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Abstract

Background and Aims—Growing evidence suggests abnormalities in brain morphology
including hippocampal structure in patients with methamphetamine (MA) dependence. Yet little is
known about the possible gender difference. This study was performed to examine hippocampal
volume in abstinent male and female MA users, and to further explore its relationship with
cognitive function.

Methods—27 abstinent MA users (19 males and 8 females) with average 5.75 months of
duration and 29 healthy controls (19 males and 10 females) age 18 to 45 years old were recruited
for clinical assessment and imaging scan. FreeSurfer was used to segment the hippocampus
bilaterally, and hippocampal volumes were extracted for group and gender comparisons. Cognitive
function was measured using the CogState Battery Chinese language version (CSB-C).

Results—Analysis of covariance (ANCOVA) controlling for education showed a significant
group by gender interaction for right hippocampal relative volume adjusted for total brain size
(p=0.002). Female patients showed significantly less volume compared with female healthy
controls; there was no significant difference in volume between male patients and male healthy
controls. Within female patients, there were significant negative relationships between right
hippocampal volume and average dose of MA use (p=0.001), as well as the total error scores on
the Continuous Paired Association Learning Task (CPAL) in CSB-C (p=0.013).

Conclusions—There seems to be a gender difference in how MA affects hippocampal volume
and cognitive function in abstinent MA users. Hippocampus might be an important treatment
target for cognitive improvement and functional recovery in this patient population, especially in
females.
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1. Introduction

Amphetamine-type stimulants (ATS) are a group of drugs including amphetamine and
methamphetamine (MA). The use of ATS drugs has been spreading rapidly across many
countries, and has become a worldwide problem in recent years (1). In the United States,
over 12 million people have used ATS in their lifetimes, and 1.2 million people reported
using ATS in the past year (2). China also faces a serious drug use problem. The number of
registered drug users rose from 70,000 in 1990 to 2.14 million in 2013, according to figures
from the Ministry of Public Security (3, 4). Heroin and other opiate drugs used to be the
primary drugs used and abused in China. After the implementation of “Anti-drug campaign”
in 2005, the frequency and prevalence of heroin and illicit opiate drug use has been reduced,;
however, the use of ATS has increased in China over the past decade. Overall, the
prevalence of ATS users amongst known drug addicts has risen from 6.7% in 2005 to 34.4%
in 2012 based on data from the China State Food and Drug Administration (SFDA) (4).

MA is the most frequently used of the ATS. Studies have suggested various negative health
consequences related to MA use, such as brain abnormalities and cognitive impairment,
cardiovascular disease, and HIV/AIDS (5). As a psychostimulant, MA has specific effects
on the neurotransmitter system, causing the release of dopamine from vesicular storage
pools into the cytoplasm and increasing cytosolic levels of monoamines by inhibiting the
activity of monoamine oxidase (5, 6), therefore leading to functional and structural changes
in the brain.

The hippocampus is vital in forming new memories, learning, and emotions. Growing
evidence from both human (7-9) and animal (10-12) studies have found that MA users
demonstrate dysfunction in these hippocampal functions and are linked to the clinical
criteria of substance use disorders. Gardner et al. reported acute hippocampal toxicity from
structural MR, following chronic use of MA (13). Thompson et al. reported hippocampal
volume reduction in recent abstinent MA users compared to control subjects (14). Similar
findings have also been found in psychotic MA users (15).

Cognitive dysfunction in MA users, especially memory impairment, has been reported
widely (5, 14, 16). It has been suggested that hippocampus might be involved in MA-related
cognitive impairment. For example, one human study found that hippocampal metabolic and
structural measures predict the performance on a vigilance test of sustained attention, which
could be related to cognitive deficits observed in MA abusers (9). Other human studies
suggested that hippocampus is a brain region related to episodic memory and empathy; the
damage in this area in MA abusers may contribute to altered emotional experience and
misunderstanding of others, leading to deteriorated interpersonal communication and social
interactions in this patient population (7, 8). Animal studies found that extracellular signal-
regulated kinase (ERK) and cAMP response element-binding protein (CREB) signaling
pathway in the hippocampus might be involved in MA induced spatial memory changes
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(10). The interruption of hippocampal integrity by even modest doses of MA could cause
significant clinical symptoms in MA abusers (12).

