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A B S T R A C T

Depression, together with insulin resistance, is increasingly prevalent among youth. These conditions have
traditionally been compartmentalized, but recent evidence suggests that a shared brain motivational network
underlies their co-occurrence. We posit that, in the context of depressive symptoms, insulin resistance is asso-
ciated with aberrant structure and functional connectivity in the Anterior Cingulate Cortex (ACC) and hippo-
campus. This motivational neural circuit underlies dysfunctional behavioral responses and increased sensitivity
to rewarding aspects of ingesting high calorie food that lead to disinhibition of eating even when satiated. To
investigate this shared mechanism, we evaluated a sample of forty-two depressed and overweight (BMI > 85th
%) youth aged 9 to 17. Using ACC and hippocampus structural and seed-based regions of interest, we in-
vestigated associations between insulin resistance, depression, structure (ACC thickness, and ACC and hippo-
campal area), and resting-state functional connectivity (RSFC). We predicted that aberrant associations among
these neural and behavioral characteristics would be stronger in insulin resistant compared to insulin sensitive
youth. We found that youth with greater insulin resistance had higher levels of anhedonia and more food seeking
behaviors, reduced hippocampal and ACC volumes, and greater levels of ACC and hippocampal dysconnectivity
to fronto-limbic reward networks at rest. For youth with high levels of insulin resistance, thinner ACC and
smaller hippocampal volumes were associated with more severe depressive symptoms, whereas the opposite was
true for youth with low levels of insulin resistance. The ACC-hippocampal motivational network that subserves
depression and insulin resistance separately, may represent a critical neural interaction that link these syndromes
together.

1. Introduction

1.1. Shared brain mechanisms of depression and insulin resistance

Depression combined with insulin resistance, a precursor to diabetes
in which cells fail to respond to the normal actions of the hormone
insulin, is increasing in youth worldwide (Merikangas et al., 2010; Neef
et al., 2013) and is leading to progressively severe, atypical, and
treatment refractory forms of depression (Lamers et al., 2010; Penninx
et al., 2013; Ramasubbu, 2002; Takeuchi et al., 2013). Traditionally,
these syndromes have been compartmentalized as separate emotional
and physical health conditions. However, recent evidence in adults
(McIntyre et al., 2009, 2010; Ryan et al., 2012; Soczynska et al., 2011)
and youth (Shomaker et al., 2011) suggests fundamental neurobeha-
vioral disruptions that may bidirectionally link these syndromes
(Beydoun et al., 2016; Gunnell et al., 2016; Hiles et al., 2016), implying

a shared underlying mechanism (Buhl et al., 2010; Rasgon et al., 2010)
that may mediate the progressive worsening of depressive symptoms
(Al Mamun et al., 2007; Ernersson et al., 2010; McElroy et al., 2004;
Pott et al., 2010). To have the greatest impact on early intervention
efforts to mitigate the progression of depressive symptoms (Hills et al.,
2007), it is essential to clarify when and how the neurobehavioral dis-
ruptions underlying these syndromes emerge. Characterizing these
disruptions early in development in children and adolescents provides a
unique opportunity to understand how depression and insulin re-
sistance interact during the earliest stages of risk.

1.2. Depression is a stress risk factor for insulin resistance

Depression has metabolic consequences across the lifespan
(McIntyre et al., 2009; Rasgon and Kenna, 2005; Rasgon and McEwen,
2016). Among children and adolescents, obesity and insulin resistance
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have been attributed to an overactive stress response that accompanies
depression (Pervanidou and Chrousos, 2012). The hypothalamic-pitui-
tary-adrenal (HPA) axis, which modulates the production of the stress
hormone cortisol, is hyperactive in 40–60% of individuals with Major
Depressive Disorder. Excess circulating cortisol and its disruption of
glucoregulatory mechanisms is thought to lead to hyperinsulinemia and
insulin resistance, which promotes the development of diabetes and
cardiovascular disease (Brown et al., 2004). Indeed, animal and human
studies have suggested that exposure to maternal stress even in the
prenatal period may represent very early modifiable risk factors during
fetal and infant development that predispose offspring to cardiovas-
cular disease in adult life; these risk factors are targets for prevention
(van Dijk et al., 2010). Early and serious stress exposure is increasingly
being shown to result in metabolic consequences. A recent compelling
study among healthy youth in Australia demonstrated that early and
even preclinical symptoms of depression increase insulin resistance,
independent of adiposity (Olive et al., 2017). Alternatively, the corre-
lation between depressive symptomatology and insulin resistance could
be explained by maladaptive lifestyle choices associated with depres-
sion such as physical inactivity and poor dietary habits that increase the
risk of developing insulin resistance (Pearson et al., 2010). In youth at
high-risk for obesity, higher levels of depression severity in childhood
were associated with the development of insulin resistance six years
later, independent of changes in body mass index (BMI), implicating a
direct pathophysiological link between depression and insulin re-
sistance (Shomaker et al., 2011).

