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Converging evidence has highlighted the association between poverty and conduct disorder (CD) without specifying neurobiological

pathways. Neuroimaging research has emphasized structural and functional alterations in the orbitofrontal cortex (OFC) as one key

mechanism underlying this disorder. The present study aimed to clarify the long-term influence of early poverty on OFC volume and its

association with CD symptoms in healthy participants of an epidemiological cohort study followed since birth. At age 25 years, voxel-

based morphometry was applied to study brain volume differences. Poverty (0¼ non-exposed (N¼ 134), 1¼ exposed (N¼ 33)) and

smoking during pregnancy were determined using a standardized parent interview, and information on maternal responsiveness was

derived from videotaped mother–infant interactions at the age of 3 months. CD symptoms were assessed by diagnostic interview from

8 to 19 years of age. Information on life stress was acquired at each assessment and childhood maltreatment was measured using

retrospective self-report at the age of 23 years. Analyses were adjusted for sex, parental psychopathology and delinquency, obstetric

adversity, parental education, and current poverty. Individuals exposed to early life poverty exhibited a lower OFC volume. Moreover,

we replicated previous findings of increased CD symptoms as a consequence of childhood poverty. This effect proved statistically

mediated by OFC volume and exposure to life stress and smoking during pregnancy, but not by childhood maltreatment and maternal

responsiveness. These findings underline the importance of studying the impact of early life adversity on brain alterations and highlight the

need for programs to decrease income-related disparities.
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INTRODUCTION

About one-sixth of the population in Western countries has
been reported to be at risk of poverty (Destatis, 2013; Short,
2013). Consistent evidence indicates that poverty is a main
determinant of increased psychopathology such as conduct
disorder (CD) (Costello et al, 2003; Evans et al, 2013). CD is
characterized by a persistent pattern of rule violation and
antisocial behavior including aggressive, deceptive, and

destructive behaviors toward peers and adults (American
Psychiatric Association, 1994). In their natural experiment
including income intervention, Costello et al (2003)
demonstrated that poverty is linked to the development of
CD implying social causation pathways, that is, exposure
to adversity and stress. Numerous studies have confirmed
the relationship between poverty and externalizing psycho-
pathology (eg, Emerson et al, 2011; Midouhas et al, 2013).
Moreover, the orbitofrontal cortex (OFC) was identified as
one region that is compromised in CD and antisocial
behavior (Blair, 2004; Rubia, 2011). This region is typically
involved during the regulation of emotional or motivational
behavior (Rubia, 2011). Consistent with this, a number of
studies have found blunted neural activity during reward
processing (Rubia et al, 2009) and passive avoidance
learning (Finger et al, 2011), indicating deficient learning
of reward or punishment contingencies, which may, in turn,
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result in less effective decision making. Likewise, a
decreased OFC volume has been found in CD patients
(Huebner et al, 2008; Yang and Raine, 2009; Fairchild et al,
2011).
Given these relationships of both poverty and OFC

deficits with CD, an intriguing question is whether poverty
increases the risk for CD by affecting OFC integrity.
However, this hypothesis has not been tested in previous
work, and only a small number of neuroimaging studies
have investigated the impact of childhood poverty/low
socioeconomic status (SES, including poverty and low
parental education) on brain structure and function even
in a cross-sectional design, with longitudinal data in adults
being rare. In children, the majority of studies have revealed
deficits in various brain regions. As an example, Luby et al
(2013) found smaller amygdala and hippocampal volumes
in poor children, with the latter being mediated by caregiver
support. In contrast, poverty has been linked to smaller
hippocampal, but unaltered amygdala volumes in children
and adolescents (Hanson et al, 2011; Noble et al, 2012),
whereas no such associations were observed by Butterworth
et al (2012). Furthermore, in infants from a poor family
background, lower frontal and parietal gray matter volumes
have been reported, which were found to be associated
with externalizing psychopathology (Hanson et al, 2013).
Likewise, SES has been related to cortical thickness in the
anterior cingulate gyrus and the left superior frontal gyrus
(Lawson et al, 2013). However, this relationship appeared to
be mainly driven by parental education. Finally, Jednorog
et al (2012) demonstrated an effect of SES on the volumes of
various brain regions, including the insula, superior frontal
gyrus, and hippocampus. On a functional level, poverty
has been related to less prefrontal activity during emotion
regulation, which was found to be mediated by chronic
stress exposure (Kim et al, 2013) and less default-mode
network connectivity, which was inversely related to stress
reactivity (Sripada et al, 2014). Although previous research
has provided preliminary evidence of structural alterations
in children exposed to poverty, no study so far has
examined the long-term impact of this early life adversity
on brain anatomy until adulthood.
Likewise, given the cross-sectional nature of previous

