
A multimodal MRI study of the hippocampus in medication-naïve
children with ADHD: What connects ADHD and depression?

Jonathan Posnera,b,*, Francesco Sicilianoa,b, Zhishun Wanga,b, Jun Liua,b, Edmund
Sonuga-Barkec, and Laurence Greenhilla,b

aColumbia College of Physicians and Surgeons, New York, New York

bNew York State Psychiatric Institute, New York, New York

cSchool of Psychology, University of Southampton, Southampton United Kingdom

Abstract

Children with attention-deficit/hyperactivity disorder (ADHD) are at increased risk for developing

depression. The neurobiological substrates that convey this risk remain poorly understood. On the

basis of considerable data implicating hippocampal abnormalities in depressive disorders, we

aimed to explore the relationship between the hippocampus and levels of depressive

symptomatology in ADHD. We used structural magnetic resonance imaging (MRI) to examine the

functional magnetic resonance imaging (fMRI) to assess the resting state functional connectivity

(rs-fcMRI) of the hippocampus in a sample of 32 medication-naive children with ADHD (ages 6–

13) and 33 age- and sex-matched healthy control (HC) participants. Compared with the HC

participants, the participants with ADHD had (i) reduced volumes of the left hippocampus and (ii)

reduced functional connectivity (rs-fcMRI) between the left hippocampus and the left orbitofrontal

cortex (OFC); these hippocampal effects were associated with more severe depressive symptoms,

even after controlling for the severity of inattentive and hyperactive/impulsive symptoms. Altered

hippocampal structure and connectivity were not associated with anxiety or more general

internalizing symptoms. Though preliminary, these findings suggest that the relationship between

hippocampal anomalies and ADHD youth's susceptibility to developing depression and other

mood disorders may merit further investigation with follow-up longitudinal research.
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1. Introduction

The increased risk for depression conveyed by a diagnosis of attention deficit hyperactivity

disorder (ADHD) has previously been ascribed to demoralization (Daviss, 2008). Children

with ADHD are more prone to receiving negative feedback in the form of academic

setbacks, social rejection, and familial tensions. With time, it is thought that this onslaught

of negative feedback results in negative self-esteem, demoralization, and finally, depression.

Though intuitively appealing, this hypothesized relationship between ADHD and depression

is not well supported by empirical evidence. Longitudinal research suggests that hyperactive

children with the most severe ADHD symptoms (and presumably the ones most likely to

receive negative feedback) are not, in fact, the ones most affected by depression (Biederman

et al., 1998). An alternative hypothesis regarding the relationship between ADHD and

depression suggests that shared neurobiological anomalies may link the two disorders. In

other words, neurobiological anomalies associated with ADHD, but not necessarily

contributing to the diagnostic symptoms of the disorder (i.e., hyperactivity, impulsivity, and

inattention), may explain, at least in part, an ADHD-associated vulnerability to depression in

some hyperactive children. A related possibility is an interaction between neurobiological

vulnerabilities and environmental effects, such that depressogenic inputs from the

environment have inordinately strong effects in hyperactive children who carry

neurobiological vulnerabilities for depression. To date, neurobiological vulnerabilities for

depression have not been examined in ADHD.

Structural and functional magnetic resonance imaging (MRI) studies have repeatedly

associated hippocampal anomalies with major depressive disorder (MDD) (MacQueen et al.,

2003, Sheline et al., 2003) as well as anxiety disorders (Bremner et al., 1997). Depressed

adults tend to have reduced hippocampal volumes (Sheline et al., 2003), impaired

hippocampal functioning (MacQueen et al., 2003), and hippocampal hyperperfusion

(Videbech et al., 2001), as determined by positron emission tomography. Conversely,

hippocampal volumes partially normalize following successful treatment with

antidepressants (Vermetten et al., 2003), and animal models suggest that neurogenesis

within the hippocampus is a crucial element in the responsiveness of an individual to

pharmacological and electroconvulsive therapies for depression (Santarelli et al., 2003;

Sahay and Hen, 2007). Similar findings are reported in pediatric depression (Hulvershorn et

al., 2011); likewise, childhood trauma and chronic developmental stress are associated with

hippocampal atrophy and adult-onset depression (Kaufman and Charney, 2001).

