

when compared to MDD-A− or healthy comparison participants (HC), while MDD-A− 

exhibit reduced activation in the insula as compared to MDD-A+ and HC (Simmons et al., 

2016). Moreover, Simmons and colleagues (2018) reported that in MDD-A+, higher levels 

of the pro-inflammatory cytokine interleukin 6 (IL-6) were associated with increased insular 

response while passively viewing food pictures, although only at a statistical threshold 

uncorrected for multiple comparisons.

In summary, (1) depression with increased appetite is associated with systemic low-grade 

inflammation; (2) acute systemic inflammation is associated with altered activity in the 

insula, striatum and OFC; (3) the insula, striatum, and OFC are important structures in the 

perception and valuation of food stimuli; and (4) MDD-A+ exhibit greater activity in the 

insula, striatum, and OFC while passively viewing food pictures than MDD-A−. Together 

these earlier findings provide evidence linking systemic inflammation to the appetite change 

profiles and eating behaviors experienced by many individuals with MDD, but important 

questions remain unanswered. Passive food picture viewing is not synonymous with active 

hedonic valuations of food (i.e., one’s idiosyncratic interpretation of how pleasant a food 

appears), as assessing participants during active inferences of food pleasantness allows for a 

more precise examination of food-related neurocircuitry than passive food picture viewing. 

These hedonic food valuations are meaningful as they are central to everyday decisions 

about what, when, and how much to eat. Additionally, there is no extant evidence that these 

hedonic judgements are related to systemic inflammatory signals in individuals with MDD 

experiencing appetite change. What is missing is a test of brain activation in regions 

implicated in both pro-inflammatory states and food information processing (i.e., insula, 

striatum, and OFC) during hedonic food valuation, and how this might relate to levels of 

systemic inflammation in individuals with MDD. Such a study is critical to the development 

of a detailed account of the pathophysiology underlying depression, as it may inform more 

targeted treatments for MDD and the associated negative physical health outcomes. The 

present study aimed to address this gap in the literature.

To this end, we measured CRP levels in unmedicated MDD-A+ and MDD-A− as well as 

HC. Here, we focus on CRP, as this inflammatory marker has been reliably shown to differ 

between MDD-A+ and MDD-A− samples (Lamers et al., 2013; Lamers et al., 2018; 
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Simmons et al., 2018). We asked all participants to complete a task requiring active 

judgments about the hedonic value of food stimuli while undergoing functional magnetic 

resonance imaging (fMRI). We examined whether CRP concentration in blood differentially 

related to the coupling between brain activity and inferred food pleasantness across groups 

(see Section 2.3 for more information on “coupling” analyses). More specifically, we 

hypothesized that there would be a significant interaction effect between CRP concentration 

and group on coupling between activity in the OFC, striatum, and insula and food 

pleasantness ratings. We expected that MDD-A+ would have a significantly stronger positive 

relationship between CRP concentration and this coupling (i.e., higher CRP related to 

stronger coupling between brain activity and pleasantness ratings) than MDD-A− and HC. 

Such a finding would suggest that elevated peripheral inflammation previously observed in 

MDD-A+ samples may influence how these individuals interpret the hedonic value of food.

2. Methods

2.1 Participants

The protocol for the present study was approved by Western IRB. All participants provided 

written informed consent to participate, in accordance with the Declaration of Helsinki. A 

total of 64 participants aged 18–49 years completed the protocol for the current study 

(female n = 45; mean age = 32.3, SD = 8.9). These participants are a subset of the sample 

described in studies by Simmons and colleagues (2016; 2018) reporting upon appetite 

change in MDD. Participants from that larger sample (N = 96) were not included in this 

subset if they were missing CRP data (n = 13), did not complete the Food Pleasantness fMRI 

Task (which was not reported in the previous projects; n = 7), or had poor quality imaging 

data (e.g., due to excessive motion; n = 12). No participants or their data were removed from 

analyses for having outlier status on variables of interest. Specifically, two participants (one 

HC and one MDD-A+) had lower CRP values than the rest of their respective groups (based 

on being [1.5*interquartile range] lower than the 25th percentile) but were not removed from 

the sample. Rather, in an effort to maintain power, we utilized robust statistical methods to 

account for the influence of these outliers.