1.3. Insulin resistance is a risk factor for worsening depression

There is substantial evidence both that depression can promote in-
sulin resistance and that insulin resistance is a risk factor for the wor-
sening of existing depressive symptoms. Insulin receptors are ubiqui-
tous throughout the central nervous system, and central insulin
resistance is linked to a variety of cognitive impairments across the
lifespan (Akın et al., 2017; Liu et al., 2014; McIntyre et al., 2015).
Importantly, insulin receptors are expressed in key reward regions
(Figlewicz, 2016), and insulin signals a reward behavior through me-
chanisms such as enhanced dopamine release (Eisenstein et al., 2015;
Khanh et al., 2014; Stouffer et al., 2015) and GABA inhibition
(Williams, 2015). Collectively, these studies implicate a role of insulin
in the regulation of reward behaviors. Similarly, there are a variety of
brain regions that are both sensitive to insulin and implicated in the
pathophysiology of depression (Ryan et al., 2012). These common brain
regions contribute to reward-related cognitions and behaviors that most
likely lead to depression symptom expression and progression
(McIntyre et al., 2010). Specifically, aberrant reward-seeking behaviors
likely drive the vicious cycle between depression and insulin resistance
leading to the progression of worsening depressive symptoms over time.
This process begins when depressed youth initially experience pleasure
from eating unhealthy or “comfort” foods to improve their mood, which
consequently reinforces motivation for eating (Weltens et al., 2014).
Overeating then becomes more frequent due to a reinforced drive for
food, and the cues associated with food also produce a reward response,
which further strengthens the neural reward pathway associated with
food consumption (Christensen and Pettijohn, 2001). Over time, re-
sponses to actual food receipt diminish and may drive continued
overeating in an attempt to experience the previous level of pleasure,
resulting in weight gain and insulin resistance (Anthony et al., 2006).
This reward prediction error, defined as the discrepancy between an
expected reward and an actual reward, is central to the progression of
depressive symptoms in overweight youth (Gradin et al., 2011; Huys
et al., 2013; Kumar et al., 2008; Singh, 2014).

There are other behavioral and brain findings that link insulin re-
sistance to worsening of depression. Individuals with insulin resistance
are more likely to be obese and, therefore, more likely to behaviorally
experience peer victimization (Nemiary et al., 2012), which is well

established to be strongly related to depression (Hawker and Boulton,
2000). Youth with obesity are also more likely to experience body
dissatisfaction, negative self-esteem, and anhedonia (Goldfield et al.,
2010). Obese adolescents demonstrate brain structural abnormalities in
orbitofrontal and anterior cingulate cortices (Yau et al., 2014), reduced
hippocampal volumes (Yau et al., 2012), and functional abnormalities
in addiction related neural pathways in frontotemporal and parietal
cortices (Feldstein Ewing et al., 2016). However, there is limited un-
derstanding of how these brain abnormalities relate to insulin re-
sistance in the context of depression. Moreover, to our knowledge, there
are no studies that have evaluated whether brain structural or func-
tional abnormalities in youth vary with fasting versus post-glucose
challenge measurements of insulin resistance. A comprehensive as-
sessment of behavioral and brain correlates of insulin resistance in
fasting and post-glucose challenge states would clarify early brain
mechanisms of insulin resistance that have not to date been well
characterized.

1.4. Using the approach motivation construct in childhood to investigate
early relations between depression and insulin resistance

Compelling data separately in pediatric onset mood disorders
(Gabbay et al., 2013; Singh et al., 2013, 2014) and insulin resistance
(Adam et al., 2013; Androutsos et al., 2014; Anthony et al., 2006;
Kullmann et al., 2012; Ryan et al., 2012) suggest neurobehavioral
disruptions in the Research Domain Criteria (RDoC) construct of ap-
proach motivation, which involves mechanisms or processes that reg-
ulate the pursuit of desired rewards and goals in the environment.
Aberrant reward sensitivity may explain the relation between reward
processing and mood symptoms. For example, decreased approach
motivation is a defining characteristic of classic unipolar depression, in
which reward hyposensitivity is associated with motivational deficits in
anhedonia (Nusslock and Alloy, 2017). In the combined phenotype of
depression and insulin resistance (Androutsos et al., 2014; Ryan et al.,
2012), maladaptive behaviors such as inactivity and compensatory
overeating may be represented by neurobiological disruptions in
function, structure, and connectivity in the reward network; these dis-
ruptions lead, in turn, to subsequent worsening of depressive symp-
toms. We posit that such disruptions are localized to two central reg-
ulatory regions in the neural reward network: the Anterior Cingulate
Cortex (ACC) (Foland-Ross et al., 2015, p.; Pruessner et al., 2010; Ryan
et al., 2012; Teh et al., 2010; Wozniak et al., 2012) and the hippo-
campus (Chantiluke et al., 2012; Hulvershorn et al., 2011; Keding and
Herringa, 2015; Marusak et al., 2017), which each play key roles in
emotion, stress, and insulin regulation.

There are several reasons why the ACC and hippocampus are likely
key players in the neuroendocrine and clinical consequences of seden-
tary behaviors and overeating among depressed youth. First, as illu-
strated above, aberrant structure and function in these regions are re-
producible and consistently implicated uniquely and jointly to the
pathophysiology of both pediatric depression and insulin resistance
syndromes. Insulin is a potent anorexigenic hormone. Prior fMRI stu-
dies suggest differential activation during feeding states of a complex
neural network that regulates appetite through the hypothalamus,
thalamus, limbic (hippocampus) and paralimbic (insular cortex, ante-
rior cingulate gyrus, and the orbitofrontal cortex) regions (Pliquett
et al., 2006). Second, both the ACC and hippocampus play a critical role
in stress regulation throughout development, and departures from ty-
pical developmental trajectories for these regions can lead to depressive
symptoms. For example, modified developmental changes in intrinsic
functional networks that proceed from the ACC affect key self-reg-
ulatory processes, which, when vulnerable, then increase adolescent
risk for depression (Jalbrzikowski et al., 2017; Lichenstein et al., 2016).
Third, the ACC and hippocampus are highly connected (de Kwaasteniet
et al., 2013; James et al., 2017; Ye et al., 2016; Zeng et al., 2012) and
the interdependence between these regions are implicated in
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understanding mesostriatal dopaminergic disturbances in approach
motivation in depression (Hamilton et al., 2011). Moreover, aberrant
connectivity between these regions may be mediated by oxidative
stress, particularly in early stages of depressive illness (Hermens et al.,
2017). Compellingly, downregulation of cingulate-hippocampal con-
nectivity may represent a treatment biomarker for persistent and
treatment refractory forms of depression (Argyelan et al., 2016; Wong
et al., 2016) which are common among individuals with insulin re-
sistance (Lamers et al., 2016).