Few prior MRI studies have examined hippocampal volumes in ADHD, and the findings

from these studies have been inconsistent. A region of interest (ROI) analysis of

hippocampal and amygdalar volumes in 51 children with ADHD demonstrated enlarged

hippocampal volumes bilaterally in ADHD (Plessen et al., 2006); however, prior studies

conducting whole brain analyses found that hippocampal volumes have no ADHD-related

effects (Castellanos et al., 1996; Filipek et al., 1997). There are, however, a number of

limitations to the extant studies of hippocampal volumes in ADHD. First, no prior studies of

ADHD have examined hippocampal volumes in a sample of medicationnaïve individuals

with the disorder or taken account of variations in long-term medication use. Given the

neurotrophic effects of psychostimulants on the hippocampus (Griesbach et al., 2008),
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differences between study findings relating to the hippocampus may reflect differences in

the extent and chronicity of exposure to psychostimulants (Frodl and Skokauskas, 2012).

Second, no studies have taken account of levels of depression within samples or examined

the relationship between hippocampal volumes and depressive symptoms in individuals with

ADHD. We reasoned that because reduced hippocampal volumes are associated with

depression, hippocampal abnormalities may also underlie the susceptibility that children

with ADHD have for developing depression – that is, the extent of an association between

altered hippocampal structure and ADHD will vary as a function of the level of depression

in a sample.

A relatively novel approach for examining neural organization is resting state functional

connectivity MRI (rs-fcMRI), which examines the temporal coherence of neural activity

across disparate brain regions. When two brain regions exhibit neural activity that is highly

correlated over time, these regions are termed “functionally connected” (Posner et al., 2013).

Whereas several rs-fcMRI studies have examined connectivity within neural circuits

underlying cognitive, motor, and attentional control in individuals with ADHD (Konrad and

Eickhoff, 2010; Posner et al., 2014), no prior studies have examined hippocampal

connectivity in this population. More specifically, no prior studies have examined the

connectivity between the hippocampus and the orbitofrontal cortex (OFC), a circuit thought

to subserve emotion regulation (Milad et al., 2007), and whether altered connectivity within

this circuit underlies depressive symptomology in children with ADHD.

We conducted a multimodal MRI study consisting of volumetric and rs-fcMRI analyses of

the hippocampus in medication-naïve children with ADHD and age-matched healthy

controls. Our primary hypothesis for this analysis was that children with ADHD would have

altered hippocampal volumes relative to age-matched controls. Our second hypothesis was

hippocampal-orbitofrontal (OFC) connectivity would also be anomalous in children with

ADHD, as determined by rs-fcMRI. Lastly, we examined the relationship between

hippocampal volumes and connectivity with depressive symptoms in our sample of children

with ADHD. We explored whether hippocampal anomalies would correlate with depressive

symptoms in the ADHD group, while controlling for diagnostic symptoms of ADHD (i.e.,

hyperactivity, impulsivity, and inattention). Such a finding would suggest that hippocampal

anomalies convey risk for depression irrespective of ADHD symptom severity.

2. Methods

Study procedures were approved by the Institutional Review Board of the New York State

Psychiatric Institute (NYSPI). Child participants provided informed assent, and a legal

guardian provided written informed consent. Data collected for these analyses were part of a

larger MRI study designed to examine emotional functioning in children with ADHD

(Posner et al., 2013).