Participant groups were established based on diagnostic status and symptomatology. HC 

participants (n = 33) did not meet criteria for a current or past Axis I psychiatric disorder on 

the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-IV; First et al., 1996), 

nor did they have any first-degree relatives who met criteria for those disorders. MDD 

participants (n = 31) were required to meet DSM-IV-TR criteria for a current major 

depressive episode involving depression-related appetite change. Twenty-five of the MDD 

participants had experienced recurrent depressive episodes, and the MDD-A+ and MDD-A− 

groups did not show significant differences in single versus recurrent episode diagnoses (X2 

= 0.07, p = 0.79). Appetite change was evaluated with the appetite questions in the mood 

disorders module of the SCID-IV as well as in an additional interview with a psychiatrist. 

All MDD participants reported a weight change of at least five pounds in the same direction 

as their appetite change in the current depressive episode (i.e., MDD-A− with weight loss 

and MDD-A+ with weight gain). If participants did not meet the weight change threshold, 

research staff contacted a close relative or significant other to corroborate the participant’s 
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reported appetite change profile. These appetite and weight changes were used to assign 

each participant to either the MDD-A+ (n = 14) or MDD-A− (n = 17) group. Because the 

researchers were involved in recruitment, screening, and diagnosis, they were unable to be 

blinded to participants’ diagnostic status. Volunteers were excluded from the study for use of 

psychotropic medications within three weeks of the fMRI scan (six weeks for Fluoxetine) 

and for current use of corticosteroid or anti-inflammatory medication. Additional exclusion 

criteria included previous diagnosis of major neurological or medical disorder, substance 

abuse, traumatic brain injury, current pregnancy or having a primary language other than 

English.

2.2 Research Design

The study involved two sessions - a screening visit and a neuroimaging visit. During the 

screening, all participants provided demographic information and were assessed for current 

psychiatric disorders using the SCID-IV. Participants fasted for 12 hours prior to the second 

visit. At 8:00 am on the morning of the visit, they were given a breakfast standardized across 

participants for micro- and macro-nutrients. After completing the meal, all participants 

completed the clinician-administered Hamilton Depression Rating Scale (HAM-D) to assess 

current depression severity (Hamilton, 1960). Participants also completed the Hamilton 

Anxiety Rating Scale (HAM-A; Hamilton, 1959), as well as the Snaith-Hamilton Pleasure 

Scale (SHAPS) to evaluate anhedonia, or lack of pleasure (Snaith et al., 1995). Both the 

HAM-D and the SHAPS were modified in order to remove items related to food, drink, 

appetite, and weight (i.e., two items from the HAM-D and three items from the SHAPS) to 

avoid a bias in scoring that would otherwise give MDD-A− higher depression and anhedonia 

scores.

After completing these measures, participants were situated in the scanner at a standardized 

time (i.e., 12:00 pm). Immediately prior to the fMRI scan, blood was drawn from each 

participant using BD Vacutainer ethylenediaminetetraacetic acid (EDTA) blood collection 

tubes. The whole blood samples were centrifuged for 10 minutes after collection. Then, 

plasma was removed and stored at −80 degrees Celsius until analysis. Plasma CRP was 

measured with a high sensitivity enzyme-linked immunosorbent assay (ELISA) kit obtained 

from R&D Systems (Minneapolis, USA). Assays were performed in duplicate and quality 

was assessed by determining coefficients of variation (%CV). The intra-assay %CV for the 

samples was 8.4

After the blood draw was complete, participants began the fMRI scan. During the Food 

Pleasantness Task (Simmons et al., 2014), participants viewed pictures of food and rated 

how pleasurable it would be to eat the food item in the present moment (Figure 1). 