studies (eg, Noble et al, 2012), control for additional
confounds may not have been possible. As an example,
poverty and poor parental education are known to be
closely linked, although they might have differential effects
on health outcomes (Lawson et al, 2013). Moreover, low SES
has been associated with poor birth outcomes such as low
birth weight and preterm birth (Potijk et al, 2013). Likewise,
history of parental psychopathology (Shelton et al, 2011)
should be considered to exclude a shared genetic liability.
Finally, given the fact that poverty is a distal environmental
risk factor, more proximal measures such as stressful life
events (SLE) are likely to mediate its impact (Kim et al,
2013). Moreover, additional pathways have to be considered
when investigating the specific effect of poverty on
externalizing psychopathology and brain morphology such
as exposure to SLEs (Flouri et al, 2013), smoking during
pregnancy (Holz et al, 2014), childhood maltreatment
(Kunitz et al, 1998), and maternal support (Luby et al,
2013), all of which being increased in poor families (Eiden
et al, 2013; Kim et al, 2013; Eckenrode et al, 2014).

Furthermore, CD is highly comorbid with ADHD
(Hamshere et al, 2013) and substance abuse (Carpentier
et al, 2012), which also have to be taken into account.
Using longitudinal data from an epidemiological cohort

study of 167 young adults with no current psychopathology
followed since birth (Laucht et al, 2000), the present
investigation allowed us to account for all the confounders
previously mentioned when assessing the specific long-term
effect of early life poverty on OFC volume during adulthood.
Furthermore, we aimed to (i) replicate the well-established
link between poverty and child and adolescent CD, (ii)
examine the association of OFC volume alterations with CD,
and (iii) test for a possible mediation of the impact of
poverty on CD by SLEs, smoking during pregnancy,
childhood maltreatment, and maternal responsiveness, as
well as with current OFC volume, which is assumed to be a
stable trait-like marker (Blair, 2004).

MATERIALS AND METHODS

Sample

This investigation was conducted in the framework of
the Mannheim Study of Children at Risk, an ongoing
epidemiological cohort study of the long-term outcome of
early risk factors (for full details cf., Laucht et al, 2000 and
see Supplementary Materials and Methods). Assessments
were conducted at the age of 3 months and at regular
intervals throughout development, most recently at the age
of 25 years (Supplementary Figure 1). Psychopathology was
assessed by the Structured Clinical Interview for DSM-IV
(SCID-I German version; Wittchen et al, 1997), and only
healthy participants were included. The study was approved
by the ethics committee of the University of Heidelberg and
written informed consent was obtained from all participants.

Assessments

Early life Poverty. Early life poverty was determined
by a standardized interview conducted with the mother at
the 3-month assessment and defined as an income level
below the risk-of-poverty threshold, which is set at 60% of
the national median equivalized disposable income adjusted
for household size according to the Federal Statistical Office
of Germany (Destatis, 2012), resulting in an dichotomous
variable (0¼ not exposed and 1¼ exposed). This definition
of poverty is also commonly used in international contexts
(Emerson et al, 2011; Lelkes and Gasior, 2011; Destatis,
2012). From N¼ 167 participants, 33 (19.8%) were catego-
rized as being at risk of poverty (details in Supplementary
Materials and Methods). In addition, we validated our
results using the log-transformed income-to-needs ratio
(US Census Bureau, 2004), to account for the nonlinearity
and to weight the effect of being at risk of poverty more
than the differentiation in the upper income range
(respective methods and results are described in the
supplement).

Covariates and Confounders. The results were adjusted
for several important confounders, such as sex, parental
characteristics (education, psychopathology, and delin-
quency), obstetric adversity, and current poverty (see
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Supplementary Materials and Methods for details). To
address confounding with regard to CD, we, additionally,
assessed lifetime ADHD symptoms and lifetime substance
abuse, including nicotine, alcohol, and cannabis abuse
(see Supplementary Materials and Methods).