Here, we systematically investigated reward sensitivity by evalu-
ating the neurobehavioral disruptions in approach motivation in de-
pressed youth with varying levels of insulin resistance. Our study aimed
to characterize overweight or obese youth with depression for beha-
vioral, neurostructural, and neurofunctional disruptions in approach
motivation and the relation of such disruptions to a clinical assessment
of insulin resistance and depression severity. We predicted that youth
with higher, compared with lower, levels of insulin resistance would
exhibit evidence of impaired approach motivation: behaviorally,
through more anhedonia and more food seeking behaviors, neuro-
structurally, through reductions in volume in the hippocampus and
ACC, and neurofunctionally, through greater levels of ACC and hippo-
campal dysconnectivity to the fronto-limbic reward networks while at
rest. Further, we predicted that insulin-related brain and behavioral
measures of aberrant approach motivation would correlate with de-
pression severity. Finally, we predicted these findings would be con-
sistent across two related indices of insulin resistance: fasting insulin
and insulin measured after an oral glucose challenge.

2. Materials and methods

2.1. Study participants, screening procedures, and analytic approach to
behavioral correlates of insulin resistance

Forty-two overweight or obese youth between the ages of 9 to
17 years with currently untreated depressive symptoms were recruited
for this study. All adolescent participants provided written assent and at
least one parent or legal guardian provided written informed consent
prior to all study procedures. This study was approved by Stanford
University's Institutional Review Board. Participants were recruited
from pediatric mood and weight control programs, and community
advertisements.

Children and adolescents were included if their body mass index
(BMI) was at the 85th percentile or higher for their age and sex based
on the Center for Disease Control and Prevention BMI calculator for
children and teens (https://nccd.cdc.gov/dnpabmi/calculator.aspx).
During the screening visit, height (with accuracy of 0.1 cm) and weight
(with accuracy of 0.1 kg) were measured with the Seca 284, an elec-
tronic measuring station, after the removal of shoes and jackets. Two
measures of height were obtained and averaged. Participants were also
evaluated for at least moderate levels of depression severity using the
Children's Depression Rating Scale-Revised (CDRS-R) (Poznanski et al.,
1984) administered separately to parents and youth by a study clinician
or trained coordinator. Participants were included if their raw CDRS-R
summary score was> 35, signifying at least moderate levels of de-
pression severity at the time of enrollment. All youth in this sample
were treatment seeking for active unremitted symptoms that were early
in the course of their depressive illness.

Individuals were assessed for current and lifetime psychiatric dis-
orders with the Kiddie Schedule for Affective Disorders and
Schizophrenia-Present and Lifetime version (KSADS-PL) (Kaufman
et al., 1997). Youth were excluded if they were currently being treated
for a mood disorder when evaluated at the screening visit. Youth were
also excluded if they had type 1 or type 2 diabetes, were taking med-
ication that affected their weight or metabolism, had a contraindication
for an MRI (e.g. metal in their body or anterior-posterior diameter>
46 cm) or if their Full-4 IQ score on the Wechsler Abbreviated Scale of

Intelligence (WASI) (Psychological Corporation, 1999) was<70.
We used the CDRS-R as our primary clinical assessment of depres-

sive symptoms in youth. This clinician-administered interview with
parents and children captured depression symptom severity and its
impact on multiple areas of functioning. There were several advantages
of using the CDRS-R over self-report measures of depressive symptoms:
(i) it provided the presence or resolution of a comprehensive list of
approach motivation-related symptoms that may have differential as-
sociations with insulin resistance (Austin et al., 2014), their levels of
severity, and their impact on function (ii) it only takes 10min to
complete by the clinician; (iii) it is empirically derived and validated;
and (iv) it is administered to both parent and child to provide multi-
informant data. We also used the Snaith Hamilton Pleasure Scale
(SHPS) (Snaith et al., 1995), the Temporal Experience of Pleasure Scale
(TEPS) (Ho et al., 2014), and the Three-Factor Eating Questionnaire
(TFEQ) (Shearin et al., 1994) as behavioral measures of approach mo-
tivation. The SHPS is a 14-item scale of hedonic function self-reported
by the youth participants. Higher SHPS values represent high levels of
anhedonia. The TEPS assesses consummatory and anticipatory ap-
proach motivation of the child as assessed by the parent with higher
scores denoting higher levels of anticipatory and consummatory plea-
sure. The TFEQ is an easy self-rated instrument completed by youth that
measures 3 aspects of eating behavior: cognitive restraint, uncontrolled
eating or eating disinhibition, and emotional eating. It has been ex-
tensively studied and has been shown to be valid and reliable in youth.

2.2. Assessment of insulin resistance

After the screening visit, eligible youth were assessed for insulin
resistance and neural markers of approach motivation using structural
and functional magnetic resonance imaging (MRI) scans. Serum mar-
kers of insulin resistance were assessed using a 2-hour oral glucose
tolerance test (OGTT). After a 10-hour fasting period and an initial
fasting blood draw, participants consumed 75 g of oral glucose and had
their blood drawn every 30min for 2 h to measure insulin and glucose.
Insulin values were measured by immunoassay. Insulin resistance was
determined by fasting insulin measures and with the Matsuda Index,
calculated with the following formula: Matsuda= 10,000 /
(G0× I0×Gmean× Imean)1/2 where G0 is fasting glucose, I0 is fasting
insulin, Gmean is average serum glucose across entire OGTT period, and
Imean is mean insulin across entire OGTT period (Matsuda and
DeFronzo, 1999). Fig. 1 depicts average blood insulin levels over time
after glucose ingestion.

