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Objective: A number of studies have
used magnetic resonance imaging to ex-
amine volumetric differences in temporal
structures in subjects suffering from ma-
jor depressive disorder. Studies have re-
ported lower hippocampal and amygdala
volume, but results have been inconsis-
tent. The authors were interested, there-
fore, in examining these studies in the ag-
gregate in order to determine whether
hippocampal volume is lower in major
depressive disorder. They also examined
factors that may contribute to the dispar-
ate results in the literature.

Method: A meta-analysis was conducted
of studies that used magnetic resonance
imaging to assess the volume of the
hippocampus and related structures in
patients with major depressive disorder.

Results: Patients were seen to have
lower hippocampal volume relative to
comparison subjects, detectable if the
hippocampus was measured as a discrete
structure.

Conclusions: Although the effect of ma-
jor depressive disorder on amygdala vol-
ume remains to be conclusively estab-
lished, inclusion of the amygdala with the
hippocampus appears to have decreased
the likelihood of detecting volumetric dif-
ferences in either structure. Slice thick-
ness or other scan parameters did not ac-
count for a substantive amount of the
variance in results, whereas clinical vari-
ables of the populations studied, such as
duration of illness or presence of abuse,
may account for much of the discrepancy
between findings.

(Am ] Psychiatry 2004; 161:598-607)

A number of neuroimaging studies have examined
morphometric changes in temporolimbic brain regions of
patients with major depressive disorder. Several have
reported volumetric differences in hippocampal size, but
reports have been mixed. Conclusive evidence from volu-
metric magnetic resonance imaging (MRI) studies of lower
hippocampal volume associated with major depressive
disorder has been elusive. Studies have reported bilateral
(1, 2) and unilateral right (3) and left (4, 5) deficits relative
to comparison subjects, whereas others have reported no
change relative to comparison subjects (6, 7). This dis-
crepant body of literature has been summarized (8-10),
but to date the studies have not been examined statisti-
cally in the aggregate. Furthermore, no reviews have sys-
tematically examined factors that might contribute to the
discrepancies between reports.

Factors critical for the detection of hippocampal vol-
ume differences between major depressive disorder pa-
tients and comparison subjects have been proposed. Early
studies had slice thicknesses as great as 5 mm, compared
with more recent studies in which slice thicknesses were
as little as 1 mm. Sheline (10) suggested that scan parame-
ters, such as scan thickness, might influence the ability to
detect volumetric differences between patients and com-
parison subjects.

Inclusion of the adjacent amygdala with the hippocam-
pus in the region of interest may influence volumetric as-
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sessment of the combined complex, since the amygdala,
sitting at the anterior head of the hippocampus, can be
difficult to delineate and may add variance to the findings.
Furthermore, volumetric differences in the amygdala may
not mimic those in the hippocampus. In patients with de-
pression, the amygdala has been reported to be either
lower in volume (7, 11) or higher in volume (5, 12); higher
volumes have been reported in patients with bipolar dis-
order (13) or other neuropsychiatric disorders such as de-
pression and epilepsy (14, 15). Bowley and colleagues (16)
have reported a substantially lower glial density in the
amygdala in major depressive disorder patients.

Patient factors that might contribute to hippocampal
volume have not been systematically examined. For ex-
ample, despite the fact that Sheline et al. (1) reported that
hippocampal volume varied as a function of past duration
of depressive illness, few studies have attempted to quan-
tify past illness burden in the patients studied. Some stud-
ies included a portion of patients with bipolar disorder,
other studies do not report the treatment status or comor-
bid exclusion criteria of patients and comparison subjects.

Despite these methodological differences, data from
these studies are important. The hippocampus has in-
creasingly been the focus of animal, postmortem, and
clinical examinations of the pathophysiological underpin-
nings of depression, and the suggestion that it is lower in
volume as a consequence of this illness has been influen-
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tial in guiding these studies. We were interested, therefore,
in examining these studies in the aggregate in order to de-
termine whether the studies do, in fact, suggest there is
lower hippocampal volume in patients with major depres-
sive disorder. We were further interested in examining fac-
tors that may contribute to the disparate results in the lit-
erature so that future studies might attend to factors that
may critically determine observed results. We therefore
conducted a meta-analysis of studies published to date
that used MRI to assess the volume of the hippocampus
and related structures in patients with major depressive
disorder.