Life Stress. To assess exposure to life stress (LS), a
semistructured parent interview was conducted at each
assessment until the age of 15 years. From the age
of 19 years onwards, the young adults were interviewed.
The interview, a modified and shortened version of the
Munich Events List (Maier-Diewald et al, 1983), evaluated
the occurrence of adverse life events during a period of
1 year before the assessment. The items (42–59, adjusted
for developmental period) covered all relevant areas of
children’s and young adults’ LS, including family, school,
parents, health, legal troubles, and living conditions, such
as birth of a sibling, death of a close relative, or parents’
separation. Two composite scores were computed by
summing up the z-standardized scores, depending on the
time point of the outcome assessment (details in Supple-
mentary Materials and Methods).

Prenatal Maternal Smoking. Maternal smoking during
pregnancy was determined by a standardized interview
with the mother conducted at the 3-month assessment.
In all, 77.2% (N¼ 129) mothers were nonsmokers, 8.4%
(N¼ 14) reported smoking 1–5 cigarettes per day, and
14.4% (N¼ 24) more than 5 cigarettes per day as previously
described by Holz et al (2014).

Maternal Responsiveness. An observational procedure
was used to assess the quality of mother–infant interaction
at the participant’s age of 3 months as described by Laucht
et al (2001). Mother–infant dyads were observed and
videotaped during a 10-min semistructured session at our
laboratory. A score for maternal responsiveness in interac-
tion with her infant was computed by summing up the
mother scales, including emotion, physical affect, vocaliza-
tion, lack of verbal restrictions, congruency, variability,
reactivity, and stimulation, across minutes (mean¼ 317.43,
SD¼ 34.80). More detailed information can be found in the
supplement.

Childhood Maltreatment. At the age of 23 years, parti-
cipants completed the brief screening version of the
Childhood Trauma Questionnaire (CTQ; Bernstein et al,
2003). The CTQ entails a retrospective assessment of five
types of self-reported childhood maltreatment, that is,
sexual, physical, and emotional abuse, as well as emo-
tional and physical neglect (details in Supplementary
Materials and Methods). The CTQ yields a total score of
each type of maltreatment, which was used in the current
investigation.

CD Symptoms. CD symptoms according to DSM-IV were
assessed in 165 individuals using the Mannheim Parent
Interview (Esser et al, 1989) at the age of 8 and 11 years and
the Schedule for Affective Disorders and Schizophrenia for
School-Age Children (Kaufman et al, 1996) at the age of
15 and 19 years. The MEI is a highly structured interview

adapted from Rutter’s parent interviews, which was
modified to include all symptoms related to major DSM-
IV diagnoses, and has been shown to be a sensitive measure
of child disturbance (Holz et al, 2014). The K-SADS is a
widely used structured diagnostic interview completed
independently with parents and children (at the age of
19 years with adolescents only). A sum score of the
z-transformed values was computed. Further details on
psychometric properties are in Supplementary Materials
and Methods. Supplementary Table S1 lists the number of
subjects with DSM-IV CD diagnosis (American Psychiatric
Association, 1994), the rates being well in line with the
known higher prevalence in boys compared with girls
during childhood and adolescence (Nock et al, 2006). None
of them was in the clinical range at age 25 years.