The effects of MA exposure on the brain and cognition have been well established.
However, little is known about the gender difference in these effects. Although drug use
occurs more often in males than in females, females appear more vulnerable to the effect of
drugs than males (17). Several studies demonstrated that females are more sensitive than
males in the test of spontaneous locomotion following MDMA treatment (18). Moreover,
female rats showed a greater behavioral response to cocaine in estrus after the striatal
dopaminergic system was stimulated by gonadal hormones (19, 20).

Based on previous imaging findings of reduced hippocampal volume and the lack of study
of gender differences in hippocampal volume changes, we examined hippocampal volume in
male and female abstinent MA users in the present cross-sectional study and explored the
relationship between hippocampal volume and cognitive function.

2. Methods

2.1 Subjects

In China, according to the “Narcotic Control Law,” newly identified drug users will receive
mandatory inpatient treatment; after discharge, they will continue to receive rehabilitation
treatment in the community under the supervision of social workers. If they relapse, drug
users will be sent to the Compulsory Isolation Center for Drug Rehabilitation, which is
under the judicial system. Routine physical exam and HIV test will be performed before
they are admitted to the center. Those with serious physical illness or tested HIV positive
will be referred to other appropriate medical facilities to receive treatment.

Abstinent MA users who met the diagnostic criteria for MA dependence according to
Diagnostic and Statistical Manual of Mental Disorders criteria (DSM-1V) were recruited
from Shanghai Compulsory Rehabilitation Treatment Center. Eleven of them also had an
additional diagnosis of MA- induced psychosis. Other inclusion criteria included: 1) age 18
to 45 years old; 2) more than 9 years of education; 3) normal or corrected-to-normal vision
and hearing; 4) no current medication treatment except oral contraceptives or vitamins; 5)
capacity to provide informed consent. Patient participants also fulfilled the following
exclusion criteria: 1) major medical or neurological disorders, including HIV; 2) comorbid
psychiatric disorders including schizophrenia, bipolar disorder, and use of other illicit drugs
as preferred drug of abuse; 3) contraindication to MRI. In total, 32 individuals were
approached, 5 of them were excluded because they did not fit the inclusion or exclusion
criteria, and therefore 27 patients were enrolled in the study.

Twenty-nine healthy controls matched by age were recruited from the community through
advertising. All of them received a comprehensive physical and psychiatric assessment by
the research psychiatrists (J.D. and H.J.). These subjects fulfilled the same inclusion and
exclusion criteria as the patient group, but had no current and history drug abuse or
dependence (except nicotine).
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All participants signed the informed consent forms, which were approved by Shanghai
Mental Health Center Institutional Review Board, prior to the start of the study.

2.2 Clinical and cognitive measures

Clinical interview and cognitive assessment were conducted by the research psychiatrists
(J.D. and H.J.). Demographic information and drug use/abuse history were collected from
patients. Questions about drug use history included age of onset (age when using MA for the
first time); types of drugs ever used in addition to MA; duration of abstinence (time interval
between last time using MA and imaging date); duration of drug use (time interval between
first and last time using MA); duration of continuous drug use (the longest time using MA
daily continuously); average dose of MA use (average dose of MA per use in the past one
year before abstinence).

The CogState Battery Chinese language version (CSB-C) was used to assess cognitive
function. The detailed procedure has been described elsewhere (21), and more information
can be found on the website http://www.Cogstate.com. The CSB-C contains eight
computerized tasks; among them, we selected 5 that are closely related to hippocampus
function. These 5 tasks includes the One Card Learning Task (OCL, visual learning and
memory), Two Back Task (TWOB, working memory), International shopping List Task
(ISLT, verbal learning and memory), the Groton Maze Learning Task (GML, problem
solving/error monitoring), and Continuous Paired Association Learning Task (CPAL, spatial
working memory).