2.1. Participants

Our sample comprised 32 children with ADHD and 33 healthy control (HC) participants

between the ages of 6 and 13. The ADHD participants fulfilled DSM-IV criteria for ADHD-

Combined Type, ADHD-Predominantly Hyperactive-Impulsive Type, or ADHD-
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Predominantly Inattentive Type. HC participants were free of DSM-IV Axis I psychiatric

disorders and were group-matched to the ADHD patients by age and gender (Table 1). In

both the ADHD and HC groups, no study participant had prior exposure to psychotropic

medication. Diagnoses were made using the parent and child versions of the Kiddie-

Schedule for Affective Disorders and Schizophrenia (K-SADS) (Kaufman et al., 1996) and

confirmed by a board-certified child psychiatrist. ADHD participants were excluded if found

to have a diagnosis of a pervasive development disorder, bipolar disorder, psychotic

disorder, or substance use disorder. Other comorbid disorders such as depressive and/or

anxiety disorders were not exclusionary, but were recorded and covaried for in subsequent

analyses (Table 1). Additional exclusion criteria for both groups included the following:

neurological illness or significant head trauma (i.e., loss of consciousness > 2 min), serious

medical problems, and MRI contraindications (e.g., braces).

Parents completed the ADHD Rating Scale–IV (DuPaul, 1991), Conners’ Parent Rating

Scales Revised (Conners et al., 1998), the Child Behavior Checklist (Achenbach and

Rescorla, 2001), and the Hollingshead Index of Social Status (Hollingshead, 1975).

Participants were administered the Wechsler Abbreviated Scale of Intelligence (Wechsler,

1999), Children's Depression Inventory (CDI) (Kovacs, 1985), the Revised

Multidimensional Anxiety Scale for Children (RCMAS) (March et al., 1997), and the

Tanner scale. Compared with the HC participants, the participants with ADHD had a

significantly lower estimated mean IQ (Table 1), which was controlled for in hypothesis

testing.

2.2. MRI pulse sequences

Anatomical images were acquired at the New York State Psychiatric Institute on a GE Signa

3.0 Tesla whole-body scanner. High-resolution T1-weighted images were acquired using a

fast spoiled gradient-recall sequence with 11° flip angle; 256 × 256 matrix; 25 cm field of

view; and 1 mm isotropic acquisition. Axial echoplanar images (repetition time = 2200 ms,

echo time = 30 ms, 90° flip angle, receiver bandwidth = 62.5 kHz, single excitation per

image, slice thickness = 3.5 mm, no gaps, 24 × 24 cm field of view, 64 × 64 matrix) were

obtained to provide an effective resolution of 3.75 × 3.75 × 3.5 mm and whole-brain

coverage. For resting state image acquisition, participants were instructed to remain still

with their eyes closed and to let their minds wander freely. Two 5-min resting-state scans

were obtained for each participant.

2.3. MRI volumetric analysis

Hippocampal volumes were measured with the fully automated FreeSurfer volume-based

processing stream (Fischl et al., 2004), which consists of Talairach coordinate

transformation, normalization of MRI signal intensity, segregation of brain from skull and

dura (i.e., skull stripping), delineating gray matter–white matter boundaries, and

segmentation of subcortical gray matter. The Freesurfer processing stream conducts

segmentation of several subcortical structures including, but not limited to, the

hippocampus. For the subsequent analyses, we restricted our consideration to the

hippocampus.
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2.4. Functional connectivity analysis

Image preprocessing used SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/) with the

conn_toolbox (http://www.nitrc.org/projects/conn) for functional connectivity analysis.

Functional images were slice time and motion corrected, coregistered with a high-resolution

anatomical scan, normalized into template space, resampled at 2 mm3, and smoothed with a

Gaussian kernel of 6 mm3 full width at half-maximum. Connectivity procedures followed

the component-based noise-correction method described elsewhere (Behzadi et al., 2007;

Whitfield-Gabrieli and Nieto-Castanon, 2012) to minimize non-neural influences on

functional magnetic resonance imaging (fMRI) signal. Quantitative measurement of head

motion did not differ by group, and did not correlate with ADHD or depressive symptom

severity. To further minimize the likelihood that the connectivity findings were confounded

by subjects’ head motion during scanning, we used the Artifact Detection Toolbox

(www.nitrc.org/projects/artifact_detect) to “scrub” each scan with regressors to covary for

images with excessive motion. Four participants (2 with ADHD and 2 HC) were removed

from the structural MRI analysis because of excessive head motion, leaving a sample of 30

children with ADHD and 31 HC participants for the structural MRI analysis. Of these

participants, an additional seven participants (3 with ADHD and 4 HC) were excluded from

the rs-fcMRI analysis either because of excessive head motion or technical problems during

scanning acquisition.