Voxel-Based Morphometry. We acquired 1� 1� 1mm3

T1-weighted anatomical images with 192 slices covering the
whole brain (matrix 256� 256, repetition time¼ 2300ms,
echo time¼ 3.03ms, 50% distance factor, field of view
256� 256� 192mm3, flip angle 91) using a 3 T scanner
(Magnetom TRIO; Siemens, Erlangen, Germany) with a
standard 12-channel head coil. Images were bias-corrected
and classified into gray matter, white matter, cerebrospinal
fluid, and non-brain tissue using Diffeomorphic Anatomical
Registration through Exponentiated Lie algebra registration
toolbox (Ashburner, 2007). Data were segmented based on
tissue probability maps, indexing the prior probability of
any voxel in a registered image being grey or white matter,
or cerebrospinal fluid. An average template from the data
was created, to which the images were registered. Addi-
tionally, the images were affine-transformed to MNI space
and smoothed with an 8-mm FWHM kernel. Total
intracranial volume was calculated by adding the tissue
probabilities of gray matter, white matter, and cerebrospinal
fluid and used as a covariate. For group statistics of
gray matter images, early life poverty (0¼ not present and
1¼ present) was entered as a covariate of interest while
additionally controlling for the covariates previously men-
tioned. To test our a priori hypothesis, as described in
previous research (Blair, 2004; Rubia, 2011; Blair, 2013),
anatomical ROI masks comprising the OFC were derived
from the WFU PickAtlas v.2.4 (Maldjian et al, 2003), where
family-wise error (FWE) correction was applied with a
threshold of po0.05. Additionally, exploratory whole brain
analyses were performed with a po0.001 uncorrected
threshold and a criterion of 10 adjacent voxels. For display
purposes, the statistical threshold was set at p¼ 0.005
uncorrected in the ROI. To visualize and further analyze the
effects using regression analysis, mean contrast values of
each participant were extracted from the significant cluster
and exported to SPSS Statistics 20 (IBM, Armonk, NY).
Given the previously reported association of the OFC with
CD (Blair, 2004; Rubia, 2011), we examined whether
brain volume was related to CD symptoms, performing
partial correlations controlled for the covariates previously
mentioned.

Mediation. Mediation was tested under consideration of
all covariates previously mentioned (see Supplementary
Materials and Methods).
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RESULTS

Sample Characteristics

As expected, higher rates of parental psychiatric disorder
and delinquency were found in the group at risk of early
poverty compared with those non-exposed. Moreover, in
line with previous research, the poverty group exhibited
more CD and ADHD symptoms and were exposed to higher
levels of LS and smoking during pregnancy, as well as to less
maternal responsiveness. No group differences with regard
to gender, obstetric adversity, parental education, current
poverty, total intracranial volume, lifetime substance abuse,
and CTQ emerged (Table 1).
In contrast, the association between the log-transformed

income-to-needs ratio and CD just failed to reach signi-
ficance (p¼ 0.05; see Supplementary Results).

Voxel-Based Morphometry

Individuals exposed to early life poverty (N¼ 33) exhibited
a smaller OFC volume, when adjusted for total intracranial
volume, sex, parental characteristics (education, psycho-
pathology, and delinquency), obstetric adversity, and
current poverty, when compared with those not exposed
to poverty (N¼ 134; t(158)¼ 3.80, pFWE¼ 0.02, peak 6,
45–18; Figure 1). Further volume decreases in those exposed
to early poverty when compared with the non-exposed
group were found in the inferior temporal gyrus, superior
orbitofrontal gyrus, middle temporal gyrus, precentral

gyrus, medial frontal gyrus, and the bilateral insula using
a more liberal threshold of puncorr¼ 0.001. There was no
region showing volume increases in individuals exposed to
poverty. After adjustment for CD symptoms as an addi-
tional covariate, the results remained significant (t(155)¼
3.46, pFWE¼ 0.045). In contrast to early poverty, current
poverty was unrelated to differences in OFC volume
(t(157)¼ 2.08, pFWE¼ 0.80). When using the continuous
log-transformed income-to-needs ratio as a covariate of
interest, the results were even more significant (described in
Supplementary Results).

Association Between OFC Volume and CD

There was an inverse association between OFC volume and
CD symptoms (r¼ � 0.19, p¼ 0.01; Figure 2), indicating
that OFC volume decreased with the number of CD
symptoms.

Mediation

A significant effect of exposure to early life poverty on CD
symptoms was obtained (b¼ 0.99, SE¼ 0.476, p¼ 0.039;
Figure 3a). Including SLEs as a mediator revealed a signi-
ficant indirect effect (Sobel test, p¼ 0.037), with a signi-
ficant path between exposure to poverty and LS (b¼ 1.59,
SE¼ 0.70, p¼ 0.025), and between LS and CD symptoms
(b¼ 0.27, SE¼ 0.05, po0.001). Moreover, the direct path
between poverty and CD was no longer significant (b¼ 0.58,

Table 1 Sample Characteristics

Early life poverty Non-exposed Exposed p-Value

N (%) 134 (80.2) 33 (19.8)