Therefore, this task elicits brain activation related to participants’ real-time inferences of 

food pleasantness, which allows for a more personalized measurement of activity in food-

related neurocircuitry than standard food picture tasks that do not incorporate subjects’ 

idiosyncratic food ratings. Participants completed four runs of the task, with each run 

consisting of 36 food pictures (144 total) presented for 5-second periods, separated by 

variable duration interstimulus intervals. During picture presentation, participants provided 

ratings using an MR-compatible scroll wheel on a Likert-type scale that ranged from 1 to 7, 
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with 1 indicating neutral and 7 implying extreme pleasure. An additional response option of 

“X” represented unpleasantness, and participants rated an average of 24 food pictures (SD = 

23) as unpleasant. Trials rated as unpleasant were not included in the present analyses. Food 

used for the stimuli were diverse and included a variety of food types (i.e., high/low fat and 

high/low sugar). As described by Simmons and colleagues (2014), the food stimuli were 

validated by a group of participants who rated the perceived fat and sugar content of each 

food.

2.3 fMRI Data Collection and Preprocessing

A 3-Tesla, whole-body MRI scanner with a 32-channel phased array head coil was used to 

collect the imaging data. A single-shot, gradient-recalled echo-planar imaging (EPI) 

sequence was used to identify blood oxygenation level-dependent (BOLD) contrasts. Forty-

four axial slices were collected per volume, and 248 volumes were collected in each run of 

the Food Pleasantness Task (TR = 2500 ms, TE = 22 ms). The volume of each voxel was 

approximately 1.72×1.72×2.90 mm3. Each participant’s EPI images were aligned to an 

anatomical scan, which was acquired with a Tl-weighted magnetization-prepared rapid 

gradient-echo (MPRAGE) sequence.

These fMRI data were preprocessed for each individual participant using the Analysis of 

Functional Neuroimaging (AFNI) software package (Cox, 1996). The first four volumes of 

each EPI time course were removed to isolate a steady-state fMRI signal, and a slice timing 

correction was then applied to the remaining volumes of each EPI scan. In one combined 

step, the EPI time courses were then corrected for motion, aligned to the anatomical scan, 

warped to Talairach space, and resampled to a 1.75×1.75×1.75 mm3 voxel size. Finally, data 

were smoothed using a 6-mm full-width, half-maximum Gaussian kernel and normalized to 

the percent signal change from each voxel’s mean signal.

Each participant’s fMRI data were visually inspected and quality checked for excessive 

motion and alignment. Individual TRs with motion parameters greater than 0.3 (i.e., roughly 

0.3mm motion relative to the previous TR) or with outlier parameters greater than 0.05 (i.e., 

more than 5% of voxels in TR are outliers) were censored during single-subject regression 

analyses. Additionally, any participant with greater than 20% of time points censored due to 

excessive motion was excluded from group analyses. Data were analyzed on a single-subject 

level using multiple linear regression. Included in the regression model were covariates of 

non-interest that accounted for motion correction and the mean, linear, quadratic, and cubic 

signal trends for each run of the task. The food picture stimuli were modeled by convolving 

a canonical hemodynamic function with a box car function with 5-second width, beginning 

at the onset of each trial period. The amplitude of the hemodynamic response function for 

each picture stimulus was modulated according to the participant’s pleasantness rating for 

the depicted food (i.e., amplitude modulation regression; AM). This AM regression analysis 

provided beta values that reflect the relationship between the BOLD response during 

hedonic evaluation of a food stimulus and the participant’s pleasantness rating of that food 

while seeing it in the scanner. More specifically, the AM beta coefficients reflect the 

magnitude of the BOLD signal change per unit-change in pleasantness ratings. The practical 

interpretation of these betas is that they represent the coupling between brain activity and 
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pleasantness ratings. As a result, a positive beta value (i.e., stronger coupling) signifies that a 

participant exhibited greater brain activity when they rated a food as more pleasant (and vice 
versa). The more strongly coupled this relationship, the greater the entrainment between 

food ratings and BOLD activation. Examining this coupling is meaningful because it allows 

us to assay a participant’s brain activation in relation to their subjective, idiosyncratic food 

preferences and therefore provides a more precise examination of food-related 

neurocircuitry than passive food picture viewing. See the work of Simmons and colleagues 

(2014) for more detail on the AM analysis method for the Food Pleasantness Task.