Following preprocessing, the resting state blood oxygen level dependent (BOLD) time series

were correlated voxel by voxel for each participant across the complete resting time series.

Fisher z transformation was applied. Given our hypothesis that children with ADHD would

have altered hippocampal-OCF connectivity, we generated connectivity maps for each

subject with the seed region within the right and left anterior hippocampus. Masks for the

hippocampus were obtained from the SPM8 Anatomy toolbox (Eickhoff et al., 2005); an

analogous approach is described elsewhere (Chen and Etkin, 2013). We selected the anterior

hippocampus as the seed region because, unlike the posterior hippocampus, the anterior

hippocampus has reciprocal connectivity with the orbitofrontal cortex, forming a circuit

underlying emotion regulation (Kalisch et al., 2006). We used the WakeForest PickAtlas

(Maldjian et al., 2004) to create masks of the left and right OFC (Brodmann area 11).

Clusters within the OFC demonstrating significant ADHD vs. HC group differences in

hippocampal-OFC connection strength based family-wise error corrections were extracted,

and further hypothesis testing was conducted with the Statistical Program for the Social

Sciences (SPSS) Edition 20.0 (IBM, SPSS, Inc.). Whole-brain voxelwise comparisons of

anterior hippocampal connectivity are presented in the supplemental material.

2.5. Hypothesis testing

For the right and left hippocampal volumes, we began our hypothesis testing with a mixed-

model, omnibus F-test with a between-subjects factor: group (2 levels: ADHD and HC); and

one within-subject factor: hemisphere (2 levels: left hippocampus and right hippocampus).

We then conducted post hoc testing to examine volumetric differences between the ADHD

and HC participants in the left and right hippocampus separately. We used multiple

regression with the hippocampal volumes as the dependent variable and group (2 levels:

ADHD and HC participants) as the predictor variable. Each model contained the following
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covariates: total intracranial volume (ICV), IQ, ADHD subtype, comorbid diagnoses, sex,

age, and socioeconomic status (SES). Non-significant terms were removed via backward

stepwise regression conducted in SPSS. Analogous regression models were constructed for

the left and right hippocampal-OFC connection strengths.

2.6. Correlations with symptom severity

We conducted exploratory analyses examining associations of hippocampal volumes and

hippocampal-OFC connectivity with depressive symptom severity in the ADHD participants

using partial correlations to control for ICV (for volumetric analysis), IQ, age, gender, and

ADHD symptom severity. ADHD and depressive symptom severity were based on the

ADHD rating scale score and the Children's Depressive Inventory summary score,

respectively. To examine the specificity of this association, we calculated analogous partial

correlations but replaced depressive symptoms with anxiety and internalizing symptoms, as

determined by the RCMAS and CBCL internalized subscales, respectively. These additional

partial correlations were calculated to determine whether the relationship between altered

hippocampal structure and connectivity was specific to depressive symptoms, or conversely,

non-specifically associated with mood symptoms more broadly.

3. Results

3.1. Structural MRI

Our omnibus F-test demonstrated a significant main effect of group (F(1,58) = 6.8, p = 0.01).

We then conducted post hoc testing of the left and right hippocampal volumes separately.

Compared with the HC participants, the participants with ADHD had significantly reduced

volumes of the left hippocampus (ADHD participants = 4068.7±362.3 mm3 vs. HC

participants = 4353.6±396.7 mm3; t(1,58) = 2.3, p = 0.02). A trend suggested reduced

volumes in the right hippocampus in ADHD participants, as well (ADHD participants =

4053.5±611.8 mm3 vs. HC participants = 4383.3±360.3 mm3; t(1,58) = 1.9, p = 0.06; Table

2). Controlling for total ICV, IQ, ADHD subtype, comorbid diagnoses, sex, age, and SES

did not meaningfully influence the results.