Males, N (%) 54 (40.3) 13 (39.39) 0.93a

Parental education, M (SD) 3.69 (1.37) 3.3 (1.42) 0.15b

Parental psychiatric disorder, N (%) 16 (11.94) 9 (27.27) 0.03a

Parental delinquency, N (%) 11 (8.20) 7 (21.21) 0.03a

Obstetric adversity, M (SD) 0.97 (0.99) 0.85 (1.0) 0.53b

Current poverty, N (%) 54 (40.3) 16 (48.48) 0.39a

CD symptoms, M (SD) � 0.41 (0.90) 0.19 (1.74) 0.03c

ADHD symptoms, M (SD) 1.64 (2.53) 3.39 (3.21) 0.006d

Lifetime nicotine dependence, M (SD) � 0.22 (3.42) 0.56 (3.62) 0.25b

Lifetime alcohol abuse, M (SD) � 0.69 (2.39) � 0.39 (2.78) 0.54b

Lifetime cannabis use, M (SD) 0.46 (1.04) 0.70 (1.02) 0.25b

Total intracranial volume, M (SD) 1527.32 (161.54) 1483.10 (155.22) 0.16b

Life stress (childhood), M (SD) � 1.08 (3.43) 1.14 (4.21) 0.008b

Lifetime life stress, M (SD) � 1.95 (4.49) 0.98 (5.51) 0.002b

Smoking during pregnancy, M (SD) 0.24 (0.56) 0.91 (1.01) o0.001e

CTQ score, M (SD) 29.5 (6.11) 30.25 (5.74) 0.53e

Maternal responsiveness, M (SD) 320.3 (30.22) 305.76 (48.07) 0.04e

Abbreviations: M, mean; SD, standard deviation.
aw2 test.
bt-Test (df¼ 165).
cN¼ 165, adjusted for sex, parental characteristics (education, psychopathology, and delinquency), and obstetric adversity.
dt-Test (df¼ 162).
eAdjusted for sex, parental characteristics (education, psychopathology, and delinquency), and obstetric adversity.
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SE¼ 0.45, p¼ 0.20), suggesting that the effect was fully
mediated by LS. In contrast, OFC volume proved to be not
mediated by LS (Sobel test p¼ 0.97), with no significant
path between LS and OFC volume (b¼ 0.00, SE¼ 0.001,
p¼ 0.82). Accordingly, the effect of poverty on OFC volume
remained significant (b¼ � 0.05, SE¼ 0.01, po0.001). In
addition, smoking during pregnancy mediated the relation-
ship between poverty and CD (p¼ 0.004; Figure 3b), with
significant paths between poverty and smoking during
pregnancy (b¼ 0.57, SE¼ 0.13, po0.001) and between
smoking during pregnancy and CD (b¼ 1.05, SE¼ 0.29,
po0.001). The effect of poverty on CD was no longer
significant (b¼ 0.40, SE¼ 0.49, p¼ 0.82), indicating full
mediation. However, mediation did not apply to the
association between poverty and OFC volume (p¼ 0.10),
which remained significant when including smoking during
pregnancy (t(156)¼ 3.33, pFWE¼ 0.04). Thus, in addition to
life events, we present another possible pathway by which
poverty may exert its effects on CD. In contrast, maternal
responsiveness and childhood trauma did neither mediate
the association of poverty with CD nor with OFC volume
(all p40.92). Finally, we were interested in whether the
effect of poverty on CD symptoms could have been
mediated by OFC volume decrease. The Sobel test revealed
full mediation (p¼ 0.04; Figure 3c), comprising significant
paths between poverty and OFC volume (b¼ � 0.05,

SE¼ 0.01, po0.001) and OFC volume and CD (b¼ � 8.41,
SE¼ 3.44, p¼ 0.02), with the direct effect being no longer
significant (b¼ 0.61, SE¼ 0.49, p¼ 0.22).

Role of Comorbidity

Considering the impact of comorbid psychopathology,
our results suggest that substance abuse neither had a signi-
ficant impact on the association between poverty and OFC
volume (t(155)¼ 3.7, pFWE¼ 0.02) nor on the association
between poverty and CD (b¼ 0.945, SE¼ 0.46, p¼ 0.04). No
significant partial correlations between OFC volume and the
different substance abuse scores were found (all p40.26). In
contrast, consistent with the well-known comorbidity
between CD and ADHD, the association between poverty
and CD remained no longer significant when additionally
controlled for ADHD (b¼ 0.209, SE¼ 0.40, p¼ 0.61). How-
ever, the association with OFC volume was unaffected
(t(154)¼ 3.51, pFWE¼ 0.04). Likewise, under consideration
of all covariates, lifetime ADHD symptoms showed an
inverse relationship with OFC volume at a trend level
(r¼ � 0.15, p¼ 0.06).