2.4 Data Analytic Plan

Before conducting any analyses, normality of the distribution of CRP concentration for each 

group was evaluated using Shapiro-Wilks tests. Because distributions were non-normal, 

CRP values were log-transformed. Group fMRI analysis was conducted using voxel-wise, 

random-effects multivariate modeling (AFNI’s robust 3dMVM) to assess the group by CRP 

interaction on coupling between BOLD activation and pleasantness ratings. Robust 3dMVM 

utilizes MM-estimation, which has both a high breakdown point and high efficiency, 

indicating it performs well in robust regression (Yu & Yao, 2017). For this analysis, the log-

transformed CRP concentration and group (i.e., MDD-A+, MDD-A−, HC) were included as 

predictors, and the beta coefficients (i.e., coupling between BOLD activation and 

pleasantness ratings) from each participant’s AM regression constituted the dependent 

variable. The main effects of CRP and group were analyzed. However, because we 

hypothesized that MDD-A+ would exhibit an increased relationship between CRP and 

coupling between brain activity and pleasantness ratings, the primary effect of interest was 

the interaction between group and CRP. Because previous literature suggested that the OFC, 

striatum, and insula play a role in food hedonics, and are all regions where activity has been 

associated with peripheral inflammation, we focused our analyses involved small volume 

corrections within a priori anatomical masks of these regions. All masks used for small-

volume correction were based on anatomical definitions used in previously published 

studies. The OFC mask was created using AFNI’s TT_N27 template brain volume. The 

striatum mask contained masks of the caudate, putamen, and ventral striatum, which were 

also used in the previous study involving the Food Pleasantness Task (Simmons et al., 2014). 

Each of these striatum masks was defined using the procedures described by Mawlawi and 

colleagues (2001). Insula masks were created using ‘DKD_Desai_PM,’ a maximum 

probability atlas available in AFNI (Destrieux et al., 2010). For more information on the 

anatomical definitions of the masks used, see Supplemental Materials (Section 1.0).

To identify specific relationships underlying the interaction effect between group and CRP 

concentration on the coupling between BOLD signal change and pleasantness ratings, 

follow-up robust regression analyses were conducted in R for each significant cluster. These 

post-hoc regression analyses included group as a between-subject variable and were 

completed using R’s ‘lmrob’ function (R Core Team, 2017). These post-hoc regressions 

allowed us to examine the hypothesized group differences in the slope of the relationship 

between CRP concentration and the coupling between BOLD signal change and 

pleasantness ratings. This allows for the examination of whether CRP differentially 

influences the relationship between subjective pleasantness ratings and BOLD signal change 
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in response to food stimuli. Additional exploratory post-hoc regressions examined the 

unique relationship between CRP concentration and the coupling between BOLD signal 

change and pleasantness ratings for each group (see Supplemental Table 6 for these results).

Given evidence that traditional methods of fMRI multiple comparison corrections do not 

adequately control false-positive inferences (Eklund et al., 2015), we employed the spatial 

autocorrelation function (acf) option for AFNI programs 3dFWHMx (estimating intrinsic 

smoothness based on residuals) and 3dClustSim (estimating probability of false positives), 

yielding a more stringent cluster threshold to address concerns about cluster thresholding 

methods and false positive rates (Eklund et al., 2016). A cluster-size multiple comparisons 

correction threshold of p < 0.05 was used for all analyses. Results were considered 

significant at conservative voxel-wise thresholds of p < 0.0005 for whole-brain voxel-wise 

results (a minimum cluster size of 595 mm3; presented in Supplemental Materials Section 

2.0) and p < 0.005 for small volume correction analyses within the pre-specified regions of 

interest. Minimum cluster thresholds were 86 mm3 for OFC and 160 mm3 for insula. As 

striatum was comprised of the putamen, caudate, and ventral striatum, the cluster threshold 

for these masks were 80, 64, and 48 mm3 respectively.