2.3. Neuroimaging data acquisition

After participants were familiarized with the scanning environment
in an MRI simulator, whole-brain images were acquired on a 3T GE
Signa Excite (General Electric Co., Milwaukee, WI) scanner equipped
with an 8-channel head coil. Functional images were collected at rest
using a spiral pulse sequence with the following parameters: repetition
time (TR)=2000ms, echo time (TE)= 30ms, flip angle (FA)= 80°,
field of view (FOV)= 22 cm, number of slices= 30 slices in the axial
plane, and slice thickness= 4mm with a gap of 1mm. The first four
volumes of each participant's resting-state scan were discarded at the
scanner to allow for stabilization of longitudinal magnetization. High-
order shimming was used before acquisition of resting-state data to
improve field homogeneity. High-resolution structural images were also
collected to assist in registration of functional data to standard space
using a fast spoiled gradient recalled (3D FSPGR) pulse sequence with
the following parameters: TR=8.5ms, TE=3.32ms, TI= 400ms, flip
angle= 15°, field of view (x)= 25.6 cm, matrix of 256×256, number
of slices= 186 slices in the axial plane, and a slice thickness of 1mm.

2.3.1. Structural MRI data processing
Scans were processed using FreeSurfer to produce measures of
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cortical gray matter thickness version 5.3, (http://surfer.nmr.mgh.
harvard.edu) (Fischl and Dale, 2000; Salat et al., 2004). To ensure
the accuracy of gray/white matter segmentation, exclusion of scalp and
other non-brain tissue, and the inclusion of brain tissue and cortical
surfaces were visually inspected by an expert (YVZ). Manual corrections
were performed by this rater where appropriate, in accordance with
previously established procedures (Black et al., 2012; Mazaika et al.,
2016). ACC cortical thickness and area (rostral and caudal regions
combined together from the Desikan-Killiany Atlas), along with bi-
lateral hippocampus, with left and right hemispheres averaged to-
gether, were assessed to test study hypotheses. Given that adolescents
with depression may show differential topography in subregions of the
ACC (Schmaal et al., 2017), to maximize our ability to detect subtle
aberrations in neuronal architecture, we measured and report on both
ACC cortical thickness and area.

2.3.2. Hypothesis testing for structural MRI data
There is a critical need in this nascent field to understand how levels

of insulin map on to neural and behavioral correlates of insulin re-
sistance and to provide biological plausibility for cut-offs that are
otherwise unresolved or controversial in youth (Brambilla et al., 2007;
van der Aa et al., 2017). We theorized that the yet untested relation
between depression and aberrant brain structure differs depending on
level of insulin resistance. Moreover, relations among these continuous
variables are nonlinear (de la Torre-Luque et al., 2016; Jani et al.,
2014). We used a well-known trichotomized collapsing method to
maximize the information learned from these nonlinearly related con-
tinuous variables (Gelman and Park, 2009). This collapsing method was
especially important to improve power in our moderately sampled
study. Thus, to reveal the effect of very low and high insulin levels, we
dichotomized insulin-related variables (fasting insulin and Matsuda
Index) in two different ways. First, they were dichotomized into two
categories: bottom 1/3 (low=1) and the rest (low=0), defined by a
fasting insulin< 10 or a Matsuda<2.54, and top 1/3 (high=1) and
the rest (high=0), defined by a fasting insulin ≥16 or a Matsuda
≥3.88. Among the total sample of 42 youth and based on the first
categorization (low vs. rest), 14 was categorized as having low insulin
and 28 as moderate to high. Based on the second categorization (high
vs. rest), 14 was categorized as having high insulin and 28 as low to
moderate. Second, we compared the correlation between depression

and neural structure in the ACC and hippocampus across the two ca-
tegories for each dichotomization. Specifically, we used a multiple
group comparison approach implemented in Mplus (Muthén and
Muthén, 1998) using maximum likelihood estimation with robust
standard errors. For graphical purposes, significant relations between
structure and depression severity were depicted using partial correla-
tion coefficients in SPSS v.22 with age, sex, and Matsuda Index as
covariates.

2.3.3. Functional MRI pre-processing
Pre-processing of resting-state data was carried out using FEAT

Version 6.00 within FSL (FMRIB's Software Library; www.fmrib.ox.ac.
uk/fsl). Each participant's 210-volume functional dataset was realigned
to compensate for small head movements using MCFLIRT (Jenkinson
et al., 2002), skull-stripped using the Brain Extraction Tool (BET)
(Smith, 2002); spatially smoothed using a Gaussian kernel of 5mm
FWHM, intensity normalized by a single multiplicative factor, and
band-pass filtered to correct for baseline drift and high frequency noise
(high-pass temporal filter: Gaussian-weighted least-squares straight line
fitting, with sigma=50.0 s; low-pass temporal filter: Gaussian with
sigma=2.8 s). Functional images were registered to participants' cor-
responding high-resolution T1-weighted structural images and then
normalized to Montreal Neurological Institute (MNI) space using a 12-
parameter transformation. Masks of white matter and cerebrospinal
fluid (CSF) generated from each subject's anatomical images were ap-
plied to the functional data to extract white matter and CSF time-series.
These time-series were used together with 6 motion parameters as
nuisance regressors in a voxel-wise regression of the fMRI data. Data
scrubbing was also performed following the method of Power et al.
(2014), excluding any volume in which either the value for DVARS (the
root mean squared change in BOLD signal from the prior volume) or the
value for framewise displacement exceeded the upper boxplot threshold
(the 75th percentile plus 1.5 times the interquartile range), along with
the previous volume and the 2 following volumes. All participants in
this study had<33% of the volumes requiring removal, enabling in-
clusion in this analysis. Residuals of the voxel-wise regression were
used in subsequent seed-based connectivity analyses.