3.2. Functional connectivity

Compared with healthy controls, children with ADHD had significantly reduced left

hippocampal – left OFC connectivity (mean connection strength, z, ADHD participants =

0.10±0.2 vs. HC participants = 0.25±0.1, t(59)=3.5, pfwe<0.05; Fig. 1). Controlling for IQ,

ADHD subtype, comorbid diagnoses, sex, age, and SES did not meaningfully influence the

results. Connectivity between the right hippocampal and right OFC did not differ

significantly between children with ADHD and HC participants. Whole brain voxelwise

comparisons are presented in the supplemental material.

3.3. Correlations with symptom severity

In analyses controlling for ICV, sex, age, IQ, SES, and ADHD symptoms (inattention and

hyperactivity/impulsivity), left hippocampal volumes in the ADHD group were inversely

correlated with depressive symptoms (r = −0.5, p = 0.01; Table 3, Fig. 2) based on the CDI
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summary score. Likewise, in analyses controlling for sex, age, IQ, SES, and ADHD

symptoms, left hippocampal – left OFC connectivity in the ADHD group was inversely

correlated with depressive symptoms (r = −0.4, p = 0.04; Table 3, Fig. 2). Reduced left

hippocampal volumes and reduced left hippocampal - left OFC connectivity did not

correlate significantly with anxiety, internalizing, inattentive or hyperactive/impulsive

symptoms (Table 3).

We conducted an additional analysis to ensure that ADHD participants with depressive

symptoms that far exceeded the group mean (we used a cutoff of z-score > 2; the highest z-

score was 2.3) were not unduly influencing the correlations detected between the MRI

findings and depressive symptoms (i.e., to exclude the possibility of correlations driven by

statistical outliers). After excluding these subjects (n=2), we continued to find that left

hippocampal volumes in the ADHD group were inversely correlated with depressive

symptoms (p<0.05). The correlation was also detected using the nonparametric measure

Spearman's rho (p<0.05). The correlation between left hippocampal – left OFC connectivity

and depressive symptoms was no longer significant.

3.4. Sensitivity analysis

Hippocampal volumes were derived from automated brain segmentation conducted using

FreeSurfer. To verify our structural findings, we re-examined hippocampal volumes using

FSL (Smith et al., 2004), which implements a different brain segmentation algorithm. The

anatomical MRI results were replicated. Second, seven of the children with ADHD had

comorbid diagnoses such as oppositional defiant/conduct disorder and/or an anxiety or

depressive disorder. Excluding these participants from the structural and rs-fcMRI analyses

did not meaningfully affect the hypothesis testing. Third, our sample included a relatively

wide age range (ages 6-13). We did not find significant group × age interactions in our

analyses. Therefore, it is unlikely that disproportionate effects in certain age groups unduly

influenced our findings (e.g., it is unlikely that younger, but not older, children with ADHD

had reduced hippocampal volumes relative to controls). Fourth, the OFC is susceptible to

signal loss during fMRI data acquisition. In theory, group differences in signal loss could

confound hippocampal-OFC connectivity findings. To exclude this possibility, we extracted,

on a subject-by-subject basis, the mean fMRI signal from the OFC and compared mean OFC

signal intensity across the ADHD and HC groups. Mean OFC signal intensity did not differ

significantly across the two groups, making it unlikely that group differences in

hippocampal-OFC connectivity were confounded by disparate OFC signal loss.

4. Discussion

This is the first MRI study to examine hippocampal volumes in a sample of medication-

naïve children with ADHD and the first study to examine hippocampal connectivity in this

population regardless of medication status. Several points merit further discussion: First,

children with ADHD were found to have significantly reduced left hippocampal volumes.

Second, children with ADHD were also found that have significantly reduced connectivity

between the left hippocampus and the left OFC. Third, in analyses controlling for the

severity of ADHD symptoms, reduced left hippocampal volumes correlated with the
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severity of depressive symptoms in the ADHD group, as did reduced connectivity between

the left hippocampus and the left OFC. Taken together, these findings suggest that altered

hippocampal structure and connectivity may represent an important association between

ADHD and depression, and potentially other mood disorders as well. Follow-up studies

might examine whether altered hippocampal anomalies suggest indices of ADHD

individuals who are vulnerable to depression.