3. Results

3.1 Participant Characteristics

The MDD-A+, MDD-A−, and HC groups did not differ significantly in age, body mass 

index (BMI), or gender composition. The three groups exhibited significant differences in 

average food pleasantness ratings (p < 0.01). Follow-up pairwise comparisons revealed that 

MDD-A− rated food stimuli as significantly less pleasant than MDD-A+ (p < 0.01, 

Bonferroni-corrected) and HC (p < 0.04, Bonferroni-corrected). Pleasantness ratings of food 

stimuli made by MDD-A+ did not differ significantly from those made by HC (p = 0.68, 

Bonferroni-corrected). No significant differences in CRP concentration between the three 

groups were observed (p = 0.15; Figure 2). Exploratory analysis using a Wilcoxon non-

parametric test (i.e., Wilcoxon rank-sum test; ‘wilcox.test’ in R) revealed a trend toward 

higher CRP in the MDD-A+ group (W= 166.5, p = 0.06). This trend is in line with the report 

by Simmons and colleagues (2018) which previously demonstrated that MDD-A+ had 

significantly higher CRP levels than MDD-A− using a larger sample of which the present 

sample is a subset. Importantly, the two MDD groups of the present sample did not exhibit 

significant differences on measures of depression (HAM-D), anxiety (HAM-A), or 

anhedonia (SHAPS; see Table 1). Because group differences in anhedonia were not 

observed, appetite change rather than anhedonia appears to more broadly account for MDD-

A− participants’ significantly lower food pleasantness ratings.

3.2 Neuroimaging Results

Ratings of food pleasantness were related to activation within a network of regions 

implicated in valuation and reward, including medial prefrontal cortex, insula, OFC, and 

caudate (see Supplemental Table 1). While the current study focused on CRP by group 

interactions, whole-brain main effects of group (i.e., observed within regions including 

posterior cingulate cortex, parietal cortex, and fusiform gyrus) and CRP (i.e., observed 
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within regions including culmen, parietal cortex, and fusiform gyrus) are described in 

Supplemental Materials (Supplemental Tables 2 and 3). Additionally, the present study 

focused on results in a priori anatomical regions; however, the whole brain results for the 

CRP by group interaction are included in Supplemental Materials as other brain regions may 

also be implicated in this relationship (Supplemental Table 4).

The results of the robust 3dMVM revealed clusters in left OFC, right insula, and bilateral 

striatum that demonstrated a significant interaction effect between group and CRP (voxel-

wise p < 0.005; see Table 2 and Figures 3 and 4), indicating that the coupling between 

participants’ BOLD signal change and pleasantness ratings of food stimuli is influenced by 

the interaction between their group status and CRP concentration. Similar results remained 

when controlling for gender (Supplemental Table 5).

Follow-up (i.e., post-hoc) robust regression analyses were performed to identify the specific 

relationships underlying the group x CRP interactions. In the left OFC cluster, CRP was 

related to stronger coupling between BOLD signal change and pleasantness ratings for 

MDD-A+ compared to both MDD-A− (b = −0.07, t = −4.58, p < 0.001) and HC (b = −0.07, 

t = −5.79, p < 0.001), with no significant differences observed between MDD-A− and HC (b 
= −0.004, t = −0.30, p = 0.76; Figure 3). In short, compared to participants from the other 

two groups, MDD-A+ participants exhibited a greater increase in left OFC activity per unit 

change in their food pleasantness ratings.

The regression models involving insula activation revealed contrasting results. In the right 

anterior/mid-insula, greater CRP was related to stronger coupling between BOLD signal 

change and pleasantness ratings in MDD-A+ compared to MDD-A− (b = −0.05, t = −2.14, p 
< 0.05) and HC (b = −0.07, t = −4.16, p < 0.001). There were no significant differences 

between MDD-A− and HC (b = 0.02, t = 0.79, p = 0.43). In the right posterior mid-insula, 

higher CRP was related to weaker coupling between BOLD signal change and pleasantness 

ratings in MDD-A+ than HC (b = −0.04, t = −3.64, p < 0.001). MDD-A− did not differ 

significantly from MDD-A+ (b = 0.01, t = 1.16, p = 0.25) or HC (b = −0.02, t = −1.90, p = 

0.06; Figure 3).