2.3.4. Hypothesis testing for functional MRI data
The Harvard-Oxford cortical and subcortical atlases were used to

Fig. 1. Average blood insulin level across time after glucose challenge.
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define anatomical regions, using a probability threshold of 25%. The
anterior cingulate and bilateral hippocampus were selected as seed
regions. ROIs were registered to the preprocessed fMRI data, and the
mean time series of voxels in these regions were extracted and used as a
primary regressor in a GLM analysis of all other voxel time series, re-
sulting in whole-brain ACC and hippocampus RSFC maps.

At the group level, inter-subject differences in functional con-
nectivity were investigated using a voxel-wise GLM analysis that
modeled each insulin measure as a covariate of interest and age and sex
as covariates of no interest. Gaussian random field theory was used to
correct for multiple comparisons with a cluster threshold of z > 2.3
and p < 0.025 (to compare for multiple comparisons with 2 seeds).
These higher-level analyses generated thresholded Z-statistic maps of
those voxels exhibiting significant insulin-related variation in coacti-
vation for each seed. To further investigate the associations between
RSFC and insulin measures in significant clusters resulting from the
voxel-wise test, parameter estimates (proportional to fMRI signal
change) of BOLD signal response were extracted using featquery.
Pearson correlations were used in exploratory analyses to assess the
relation between parameter estimates from the emergent clusters and
depression severity (CDRS-R) scores.

3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of the participants are
summarized in Table 1. 62% of youth in this sample were female, with
diverse ethnic backgrounds (55% Caucasian), with above average IQ
(103.88 ± 15.03), with an average BMI in the obese range
(29.89 ± 5.69), and with moderate to severe depression severity
(CDRS-R=70.32 ± 7.17). Imaging results remained significant after
covarying for BMI, but given the wide age range and known sexual
dimorphism in depression and insulin resistance, age and sex were
covaried in subsequent analyses. Fasting insulin and Matsuda Index are
highly inversely correlated (r= 0.79, p < 0.001). The relation be-
tween fasting insulin and Matsuda Index in all participants is depicted
in Fig. 2.

3.2. Behavioral correlates of insulin resistance

Relations between clinical depression severity and behavioral
measures of approach motivation were explored with post-glucose
challenge and fasting measurements of insulin resistance. Higher levels
of anhedonia (r=−0.408, p=0.009) and eating disinhibition
(r=−0.341, p=0.03) correlated inversely with the Matsuda Index,
where lower values denote insulin resistance. Higher levels of

consummatory pleasure correlated with a higher Matsuda Index de-
noting insulin sensitivity (r= 0.323, p=0.045). No behavioral mea-
sures correlated with fasting insulin, and depression severity measured
by the CDRS-R was not directly related to either measure of insulin
resistance (Table 2).

3.3. Brain structural correlates of insulin resistance

The analysis results summarized in Table 3 show how the correla-
tions between depression severity (CDRS-R) and brain structure vary
depending on the level of fasting insulin. We first examined the relation
between depression and abnormal neural structure, focusing on the role
of very high fasting insulin (high vs. rest). Individuals with low to
moderate insulin levels showed significantly positive correlation be-
tween CDRS-R and anterior cingulate thickness, whereas anterior cin-
gulate area showed negative correlations with CDRS-R. None of these
correlations were statistically significant among individuals with high
insulin, which is partly due to the small sample of the group (n=14).
Interestingly, correlation between CDRS-R and anterior cingulate
thickness showed sizable effects in both groups (correlation of 0.37 and
−0.41), although with opposite directions, negative among those with
high insulin and positive among those with low to moderate insulin. We
then examined the relation between depression and abnormal neural
structure focusing on the role of low fasting insulin (low vs. rest).
Anterior cingulate thickness was negatively correlated with CDRS-R in
both groups. We did not find any significant group differences (i.e.,
interaction) based on this categorization.

The analysis results summarized in Table 4 show how the correla-
tion between depression severity (CDRS-R) and brain structure vary
depending on the level of insulin measured by Matsuda Index. We first
examined the relation between depression and abnormal neural struc-
ture focusing on the role of very high insulin (high vs. rest). Anterior
cingulate area was negatively correlation with CDRS-R in both groups
(Fig. 3). None of the correlations showed statistically significant group
differences based on this categorization. We then examined the relation
between depression and neural structure focusing on the role of very
low insulin (low vs. rest). Among those with low insulin, hippocampus
volume was positively correlated with CDRS-R. Among those moderate

Table 1
Demographic, behavioral, & clinical summary statistics.

Variable N (%) or mean (SD)

Age (mean, SD) 14.82 ± 1.86
Female (N, %) 26 (62%)
Caucasian race (N, %) 23 (55%)
Intellectual quotient (IQ), (mean, SD) 103.88 ± 15.03
Body mass index (BMI) (mean, SD) 29.89 ± 5.69
Depression severity (CDRS-R) (mean, SD) 70.32 ± 7.17
Snaith Hamilton Pleasure Scale (SHPS) (mean, SD) 1.21 ± 1.28
Temporal Experience of Pleasure Scale (TEPS)
Anticipatory pleasure (mean, SD) 42.86 ± 8.28
Consummatory pleasure (mean, SD) 38.46 ± 5.77

Three Factor Eating Questionnaire (TFEQ)
Cognitive Restraint (mean, SD) 9.40 ± 4.70
Disinhibition (mean, SD) 7.33 ± 3.82
Hunger (mean, SD) 7.14 ± 3.55

Fasting insulin, (mean, SD) 14.83 ± 9.55
Matsuda index, (mean, SD) 3.52 ± 1.70

Fig. 2. Relation between fasting insulin and Matsuda Index (after glucose
challenge).
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to high insulin, anterior cingulate area was negatively correlated with
CDRS-R. A group difference was quite prominent based on this cate-
gorization of Matsuda Index. Anterior cingulate thickness showed siz-
able correlations with CDRS-R in both groups, but with opposite signs
(−0.36 vs. 0.31), resulting in a significant difference between the two
groups. Hippocampus volume was positively correlated with CDRS-R
among those with low insulin, but negatively correlated with CDRS-R
among those with moderate to high insulin, resulting in significant
group differences.