Our finding of reduced volumes of the hippocampus in children with ADHD differs from

prior studies. Prior studies have either shown enlarged hippocampal volumes (Plessen et al.,

2006) or nonsignificant differences in hippocampal volumes between children with and

without ADHD (Castellanos et al., 1996; Filipek et al., 1997). One potential explanation for

why our findings diverge from those of prior studies is that the sample in our study, unlike

earlier ones, was medication-naïve. Chronic administration of psychostimulants leads to up-

regulation of brain-derived neurotrophic factor (BNDF), which is associated with synaptic

proliferation, neurogenesis within the hippocampus, and dendritic arborization—all of which

could increase hippocampal volumes and thus confound volumetric measures derived from

medicated ADHD subjects (Lee et al., 2012). Our finding of reduced hippocampal volumes

in ADHD thus underscores the potentially confounding influence of medication exposure on

volumetric MRI measures. Other explanations for the divergent findings, such as differences

in age ranges, comorbid disorders, and imaging methodologies, are also possible.

In addition to reduced left hippocampal volumes, we also found that children with ADHD

have reduced connectivity between the left hippocampal and the left OFC. This finding is

consistent with studies reporting reduced connectivity in ADHD within the affective resting

state network, which encompasses the hippocampus, amygdala, nucleus accumbens, and

orbitrofrontal cortex (Posner et al., 2013). Within this network, interactions between the

hippocampus and the OFC mediate the top-down regulation of inordinately strong negative

affects potentially through interactions with the hypothalamic-pituitary-adrenocortical

(HPA) axis (Jacobson and Sapolsky, 1991) and through gating of amygdala-dependent

responses (Quirk and Beer, 2006; Posner et al., 2011). Reduced connectivity between the

hippocampus and OFC in ADHD may therefore have an important role in the

disproportionally high rates of depressive, anxiety, and bipolar disorders seen in these

children (Pliszka, 2009).

Reduced hippocampal volumes have been detected in several studies of individuals with

major depressive disorder including two meta-analyses (Campbell et al., 2004; Videbech

and Ravnkilde 2004). Reduced hippocampal volumes, as well as altered hippocampal

function, have also been reported in other mood disorders, including post-traumatic stress

disorder (Bremner et al., 1995) and obsessive-compulsive disorder (Atmaca et al., 2008). In

addition, altered hippocampal connectivity has been reported in depressive (Sheline et al.,

2010) and anxiety disorders (Etkin et al., 2009). Taken together, these findings suggest that

altered hippocampal structure and connectivity may underlie a liability for depressive

symptoms, and potentially anxiety, that cuts across multiple diagnoses, rather than

conveying a specific diagnostic association. This suggestion is in keeping with our findings

that anomalous hippocampal structure and connectivity appear to convey risk for depression

in children with ADHD regardless of a diagnosis of a comordid mood disorder. At the same
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time, because depressive and anxiety symptoms and disorders are so often comorbid, it is

difficult to determine whether hippocampal anomalies convey a specific vulnerability to

depression, or rather a more general vulnerability toward affective symptoms. Our findings

suggest the former (altered hippocampal structure and connectivity correlate significantly

with depressive, but not anxiety or internalizing, symptoms); however, subsequent research

with more detailed characterization of affective symptoms and emotion regulation might

better differentiate these effects.

Longitudinal research has examined the relationship between ADHD and depression

(Biederman et al., 1998). This longitudinal research has challenged the perception that

children with more severe ADHD symptoms are also more affected by depression

(Biederman et al., 1998). Instead of depression's being a consequence of ADHD symptoms

(i.e., depression as an epiphenomenon), shared neurobiological anomalies associated with

both ADHD and depression may predispose children with ADHD to depression. In other

words, neurobiological anomalies associated with ADHD may increase the risk for

depression without contributing to ADHD symptom severity. Our findings support this

hypothesis by suggesting potential neurobiological substrates that convey risk for depression

in children with ADHD without contributing to ADHD symptoms. That is, reduced

hippocampal volumes and connectivity were both associated with depressive symptoms

independent of ADHD symptom severity. Based on our findings, we would hypothesize that

children with ADHD who have the greatest reductions in hippocampal volumes and

connectivity are likewise the most likely to develop depressive disorders (Biederman et al.,

1991)—this interpretation is speculative, but the hypothesis could be tested in a longitudinal

study.