Compared to HC, both MDD-A+ and MDD-A− higher CRP was related to stronger 

coupling between BOLD signal change and pleasantness ratings in right (MDD-A+: b = 

0.03, t = 3.20, p < 0.01; MDD-A−: b = 0.05, t = 2.91, p < 0.01) and left (MDD-A+: b = 0.03, 

t = 2.68, p < 0.01; MDD-A−: b = 0.05, t = 4.45, p < 0.001) striatum clusters. Statistically 

significant differences between MDD-A+ and MDD-A− were not observed for right (b = 

0.02, t = 1.15; p = 0.26) or left striatum clusters (b = 0.03, t = 1.86; p = 0.07; Figure 4). 

However, the left striatum appears to have a trending difference between the MDD groups.

4. Discussion

The present study examined potential neural mechanisms underlying the relationship 

between systemic inflammation, indexed here by CRP concentration in plasma, and 

depression. There were two key findings. First, in participants with depression-related 

appetite increase, higher inflammation was associated with a stronger coupling between 
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inferred food pleasantness and activity in both the OFC and anterior/mid-insula as well as a 

weaker coupling in posterior insula. Second, in MDD participants regardless of the direction 

of appetite change profile, higher inflammation was associated with a stronger coupling 

between inferred food pleasantness and activity in the striatum. These findings suggest that 

CRP may differentially moderate the relationship between food pleasantness ratings and 

BOLD activation across MDD appetite change profiles and specific brain regions involved 

in food hedonics. Therefore, peripheral inflammation may play a role in the behavioral and 

neural processes underlying why some individuals with MDD experience increased appetite 

while others experience decreased appetite.

We expected that compared to MDD-A− and HC, higher CRP in MDD-A+ would be 

associated with stronger coupling between food pleasantness ratings and activity in reward 

and interoceptive regions. This result was observed within left OFC, a region commonly 

associated with decision making and behavioral drives including food cravings (Elliott et al., 

2000; Lowe et al., 2009). The same area of the OFC was also one of two regions identified 

in the original publication with the Food Pleasantness Task, further highlighting the role of 

the OFC in on-line hedonic inferences of food stimuli (Simmons et al., 2014). As described 

by Simmons and colleagues (2018), it is possible that systemic inflammation in some 

individuals with depression may lead to disrupted metabolic signaling through the 

hypothalamus and a subsequent blunting of homeostatic satiety signals that inform reward 

valuation. This model would indeed account for the present study’s observation that the 

MDD-A+ participants exhibited both heightened inflammation and altered coupling between 

activity in the OFC and food reward inferences. Other models, however, could also apply. 

For example, elevated inflammatory cytokines and resulting changes in the relative 

availability of kynurenine pathway metabolites may alter neural activity more directly, 

particularly in OFC as well as in general reward circuitry (Felger et al., 2015).

Two significant clusters were observed within the insula that exhibited contrasting effects in 

the MDD-A+ group. This may reflect the functional diversity of specific regions of the 

insular cortex (Kurth et al., 2010; Simmons et al., 2013) as well as the impact of peripheral 

inflammation across the insular cortex (Harrison et al., 2015). In the anterior insula, a region 

involved in emotional processing and attending to salient stimuli (Kurth et al., 2010; 

Simmons et al., 2013), higher CRP was related to stronger coupling between activation and 

hedonic ratings for MDD-A+ compared to MDD-A− and HC. In the mid- to posterior insula 

cluster, higher CRP was related to weaker coupling between activation and hedonic ratings 

for MDD-A+ compared to HC. The mid and posterior regions of the insula are primarily 

implicated in interoceptive awareness of the body’s homeostatic state (Simmons et al., 

2013). In combining these two findings from the insula, our results suggest that when MDD-

A+ are in a pro-inflammatory state, and they may be unable to effectively integrate 

interoceptive/homeostatic signals (e.g., hunger versus satiety) into their valuation of salient 

food stimuli.