3.4. Brain functional connectivity correlates of insulin resistance

Differences in fasting insulin levels among subjects were related to
variation in intrinsic connectivity between the ACC and two limbic
clusters encompassing regions of the left hippocampus, amygdala,
temporal pole, brainstem, subcallosal cortex, orbitofrontal cortex
(OFC), and nucleus accumbens (Nacc), as well as an occipital cluster
centered in the intracalcerine cortex. Higher fasting insulin levels cor-
related positively with stronger connectivity between the ACC and the
two limbic clusters, and negatively with connectivity between the ACC
and the intracalcerine cortex (Table 5; Fig. 4).

Inter-individual fasting insulin levels were associated with differ-
ences in intrinsic connectivity between the hippocampus and the bi-
lateral ACC, left MFG, left frontal pole, brainstem, cerebellum, and right
lateral occipital cortex. Higher fasting insulin levels correlated posi-
tively with hippocampus-ACC and hippocampus-left frontal functional
connectivity. Estimates of functional connectivity between the hippo-
campus and the brainstem, cerebellum, and lateral occipital cortex
were correlated negatively with higher fasting insulin (Table 5; Fig. 4).

Inter-individual Matsuda Index scores were associated with differ-
ences in intrinsic connectivity between the hippocampus and two
frontal clusters with peak coordinates in the left middle frontal gyrus,
frontal pole, and precentral gyrus. Matsuda Index scores were also as-
sociated with differences in intrinsic functional connectivity between
the hippocampus and occipital regions, including the lingual gyrus and
intracalcerine cortex. Higher Matsuda Index scores negatively corre-
lated with connectivity between the Hippocampus and the left MFG,
precentral cortex, and frontal pole. A positive correlation was observed
between Matsuda Index scores and resting-state connectivity of the

hippocampus with the right lingual gyrus (Table 5; Fig. 4). No regions
of coactivation were found to relate significantly with the ACC seed and
Matsuda Index.

Depression severity (CDRS-R) was found to positively correlate with
fasting insulin-associated RSFC between the ACC and the subcallosal
cortex. Depression severity also positively correlated with Matsuda
Index-associated functional connectivity between the hippocampus and
the left MFG. A negative correlation was seen between depression se-
verity and hippocampus-right lingual RSFC (Table 5; Fig. 4).

4. Discussion

4.1. Discussion and limitations

Aberrant approach motivation may be a critical early vulnerability
factor for persistent, lifelong depression. In the current study, we
documented empirical support for our hypotheses that with higher in-
sulin resistance, youth with depression and obesity exhibit behavioral,
brain structural, and brain functional evidence of aberrant approach
motivation. Across all behavioral and neural units of analysis, insulin
resistance and depression severity, although uncorrelated with each
other, showed synergistic relations to an ACC-hippocampal approach
motivation network. Importantly, our results demonstrate specific brain
structure and function patterns during fasting versus post-glucose
challenge insulin assessments in youth with depression and obesity.
Understanding the differential brain structural and functional char-
acteristics relative to fasting and post-glucose challenge states is critical
to elucidating the pathophysiology of the combined syndrome of de-
pression and insulin resistance.

Behaviorally, greater insulin resistance was associated with higher
levels of anhedonia, decreased consummatory pleasure, and greater
disinhibition in food seeking behaviors. These behavioral character-
istics were present in post-glucose challenge but not during fasting in-
sulin states, suggesting state but not trait dependent interactions be-
tween approach motivation and early insulin resistance. Anhedonia or
decreased consummatory pleasure may also represent focal and early
risk markers for the development of insulin resistance and chronic de-
pression (Carter and Swardfager, 2016). Disinhibition in food seeking
was also associated with more insulin resistance (lower Matsuda Index),

Table 2
Age and sex adjusted correlations between clinical and behavioral measures of approach motivation and insulin resistance.

Insulin
measure

CDRS-R SHPS anhedonia
scale

TEPS anticipatory
pleasure

TEPS consummatory
pleasure

TFEQ cognitive
restraint

TFEQ eating
disinhibition

TFEQ hunger

Fasting
insulin

r= 0.112,
p= 0.490

r= 0.254,
p= 0.113

r= 0.058,
p= 0.721

r=−0.198, p= 0.227 r= 0.101,
p=0.534

r= 0.209,
p= 0.196

r=0.179,
p=0.270

Matsuda
Index

r=−0.094,
p= 0.563

r=−0.408,
p= 0.009

r= 0.075,
p= 0.644

r= 0.323, p= 0.045 r=−0.232,
p=0.150

r=−0.341,
p= 0.031

r=−0.192,
p=0.236

Table 3
Fasting insulin and association between depression and brain structure.