Another area relating ADHD and depression is that neurobiological vulnerabilities may

interact with environmental contributions. ADHD youth with putative neurobiological

vulnerabilities may be more susceptible to depressogenic environmental factors, such as

chronic stress and/or trauma (Caspi et al., 2003). Without a longitudinal design, it is difficult

to differentiate whether hippocampal effects alone, or only in conjunction with

environmental contributions, convey risk for depression in children with ADHD. Chronic

stress can, for example, lead to elevated glucocorticoids. Over time, glucocorticoids lead to

hippocampal apoptosis and inhibit neurogenesis, both of which depress hippocampal

volumes (McEwen, 1999). Importantly, whether it is neurobiological vulnerabilities alone or

only in conjunction with environmental factors that convey risk for depression in ADHD,

hippocampal integrity appears more central to identifying at-risk children than the severity

of ADHD symptoms, as is often believed.

Several study limitations are worth noting. First, the optimal approach for diagnosing

ADHD in children should include school-based observations, such as teacher reports of

hyperactivity and inattention. Though our participant characterizations did not include

school-based assessments, a child psychiatrist evaluated all participants with ADHD.

Second, Freesurfer, as with other automated brain segmentation pipelines, may overestimate

subcortical volumes (Tae et al., 2008). However, the sensitivity to group differences of

Freesurfer is well established (Groen et al., 2010; Lehmann et al., 2010), and we replicated

our findings using another imaging platform. Third, as mentioned previously, the specificity
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of hippocampal effects on mood symptoms is difficult to establish. Follow-up research with

more detailed characterization of mood symptomology could test other hypotheses about the

relationship between hippocampal integrity and clinical correlates. Fourth, the levels of

depressive symptoms in our sample tended to be low. Some caution is thus warranted in

interpreting whether the relationship between depressive symptoms and hippocampal

anomalies would be present across the full range of depressive symptoms in children with

ADHD. Follow-up research specifically designed to examine the relationship between

depression and hippocampal anomalies in youth with ADHD might focus on a sample of

ADHD youth with a broader range of depressive symptoms. Fifth, our sample included

participants from a somewhat wide developmental range (ages 6–13), and thus

developmental effects could be confounding the study findings. Such an effect is, however,

unlikely because the groups were matched on age and Tanner stage. Moreover, we not find

significant group × age interactions. Finally, replication with a larger sample is needed to

help establish the reliability of the study findings.

In conclusion, our findings demonstrate that relative to HC participants, medication-naïve

children with ADHD have reduced volumes of the left hippocampus, as well as reduced

connectivity between the left hippocampus and the left OFC, and that these hippocampal

abnormalities are associated with depressive symptoms. The findings point to the

importance of longitudinal studies to examine the relationship between hippocampal

anomalies and the susceptibility to affective disorders in children with ADHD. Additionally,

future studies might examine pharmacological effects on hippocampal structure and

connectivity in children with ADHD and whether normalization of the hippocampus curtails

the likelihood of these children developing a depressive disorder.
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Highlights

• We used MRI to examine hippocampal volumes and connectivity in children

with ADHD

• Hippocampal volumes were reduced in ADHD

• Hippocampal – orbitofrontal cortex connectivity was also reduced in ADHD

• Hippocampal effects were associated with depressive, but not ADHD,

symptoms

• Hippocampal anomalies in ADHD may confer risk for mood disorders
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Fig. 1.
Connection strength between the left anterior hippocampus (LHippo) and left orbitofrontal

cortex (LOFC) was significantly weaker in participants with ADHD vs. healthy control

participants (mean connection strength, z, ADHD participants = 0.10±0.2 vs. HC

participants = 0.25±0.1, t=3.5, pfwe<0.05).
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Fig. 2.
Scatterplot demonstrates associations between: A. Left hippocampal volumes and depressive

symptom severity (r = −0.5, p = 0.01) and B. Left hippocampus and left orbitofrontal cortex