2.3 Image acquisition and processing

T1-weighted Spoiled Gradient Echo (SPGR) images were obtained from all subjects on a
3.0 Tesla scanner (Siemens Verio 1) at the Imaging center of Shanghai Mental Health
Center. All scans were clinically reviewed by a neuroradiologist during a continuous scan
period. Each subject was asked to stay awake, lie on his/her back with body remaining still
and eyes closed. A foam mat was used to limit head motion. The acquisition protocol
included the following pulse sequence and parameters: repetition time (TR)= 2530 ms, echo
time (TE)= 2.34 ms, flip angle 7°, field of view (FOV)= 200x200x200 mm, matrix size
314x448, slice thickness 2 mm, echo spacing 11.7 ms, voxel dimension 1x1x1mm. All data
acquisitions were performed in the coronal plane, which was perpendicular to the anterior
commissure—posterior commissure (AC—-PC) line. Scans were optimized by high contrast in
the gray/white and gray/CSF boundaries to obtain the best structure and surface
segmentation images.

MRI data were coded and catalogued, and transferred to the Child and Adolescent
NeuroDevelopment Initiative (CANDI) lab, Department of Psychiatry at University of
Massachusetts Medical School (UMMS) for blinded analysis. The FreeSurfer software
(http://surfer.nmr.mgh.harvard.edu/) was used to segment T1-weighted SPGR images into
cortical and subcortical gray and white matter regions, as well as total intracranial volume,
for each subject (22). The hippocampus has been shown to have comparable accuracy as in
manual labeling and sufficient sensitivity to robustly detect change in volume.
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2.4 Statistical analysis

3. Results

Demographic and clinical characteristics data were compared between the patient and
control groups using t test for continuous variables and Fisher’s exact test for categorical
variables.

Hippocampus volume comparison was performed based on relative volumes to correct for
variations in head size (absolute volume divided by intracranial volume). Analysis of
covariance (ANCOVA) was used with group and gender as fixed factors and potential
confounding variables as covariates.

In addition, Spearman’s rho correlation or Pearson correlation analysis was performed as
appropriate to examine the relationship between hippocampal volume and clinical or
cognitive measures. Further, partial correlation was performed to control for potential
confounding variables. For all statistical analyses, the significance level was set at p<0.05
(two tailed).

Table 1 shows demographic and clinical characteristics for the study sample. There were no
significant differences in age and gender between the two groups; however, the patient
group had significantly fewer years of education than the control group (t(s4) =3.002,
p=0.004). Within the patient group, only duration of abstinence had significant gender
difference (male: 6.53+1.06 months; female: 3.88+0.92 months, t(,5) =6.150, p<0.001).

Figure 1 shows the representative bilateral hippocampus labels extracted from FreeSurfer.
Analysis of covariance (ANCOVA) for hippocampus relative volume using education as a
covariate found no group or gender main effect for either left or right hippocampal volume
(p’s>0.05). However, there was a significant group by gender interaction for the right
(p=0.002) but not left (p=0.138) relative hippocampal volume. Follow-up independent
sample t test of right hippocampus relative volume found that: 1) there was a significant
subgroup difference between female patients and female controls (t(16) =2.915, p=0.010) but
such a difference did not exist between male patients and male controls (t(zs) = —0.929,
p=0.359) (Figure 2); 2)there was a significant subgroup difference between male controls
and female controls (t27) = —4.443, p<0.001) but there was no such a difference between
male patients and female patients (t(25) = —0.014, p=0.989) (Figure 3).