Correlation of CDRS with Fasting insulin Group difference

High= 0 (n= 28, bottom 2/3) High=1 (n=14, top 1/3)

Anterior cingulate thickness 0.365 (p= 0.045) −0.409 (p= 0.054) 0.774 (p= 0.016)
Anterior cingulate area −0.465 (p= 0.009) −0.230 (p= 0.197) −0.235 (p= 0.242)
Hippocampus volume −0.215 (p=0.234) 0.228 (p=0.176) −0.443 (p= 0.073)

Correlation of CDRS with Fasting insulin Group difference

Low=1 (n=14, bottom 1/3) Low=0 (n=28, top 2/3)

Anterior cingulate thickness 0.425 (p=0.051) −0.009 (p= 0.965) 0.434 (p= 0.204)
Anterior cingulate area −0.427 (p < 0.001) −0.380 (p= 0.002) −0.047 (p= 0.880)
Hippocampus volume −0.124 (p= 0.562) 0.028 (p=0.841) −0.152 (p= 0.572)
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consistent with previously reported relations to BMI in adolescents
(Gallant et al., 2010), which is frequently used as a proxy marker of
insulin resistance. Importantly, depression severity did not directly

relate to insulin in either fasting or post-glucose challenge states. This
may be due to the heterogeneity of depression (Young et al., 2016) or
due to the complex and interlinked mediators of depression (Wolkowitz
et al., 2011) that dynamically interact with insulin secretion leading to
aberrant neurodevelopment (Pervanidou and Chrousos, 2012). Al-
though depression scores may have previously informed efficacy and
adherence in weight loss interventions (Somerset et al., 2011), long-
itudinal follow up in these youth over time and into adulthood will aide
in understanding how approach motivation-related behavioral markers
may be used to develop innovative and selective treatment targets.

Structurally, youth with depression and obesity showed predicted
depression-related reductions in volume in the ACC and hippocampus
that is consistent with the extant literature for these syndromes as
discrete entities in similar pediatric populations (Bauer et al., 2015;
MacMaster et al., 2008; Pannekoek et al., 2014; Wang et al., 2017), as
well as in adults (Rasgon et al., 2011). To our knowledge, this is the first
study to demonstrate these findings in youth with both depression and
obesity. Our study also adds new data about the specific relations be-
tween insulin resistance, depression severity, and the prefrontal-limbic
network. For youth with high levels of fasting insulin, smaller ACC
volumes were associated with more severe depressive symptoms,
whereas the opposite was true for youth with low levels of fasting in-
sulin. Indeed, high fasting insulin has been associated with reduced
ACC volumes in adults (Castro et al., 2016; Raji et al., 2010), which
may explain why the significant relation between ACC volume and
depressive symptoms was present in youth with high relative to low
fasting insulin levels. For youth with high levels of insulin after a glu-
cose challenge (low Matsuda Index), thinner ACC and smaller hippo-
campal volumes were associated with more severe depressive symp-
toms, whereas the opposite was true for youth with a high Matsuda
Index. Reduced hippocampal volume with more depression severity in

Table 4
Matsuda Index and association between depression and brain measures.

Correlation of CDRS-R with Matsuda Index Group difference

High=0 (n= 28, bottom 2/3) High=1 (n= 14, top 1/3)

Anterior cingulate thickness 0.269 (p=0.250) −0.045 (p= 0.864) 0.314 (p= 0.373)
Anterior cingulate area −0.352 (p= 0.045) −0.472 (p < 0.001) 0.120 (p= 0.801)
Hippocampus volume 0.108 (p=0.420) −0.327 (p= 0.139) 0.435 (p= 0.108)

Correlation of CDRS-R with Matsuda Index Group difference

Low=1 (n=14, bottom 1/3) Low=0 (n=28, top 2/3)

Anterior cingulate thickness −0.362 (p= 0.133) 0.310 (p= 0.147) −0.672 (p= 0.042)
Anterior cingulate area −0.306 (p= 0.119) −0.436 (p= 0.009) 0.130 (p=0.309)
Hippocampus volume 0.344 (p= 0.034) −0.253 (p=0.130) 0.597 (p= 0.009)

Fig. 3. Age, sex, and Matsuda Index adjusted Anterior Cingulate Cortex Area
correlated with depression severity (CDRS-R score).

Table 5
Resting state functional connectivity results.

Seed region of interest
(ROI)

Insulin
measure

Region Cluster size Peak MNI coordinates p-Value Correlation with CDRS-
R

x y z r p

Anterior Cingulate
Cortex (ACC)

Fasting
insulin

Brainstem+hippocampus+ temporal
pole+ amygdala

1046 −2 −14 −16 <0.001 0.023 0.886

Subcallosal cortex+OFC+NAcc 465 −10 12 −14 0.0133 0.416 0.006
Intracalcerine cortex+ cuneal cortex 1872 16 −74 14 <0.001 −0.258 0.100

Hippocampus Fasting
insulin

ACC 802 −6 −2 34 <0.001 0.272 0.081
Left middle frontal gyrus+ frontal pole 437 −38 34 28 0.0158 −0.027 0.865
Brainstem+ cerebellum 682 0 −22 −44 0.00076 0.049 0.76
Right lateral occipital cortex 563 36 −66 0 0.00316 −0.087 0.585

Hippocampus Matsuda
Index

Left middle frontal gyrus+ frontal pole 469 −34 12 32 0.0104 −0.033 0.836
Left middle frontal gyrus+ precentral 436 −38 34 28 0.0161 0.311 0.045
Right lingual gyrus+ intracalcerine cortex 606 14 −86 0 0.00188 −0.331 0.032
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the presence of insulin resistance after an oral glucose challenge may be
due to a number of potential mechanisms including oxidative stress,
impaired vascular reactivity, neuroinflammation or abnormal lipid
metabolism (Yates et al., 2012). In contrast to the hippocampus, re-
duced volume and cortical thinning of the ACC was found to be asso-
ciated with insulin resistance in both fasting and post-glucose challenge
states. Structural deficits in the ACC may occur sooner than in the
hippocampus, be vulnerable to the effects of depression as a stress
syndrome at critical sensitive windows in development (Charmandari
et al., 2003; Pervanidou and Chrousos, 2012), or represent a me-
chanism of stress regulation to preserve subcortical function (Teh et al.,
2010).