In bilateral striatum, both MDD groups exhibited a stronger positive relationship between 

CRP and the coupling between BOLD activation and hedonic ratings than was observed in 

HC participants. This is consistent with the aforementioned evidence that inflammation may 

particularly affect the activity of reward circuitry in individuals with MDD (Felger et al., 
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2015; Felger & Treadway, 2017; Miller & Raison, 2016), with greater inflammation 

associated with altered hedonic inferences of food, irrespective of appetite change 

directionality. Our results suggest that increased inflammation in MDD is linked to tighter 

coupling between striatum activity and hedonic inferences about food. However, striatum 

activity alone certainly does not drive differential appetite responses in MDD. Rather, OFC 

and insula activation in the presence of inflammation may further modulate responses to 

food cues, thereby contributing to whether an individual with MDD ultimately exhibits an 

increased or decreased appetite phenotype. Specifically, inflammation may be related to 

unique OFC and insula responses to interpreting the pleasantness of food cues in MDD-A+. 

This may reveal a process by which inflammation leads MDD-A+ to be more sensitive to 

food-related sensory information but to be unable to properly recognize interoceptive signals 

of hunger and satiety. This may then result in MDD-A+ having greater motivation to 

consume foods.

The present study included a well-characterized sample of unmedicated MDD participants, 

with groups that were similar in age and BMI. The study used a variety of data collection 

methods including self-report, behavioral, immunologic, and neuroimaging approaches. 

Analyses were conducted using robust methods and were conservatively corrected for 

multiple comparisons. The Food Pleasantness Task used for neuroimaging analyses has 

demonstrated replicable effects across populations of healthy participants (Simmons et al., 

2014). Analysis of the Food Pleasantness Task accounted for participants’ idiosyncratic food 

preferences through AM regression. Nevertheless, it is important to acknowledge that the 

sample size of participants with depression was relatively small which limited the power of 

our analyses. Moreover, the small samples and gender distribution across groups limited our 

ability to study sex differences. It is notable, however, that the gender distribution of the 

present sample is representative of the greater incidence of MDD in females than males 

(Essau et al., 2010). Next, our hypotheses were based on prior findings (from our group and 

others) of increased inflammation being associated with MDD-A+. However, some previous 

studies have also found elevated cytokine levels in patient subtypes which may involve 

appetite loss (Maes et al. 1993; Huang & Lee, 2007; Bai et al., 2015). Although our current 

findings suggest that inflammation may play a unique role in the neurocircuitry underlying 

food hedonics in MDD-A+, further research is needed to parse apart the relationship 

between cytokine levels and appetite change profiles in MDD. Additionally, we did not 

explore differences in results for MDD participants based on onset of depression. However, 

we expect that results would not differ much depending on disease chronicity due to the 

finding that appetite change profiles generally remain stable over recurrent depressive 

episodes (Stunkard et al., 1990). Furthermore, our examination of the relationship between 

peripheral inflammation and appetite change profiles was only conducted within the scope 

of major depressive disorder. Therefore, our results cannot be applied to other clinical 

populations with inflammation related to appetite and weight changes (e.g., cancer cachexia, 

anorexia nervosa, etc.). The focus of this manuscript was specifically on the role played by 

inflammation, as indexed by CRP, in appetite change profiles of MDD. Nevertheless, it is 

important to recognize that other non-inflammatory factors likely also influence the 

neurobiology underlying these profiles, including numerous metabolic and endocrine 

signaling molecules (e.g., leptin, ghrelin, cortisol, etc.). For instance, previous findings from 
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our group suggest that increased peripheral inflammation may lead to leptin insensitivity, 

which impacts the regulation of appetite (i.e., through the hypothalamus; Simmons et al., 

2018). Similarly, ghrelin has been shown to have unique relationships with hypothalamic 

BOLD activation in response to food pictures across MDD-A+ and MDD-A− groups (Cerit 

et al., 2019). Finally, the data were collected cross-sectionally, so interpretations of causation 

between inflammation, depression, appetite changes, and neural activation patterns should 

not be made.