Within the patient group, there were no significant correlations between right hippocampus
relative volume and any drug use history and demographicvariables, including average dose
used, duration of abstinence, age, and education. Further analysis found a significant
negative relationship between right hippocampus relative volume and average dose of MA
use in female patients (n=8, rho= -0.932, p=0.001) but not in male patients (n=19, r=
-0.068, p=0.781) (Figure 4). In addition, partial correlation analysis controlling for age,
education and duration of abstinence did not show any significant correlations between right
hippocampal volume and the scores of the 5 selected CSB-C tasks in entire patient group.
Subgroup analysis found a significant negative relationship between right hippocampal
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volume and the total number of errors on the CPAL task in female patients (df=3, r= —0.950,
p=0.013); but such a relationship did not exist in male patients (df=14, r= -0.067, p=0.805).

4. Discussion

Using an automated imaging method to segment the brain and extract hippocampal volume,
our study found reduced right hippocampus relative volume in female but not in male
abstinent MA users. Only a few previous imaging studies have examined hippocampal
volume in either abstinent or active MA users. One study evaluated primarily individuals
who were recently abstinent from MA use using an automated segmentation program, and
found that bilateral hippocampal volumes were smaller than in healthy controls;
furthermore, those MA users with smaller hippocampal volumes had poorer memory
performance on a word-recall test (14). Another study found significant gray matter volume
reductions in bilateral amygdala and hippocampus in subjects with MA induced psychosis
(15). Our study also found hippocampal volume reduction, but only in the right
hippocampus and only in female subjects.

One possible explanation for the differences in this study compared to the others studies in
the literature is the difference in duration of abstinence across different studies. Our subjects
had a relatively long duration of abstinence (average 5.75 months), while the subjects in
other two studies either had a much shorter duration of abstinence (14 days on average) (14),
or active MA use (15). Previous studies have suggested that the brain morphological
abnormalities associated with MA use in hippocampus, white matter, parietal cortical and
basal ganglia are time sensitive; the volume reductions in these brain regions were observed
during early abstinence (< 4 months), and disappeared or attenuated with longer abstinence
(> 20 months) (23-26).

Our study, for the first time, examined the gender difference in hippocampal volume in
abstinent MA users. We found no within the patient group. The observed gender difference
within the control group is consistent with previous reports showing that the hippocampus is
larger in women than in men after adjusted for total brain size (27). On the other hand,
female patients showed right hippocampal volume reduction in our study, suggesting that
female MA users might be more vulnerable to MA related brain damage, especially in
hippocampus, than male MA users. Evidence also exists suggesting gender differences in
various neurotransmitter systems within hippocampus (28), including the adrenergic,
serotonergic, cholinergic, corticosterone, benzodiazepine and cholecystokinin systems. The
absence of gender difference in hippocampal volume in our abstinent MA users might be
contributed by the changes of these neurotransmitter systems. Our study also found, for the
first time, that a higher average dose of MA use was associated with a smaller right
hippocampal volume in females even after months of abstinence; but this relationship did
not exist in males. (29-31). Our findings are consistent with previous reports regarding the
dose effect of MA use on the brain. For example, an animal study found that altered
hippocampal integrity by even modest doses of MA could account for pronounced brain
pathology linked to MA abuse (12). Another human imaging study reported that MA
compromised frontal lobe high-energy phosphate metabolism in a dose-responsive manner,
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and also suggested that this abnormality might be more prominent in female than in male
MA users (32).

In addition, our study found that a smaller right hippocampal volume was associated with
poorer performance in spatial learning memory, as measured by the total number of errors
on the CPAL task of CSB-C, in female abstinent MA users. The role of hippocampus in
learning and memory (9, 10, 33-35) including spatial learning and memory (34, 35) has
been well established. Patients with right hippocampus damage have shown a selective
spatial memory deficit (36). An fMRI study found that good between-participant
performance in spatial processing tasks was predicted by right hippocampal activation (37).
A volumetric analyses of structural MRI data indicated that the size of right posterior
hippocampus predicted the ability to use spatial knowledge to make inferences about the
relative positions of different buildings on campus (38). These studies indicate the
dominance of right hippocampus on spatial memory, and our result is consistent with this
indication.