(OFC) connection strength and depressive symptom severity (r = −0.4, p = 0.04). Partial

correlations were calculated controlling for sex, age, IQ, socioeconomic status (SES),

intracranial volume (for the volumetric analysis), and ADHD symptom severity. The

Children's Depression Inventory (CDI) summary score determined depressive symptom

severity. Two ADHD participants had depressive symptoms far exceeding the group mean

(z-score > 2; CDI summary score = 32 for both participants). After exclusion of these

participants, we continued to find that left hippocampal volumes in the ADHD group were

inversely correlated with depressive symptoms (p<0.05). The correlation between left

hippocampal – left OFC connectivity and depressive symptoms was no longer significant.
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Table 1

Demographic and clinical characteristics of study participants with structural data

ADHD (n=30) HC (n=31) Test statistic p value

Age, years 9.83±2.12 10.77±1.98 t(59) = 1.79 0.08

FS-IQ 99.12±15.82 109.10±15.74
t(59) = 2.45 0.02

*

Gender 24 boys, 6 girls 21 boys, 10 girls χ2(1,61)= 1.18 0.38

ADHD-IV Rating Scale

Hyperactive/Impulsive 22.1±5.1

Inattentive 23.8±4.9

CDI

Total
11.2±9.1

**

ADHD Subtypes 24 ADHD-C; 5 ADHD-PI;

1 ADHD-PH

DSM-IV Axis I comorbidity

    No comorbid disorder 19

    ODD/CD 4

    ODD/CD, MDD 2

    ODD/CD, SAD 1

    ODD/CD, enuresis 1

    ODD/CD, MDD, GAD 1

    MDD 1

    Enuresis 1

Note. ADHD, Attention-deficit/hyperactivity disorder; ADHD-C, ADHD-Combined Type; ADHD-PI, ADHD-Predominantly Inattentive Type;
ADHD-PH, ADHD-Predominantly Hyperactive-Impulsive Type; CDI, Children's Depressive Inventory; FS-IQ, Full scale IQ estimated by the
Wechsler Abbreviated Scale of Intelligence (WASI); ODD/CD, Oppositional Defiant Disorder/ Conduct Disorder; MDD, Major Depressive
Disorder; SAD, Separation Anxiety Disorder; SES, Socioeconomic status. Values are mean ± SD unless specified.

*
Statistical significance.

**
Four participants with ADHD had CDI summary scores in the clinical significant range and co-morbid diagnoses of MDD.
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Table 2

Mean measures, mm3 ± SD

Volumes, mm3 Test statistic p value

Brain region ADHD (n=30) HC (n=31)

Left hippocampus 4068.7±362.4 4363.9±396.7 t(1,58) = 2.3 0.02

Right hippocampus 4053.4±611.8 4383.3±360.3 t(1,58) = 1.9 0.06

Total ICV 1338470.7±166528.3 1407286.7±154728.6 t(59) = 1.7 0.1

ADHD, attention-deficit/hyperactivity disorder; HC, healthy control participants; ICV, intracranial volume.
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Table 3

Correlations of left hippocampal structure and connectivity with symptom severity

Symptom (rating scale) Left hippocampal volumes Left hippocampal – Left OFC connectivity

r p r p

CDI

Depressive symptoms −0.5
0.013

* −0.4
0.04

*

RCMAS

Anxiety symptoms −0.1 0.2 −0.1 0.4

CBCL

Internalizing symptoms −0.3 0.1 −0.2 0.2

ADHD-IV

Hyperactive/impulsive symptoms −0.02 0.5 −0.03 0.4

Inattentive symptoms 0.3 0.1 0.2 0.2

Note. OFC, orbitofrontal cortex. CDI, Children's Depression Inventory; RCMAS, Revised Children's Manifest Anxiety Scale; CBCL, Child
Behavior Checklist; ADHD-IV, ADHD Rating Scale IV. Statistical calculations (r and p values) are based on partial correlations controlling for
intracranial volume (for volumetric analyses), sex, age, IQ, socioeconomic status, and ADHD symptoms.

*
Statistical significance.
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