Recognizing the limitations of the present study, future research should explore the 

relationship between inflammation and depression-related appetite change profiles in a 

larger, more representative sample. The current findings, while studied in relation to hedonic 

inferences of food, may also suggest relationships between depression and other aspects of 

appetite regulation (e.g., motivational salience and homeostatic signaling). Further 

investigations concerning these various aspects of appetite regulation could be a fruitful 

endeavor for future depression research. Exploring the underlying mechanisms between 

inflammation and food-related anhedonia in MDD may be particularly useful, as our results 

suggest that MDD-A− find foods to be significantly less pleasant than MDD-A+. 

Additionally, studying the onset and development of inflammation in MDD could provide a 

longitudinal perspective of how inflammation relates to behavioral outcomes such as 

appetite change or interoception. To expand on the present findings involving CRP, future 

studies may wish to explore specific inflammatory/cytokine signaling pathways in 

depression with appetite change (e.g., using IL-1 or IL-6). Because previous findings 

suggest that IL-6 concentration may differ between MDD-A+ and MDD-A− (Lamers et al., 

2013; Rudolph et al., 2014; Simmons et al., 2018), we replicated the analyses presented 

herein to include IL-6 rather than CRP concentration (see Supplemental Materials Section 

3.0). These analyses are not included in the main text because they were likely impacted by 

reduced power, as only 45 of the 64 participants had usable IL-6 assays. However, the results 

suggest that similar to CRP, IL-6 may also differentially relate to the coupling between food 

pleasantness ratings and BOLD activation across groups. This is to be expected, as CRP 

production is stimulated by IL-6. Lastly, intervention studies would be useful in determining 

whether these inflammatory, interoceptive, and appetite disturbances relate to one’s ability to 

respond to treatment and whether they may normalize with symptom remission.

Current findings provide an enhanced neurobiological understanding of MDD and potential 

subtypes of this heterogenous disorder. Results suggest that MDD treatments targeting 

inflammation may result in normalization of food responses, particularly in individuals with 

increased appetite. These findings, along with further delineation of inflammatory or 

appetite subtypes, may ultimately lead to more targeted, personalized, and effective 

treatments for MDD, and the prevention of its concomitant adverse health outcomes such as 

obesity and cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Depression with increased appetite (MDD-A+) has been linked to systemic 

inflammation

• We explored how food hedonics in MDD relate to systemic inflammation 

(plasma CRP)

• Striatum activity in all participants with MDD positively correlated with CRP

• OFC and anterior insula activity positively correlated with CRP in only 

MDD-A+

• Food hedonics in MDD appetite change profiles differentially relate to 

inflammation
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Figure 1. 
An overview of the Food Pleasantness Rating Task. Current analyses focused only on 

pleasantness ratings of food rather than unpleasant (source: Simmons et al., 2014).

Note. Reprinted by permission from Springer Nature: Springer, Brain Structure and 

Function (The ventral pallidum and orbitofrontal cortex support food pleasantness 

inferences, Simmons et al.) Copyright (2014).
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Figure 2. 
CRP concentration distribution by group.

Note. CRP = C-reactive protein. HC = healthy control. MDD-A+ = MDD with increased 

appetite. MDD-A− = MDD with decreased appetite.
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Figure 3. 
Robust regression analyses revealed a more positive relationship between CRP and coupling 

between food peasantness ratings and BOLD activation in OFC and anterior insula clusters 

for MDD-A+. In mid/posterior insula, MDD-A+ demonstrated a more negative relationship 

between CRP and coupling between peasantness ratings and BOLD activation.

Note. HC = healthy control. MDD-A+ = MDD with increased appetite. MDD-A− = MDD 

with decreased appetite.
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Figure 4. 
Robust regression analyses revealed a more positive relationship between CRP and coupling 

between food pleasantness ratings and striatal BOLD activation for all MDD.

Note. HC = healthy control. MDD-A+ = MDD with increased appetite. MDD-A− = MDD 

with decreased appetite. Data for the right striatum represent individual subject averages 

from four separate clusters of activation.
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