Finally, contrary to our prediction, greater ACC and hippocampal
connectivity to fronto-limbic reward networks while at rest were as-
sociated with higher levels of insulin resistance. A stronger medial
prefrontal-hippocampal intrinsic connectivity with high fasting insulin
levels may represent a neuroregulatory response to high levels of in-
sulin in youth. This homeostatic response has been well described as a
cognitive control response during a fasting state in obese (Lips et al.,
2014) and aging (Kenna et al., 2013) women. Similar to the structural
results, fasting insulin drove connectivity results within the ACC seed,
and the Matsuda Index drove connectivity results within the hippo-
campal seed. Moreover, depression severity followed predicted patterns
of worsening with insulin resistance. Strikingly, ACC and hippocampal
seeds both led to significant correlations with each other, demon-
strating a bidirectional relation between their regions, and supporting
the idea that these regions form a network to subserve their regulatory
functions. Regional correlations may be replicable and internally con-
sistent due to some compounded effect of depression combined with
obesity. Task-based functional MRI may provide some more direct in
vivo clues about brain-behavioral relations in this sample. Nevertheless,
intrinsic functional connectivity in youth with depression and obesity
mirrors the structural results, are similar to neurobiological

characteristics of addiction (Feldstein Ewing et al., 2016), and de-
monstrates the imbalance between prefrontal and limbic networks well
characterized in depression and obesity (Page et al., 2013; Ryan et al.,
2012; Rzepa and McCabe, 2016). Our results also demonstrate that the
dynamics of intrinsic connectivity are strongly impacted by both insulin
resistance and depression (Melasch et al., 2016). We have come closer
to understanding the specific shared mechanisms between these syn-
dromes and the commensurate neurofunctional markers that accom-
pany them.

We should note a number of study limitations. First, we had a
modest sample size for the multilevel assessments conducted; never-
theless, we found robust and consistent results across established be-
havioral and brain assessments of approach motivation. With full re-
cognition that there are other candidate regions in the reward network
to investigate, we took a hypothesis driven approach to mitigate mul-
tiple comparisons corrections and because we had limited but informed
literature to guide our predictions. With larger sample sizes, we could
investigate other candidate regions, as well as the role of moderators
such as sex, family history of diabetes, and single versus multi-episode
depression. Second, our cross-sectional design without a typically de-
veloping comparison group did not allow us to determine whether
findings in the study represented markers of neural vulnerability versus
neural adaptation. Comparing youth in our study to non-obese, non-
depressed, or non-obese and depressed groups may be an important
future direction. We tried to account for developmental differences and
sexual dimorphism by covarying analyses for age and sex. Prospective
studies are needed to determine whether aberrant approach motivation
will predict the expected progressive worsening of depression out-
comes. Third, self-report and parent questionnaires, rather than la-
boratory procedures, were used to assess behavioral measures of ap-
proach motivation in youth. However, few studies have directly
examined brain effects of insulin resistance after an oral glucose chal-
lenge. Fourth, there is no single fool proof method for measuring insulin

Fig. 4. Significant insulin and depression related resting state functional connectivity A. Orange clustered regions of significant insulin-correlated connectivity with
the Anterior Cingulate Cortex (ACC) seed. B. ACC-Subcallosal connectivity estimates correlated with fasting insulin and with depression severity (CDRS-R scores). C.
Blue clustered regions of significant Matsuda Index-correlated connectivity with the Hippocampus seed. D. Hippocampus-Middle Frontal Gyrus connectivity esti-
mates correlated with Matsuda Index and with depression severity. Hippocampus-Lingual Gyrus connectivity estimates correlated with Matsuda Index and with
depression severity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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resistance - the hyperinsulinemic euglycemic clamp is the “gold stan-
dard” (Hallschmid and Schultes, 2009); however, it is costly and time
consuming. In order to best maximize our quantification of insulin re-
sistance, we chose two commonly used measures (fasting insulin and
Matsuda Index derived from the OGTT), each with their own ad-
vantages and disadvantages. Furthermore, the OGTT measurements of
insulin that we derived are based on peripheral insulin levels, and there
may be other endocrine changes associated with obesity that may
contribute to the findings presented but were beyond the scope of the
current study. Indeed, the relation between brain and peripheral insulin
is complex, and our assessment of brain insulin resistance is limited,
although it could be noted that this has been addressed in some of the
pre-clinical literature. Future research that takes advantage of im-
proved brain insulin biomarkers will be better positioned to unravel the
precise role of insulin resistance in the pathophysiology of depression.

5. Conclusions

This study is the first to relate brain and behavioral correlates of
approach motivation to pediatric depression and insulin resistance in
fasting and post-glucose challenge states. Insulin resistance is re-
presented consistently in an interdependent ACC-hippocampal meso-
corticolimbic dopaminergic network. Insulin-related aberrant beha-
vioral and neural approach motivation is evident among youth with
depression and obesity as young as 9 years of age, implicating certain
neural pathways already set into motion that may require early iden-
tification and treatment. Indeed, neuroendocrine, bio-energetic, oxi-
dative, and inflammatory processes interact in the development of
neuronal damage and deficits in dopaminergic function (Carter and
Swardfager, 2016). Whether these processes are modifiable will require
prospective assessment and critical evaluation of biological target en-
gagement in future studies. Interactions between the brain and beha-
vioral characteristics described in this study should also be examined
directly using reward task-based functional MRI. Importantly, future
studies should examine the longitudinal trajectory of approach moti-
vation dysfunction and its ability to predict the progressive worsening
toward chronic and lifelong forms of depression. Such research may
facilitate the development of intervention strategies that leverage
adaptive responses to stress that could prevent such progression.
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