DISCUSSION

The investigation reported here provides first evidence of
the long-term impact of early life poverty on OFC volume in
young adults. Specifically, our results from a prospective
study over 25 years indicate that individuals who were born
into poor circumstances exhibited a decreased volume in
the OFC, irrespective of a range of potential confounders.
Moreover, we replicated pertinent findings of increased
CD symptoms as a consequence of childhood poverty, with
this effect being mediated by the exposure to LS, smoking
during pregnancy, and OFC volume decrease.
The OFC is referred to as a hot paralimbic region (Rubia,

2011), which is particularly involved in the top-down
regulation of emotional and motivational behavior, impulse
control, as well as goal-directed behavior (Davidson et al,
2000). OFC activation is typically elicited during the
perception of angry faces (Blair, 2004) as well as during
the processing of rewards, which are both crucial for social
behavior (Kringelbach and Rolls, 2004). Remarkably, this
structure has previously been found to be associated with

Figure 1 Effect of exposure to early life poverty on orbitofrontal cortex (OFC) volume. Left: Volume is decreased in individuals exposed to poverty
(pFWE¼ 0.02). Right: Corresponding parameter estimates of the non-exposed and the exposed groups (N¼ 167; mean±SEM are indicated, ***po0.001).

Figure 2 Scatter plot of the correlation between the significant cluster in
the orbitofrontal cortex (OFC) and conduct disorder (CD) symptoms
(N¼ 165).
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environmental risk (eg, Meyer-Lindenberg and Tost, 2012).
In addition, a decreased OFC response has been shown to
predict aggressive behavior (Coccaro et al, 2007), whereas
reduced volumes have been observed in violent, antisocial,
and psychopathic individuals (Yang and Raine, 2009). CD is
characterized by aggression, destructive behavior, deceitful-
ness or theft, and the violation of rules, suggesting a key
regulatory deficit. A smaller volume in the OFC might lead
to impairment in integrating emotional and motivational
features of social interactions, which, in turn, might result
in an inability to reflect the consequences of actions and
subsequently give rise to antisocial and violent behavior.
In line with this suggestion, we found that a smaller OFC
volume was related to more conduct problems.
As poverty does not exert its influence on the individual

in a direct manner, more proximal measures are likely to
mediate the effect. In general, three possible pathways may
link poverty and health. First, psychosocial adversity (Luby
et al, 2013), such as exposure to LS, could be considered as a
possible mediator of the impact of poverty on behavioral or
brain outcomes. Although our findings provided support
for this hypothesis with regard to CD symptoms, no such
mediation was found with regard to OFC volume. In
contrast, childhood maltreatment and maternal responsive-
ness were found to not impact the relationship of poverty
with CD and OFC volume. In addition to a mediating role of
LS, we found smoking during pregnancy as mediating the
relationship between poverty and CD. This is well in line
with studies revealing increased rates of smoking during
pregnancy in women from a low-income background
(Eiden et al, 2013), suggesting a second pathway, that is,
increased exposure to substances during pregnancy, by
which poverty may exerts its influence. A third material
perspective that has been discussed, which could not be
examined here, highlights that living in poverty results in
diminished access to resources and to malnutrition (Lynch
et al, 2000). For example, vitamin D deficiency leads to

abnormal brain development such as reduced neuronal
differentiation, with vitamin D receptors being prevalent in
the orbital and cingulate cortices (Eyles et al, 2009).
Notably, vitamin D intake is lower in people living in
poverty (Moore et al, 2014). Most likely, these pathways are
not mutually exclusive and may rather act in concert to
promote the indirect effect of poverty on health.
Interestingly, when considering the role of comorbidity,