Our study has a few limitations: First, our findings should be considered preliminary given
the small sample size and no correction for correct for multiple comparisons. Second, MA
related brain abnormalities might have been attenuated given the relatively long time
duration of abstinence from MA use (on average 5 months). Third, the history of MA use
should have been better characterized and quantified. Last but not the least, the automated
imaging method we used to extract hippocampal volume is limited in accuracy, and need to
be replicated by or compared with other methods such as manual tracing.

Future longitudinal studies with a larger sample size are needed to characterize brain
morphological changes over the course of MA abstinence, to examine whether or not
specific brain regions such as hippocampus can serve a biomarker to predict relapse, clinical
symptoms and cognitive impairment. In addition, specific interventions, such as cognitive
remediation, to improve neuroplasticity in hippocampus and possibly other brain regions
seem to be promising with the hope to improve cognition and functional recovery, and also
prevent relapse in the MA user population.
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Hippocampus_L Hippocampus_R

Figure 1.
Representative coronal view of left (green) and right (blue) hippocampus labels extracted

from FreeSurfer. L: left; R: right; S: superior; I: inferior.
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Figure 3.

Comparison of right hippocampal relative volume between male controls and female
controls (A), and between male patients and female patients (B). * 0.01<p<0.05; **p<0.01.
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Right hippocampal volume clinical correlation
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Figure 4.

- male
-+ female **

Correlation between right hippocampal relative volume and average dose of MA use in male
and female patients. Although Spearman’s rho correlation was used to test statistical
significance, regression lines were plotted for the convenience of the readers. *0.01<p<0.05;

**p<0.01.

Behav Brain Res. Author manuscript; available in PMC 2016 August 01.



Page 14

Du et al.

90uBUISge 810Ja( Jeak auo Ise| ay) Ul asn Jad Al JO asop abelane :asn |\ JO asop mmm_m><o

Ajrep Bnup Buisn awi 1s86u0] 8y J0 uoreInp ay} :asn Bnip snonunuod Jo uoneing

q

(WIN) autwelaydweyiaw Buisn awi 1s.1 Je abe :1asuo Jo mm<m

1260 50'T- ZU°0T¥8'0  SE0F950 VIN (6) 53sn WA Jo asop abeseny
9er'0 160 8ZVF06'C  LSVIFE0L 8y'ZT¥G8'G w/N  (S4puow) gasn Bnup snonunuod Jo uopeing
180 09T0  89°69F6EYV. LS OSFIYLL €TYYFIS 9L VIN (syruow) asn Bnup Jo uoneing
§52°0 9911 89'8FSZVC  VS9F6LLT ST LTI 9T VIN ©1asu0 J0 8By
100°0> 0ST'9 26:0¥88°C 90°T¥ES'9 65 T¥GL'S VIN (sypuow) sousunsqe Jo uopeIng
8/€°0 616'0— 6€'2F8E0T 26'T¥05'6 (sreak) uoneonp3
v1€0 8£6'0 ZL6¥88°0€  S8VFITYE (sreak) aby
(8=N) srewsd  (6T=N) 8JeN [e101

¥00°0 200°€ 90°Z¥9L'6 19°Z¥59'TT (s1eak) uoneanp3
858°0 08T°0- G9'9F9Z'EE 00°'/F€6'2€ (s1eak) aby
6/,°0 1581 10BX3 S,J3yslH 8/6T 0T/6T (srewa/aleIN) JapusD
d 1 (asFuesin) (2z=N) wsned  (as¥uesin) (6z=N) [013U0D sofstIaloRIRYD

Author Manuscript

T alqel

Author Manuscript

ajdwres Apnis ay) JO SaNsLIA1oRIRYD [ealul]d pue J1ydesbowsq

Author Manuscript

Author Manuscript

Behav Brain Res. Author manuscript; available in PMC 2016 August 01.