ADHD but not substance abuse significantly impacted the
relationship between poverty and CD. This is not surprising
with regard to studies showing that about 30–50% of
children exhibit comorbid CD and ADHD (Hamshere et al,
2013). However, conduct problems often precede the
development of substance abuse (Hawkins et al, 1992),
which may explain why the association between poverty and
CD remained significant under consideration of substance
abuse. In contrast, none of the comorbid symptoms had an
impact on the association with OFC volume, which may
speak for a higher sensitivity of the brain outcome.
Consistent with the role of the OFC in emotional and
motivational behavior (Davidson et al, 2000) and aggression
(Coccaro et al, 2007), an inverse relationship of OFC volume
was found with CD but not with ADHD or substance abuse.
Several limitations of our study have to be considered

when evaluating the results. First, CD symptoms were not
assessed concurrently with structural MRI data; thus,
cause–effect relationships are difficult to establish.
Although the latter were collected during young adulthood
(at the age of 25 years), CD symptoms were obtained during
childhood and adolescence (between the ages of 8 and
19 years), a developmental period characterized by a high
prevalence of antisocial behavior. Moreover, as the MRI
findings were obtained in currently healthy individuals,
they may be interpreted as indicating a higher susceptibility
to CD or even the long-term vestiges of this disorder into
adulthood. However, our MRI results could not be attri-
buted to CD, as adjustment for CD symptoms did not

Figure 3 Mediation analysis. Path model showing that life stress (a, from age 3 months up to 19 years, p¼ 0.04), smoking during pregnancy (b, p¼ 0.004)
and orbitofrontal cortex (OFC) volume (c, p¼ 0.04) fully mediated the association between exposure to poverty and conduct disorder (CD) symptoms.
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change the principal finding. In accordance with previous
reports, suggesting that the OFC functions as a stable
marker and mediator of aggressive behavior (Blair, 2004),
we found that the relationship between poverty and CD
symptoms was mediated by OFC volume decrease. How-
ever, this finding has to be interpreted with caution, given
the temporal order constraints of conventional mediation
analysis. Thus, future studies should assess both outcomes
simultaneously to confirm this finding. In this line,
although both smoking during pregnancy and early life
poverty were assessed at the same time point (at the age of
3 months), we assumed, based on the pertinent literature,
that poverty preceded pregnancy (Eiden et al, 2013). How-
ever, we cannot be sure whether smoking during pregnancy
per se is the mediating agent or possible neurobiological
consequences acting in early life, such as negative effects
of nicotine on acetylcholine receptors and cholinergic
neurotransmission in the offspring (eg, Slotkin et al,
2004). Second, only a small proportion of our sample was
at risk of poverty. Although this rate is even above the
general rates of poverty in Western countries (Destatis,
2013; Short, 2013), it may result in an underpowered
analysis and could have biased the findings. Therefore, we
validated our MRI finding using the income-to-needs ratio
as a continuous measure of poverty. Although the impact on
OFC volume was robustly confirmed and was even more
significant, the effect on CD symptoms fell just short of
significance (p¼ 0.05). This may imply that both effects
are promoted via different neural trajectories, comprising,
on the one hand, a pure linear, and, on the other hand,
a nonlinear relationship. In contrast to the impact on
OFC volume, the effect on CD may rather reflect a general
impact of being at risk of poverty, including, among
others, inadequate conditions of health care and nutrition,
as well as the self-perception of being underprivileged.
It is likely that there is no linear association in the upper
range of the income-to-needs ratio, that is, rich people are
not more prone to develop CD when compared with richer
ones indicating that effects are likely to arise in the lower
range of poverty (Barajas et al, 2008). In line with this,
previous studies have provided evidence for a robust
categorical relationship between poverty and CD (eg,
Costello et al, 2003; Emerson et al, 2011; Midouhas et al,
2013). Third, genetic aspects may have a role in mediating
the effect of poverty on OFC volume. However, by
controlling for parental mental health and delinquency,
we partly accounted for a possible genetic impact. Fourth,
poverty is a distal measure associated with a variety of
variables, which may be society-specific, that is, poverty
may imply different confounding factors in different
societies. Thus, any association with health outcomes may
not be generalizable across societies. Fifth, we do not have
data on maternal dietary patterns during pregnancy.
However, poverty is a summary of different mechanisms
converging and thus provides a strong measure of
cumulating risks. Future studies are warranted to clarify
the role of diet.
In conclusion, poverty may have a deleterious long-term

impact on OFC structure, with lower volumes being related
to CD. In this respect, the present study contributes to
providing a better understanding of the mechanisms
underlying the detrimental effects of early environmental

adversity on brain development and behavior during later
life. Hence, our results strengthen the importance of early
postnatal intervention programs aiming to minimize
income-related disparities.
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