Method

Studies were included if they met the following criteria: 1) the
patient population had a diagnosis predominantly of major de-
pressive disorder according to recognized criteria; 2) hippocam-
pal volume was a dependent variable; 3) MRI analysis was used
to assess hippocampal volume; and 4) comparison subjects were
included.

An extensive MEDLINE search of online listings between Au-
gust 1960 and August 2002 using the medical subject headings
(MESH) “depression, major depressive disorder, unipolar depres-
sion, MRI, magnetic resonance imaging, hippocampus or amyg-
dala” as well as cited references in articles or review papers re-
vealed 20 scientific papers that met these criteria. One study that
found lower left hippocampal volume (17) was excluded, since
volume measurements were not available because of the com-
puter-driven hippocampal segmentation technique used. Pantel
and colleagues reported in English (18) and in German (19); the
report published in English was included in this analysis. Sheline
etal. included the patient group from their 1996 (2) article in their
1999 (1) study; therefore, the 1996 study was excluded from the
analysis. Two papers had divided their patient population into
two groups, and we retained that division in our analysis. Vythil-
ingam et al. (20) compared both depressed subjects who had un-
dergone abuse and those that had not with healthy subjects. Mac-
Queen and colleagues (21) looked at patients undergoing their
first episode and those suffering multiple episodes of depression.

Data from the 17 retained papers (1, 3-7, 11, 12, 18, 20-27) were
separated into categories for assessment. To assess the impact of
the amygdala on measured volume, studies were placed into
three categories: those that measured the volume of the hippo-
campus (12 studies), those that measured the volume of the
amygdala (six studies), and those that measured the volume of
the combined structure (four studies). To assess the impact of
slice thickness on hippocampus volume measurements, 10 stud-
ies were divided into two categories on the basis of slice thick-
ness: >1.5 mm (N=5) and <1.5 mm (N=5).

Standard deviations were pooled and z scores calculated for
each group. The z scores were then summed and tested for sig-
nificance by using a confidence level of 95%. Analyses were re-
peated after removing studies that included ECT-treated patients
and then those that included bipolar disorder patients to assess
the impact of these studies. Right and left sides were analyzed
independently.

Results

Subject parameters are recorded in Table 1. A total of
434 patients and 379 comparison subjects were analyzed.
Ages of patients ranged from 23 to 86 years of age. In only
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two studies were the subjects stated to be drug-free (20,
24), although MacQueen et al. (21) stated that all first-
episode patients were never treated at the time of the be-
ginning of the study for a minimum of 4 weeks. Subjects
with current alcohol dependence were excluded from 10
of the 17 studies included for analysis, and mood at time
scanned was euthymic for two studies (1, 11), dysthymic
for six studies (3, 6, 20, 22, 25, 26), varied for one study (7),
and unrecorded for the others. Of the entire patient sam-
ple, 11 patients were diagnosed as bipolar, and an esti-
mated 28 had undergone ECT. Removal of studies includ-
ing ECT-treated patients and then those that included
bipolar disorder patients from aggregate analysis did not
change the significance of the finding of lower hippocam-
pal volume in depressed patients (which will be sub-
sequently discussed). With the ECT-treated patients
removed, the left hippocampus and combined hippo-
campus and amygdala in the depressed subjects remained
significantly lower (95% confidence interval (CI) of z
scores=—0.398 to —0.109) as did the right hippocampus and
combined hippocampus and amygdala (95% CI of z
scores=—0.373 to —0.086). The same measurements re-
mained significant after removal of the bipolar disorder
patients (95% CI of z scores=—0.395 to —0.101 and -0.378 to
-0.085, respectively).

MRI parameters are recorded in Table 2. Slice thickness
varied between 5 mm and 1.0 mm thick, and in regression
analysis, was shown to contribute minimally to variation
in hippocampal volume (<10%, data not shown). Com-
parison of data collected using both thick and thin slices
showed that a significant difference was retained between
depressed patients and comparison subjects for both
levels of MRI resolution with the left hippocampus (slice
thickness >1.5 mm: 95% CI of z scores=-0.695 to —0.164;
slice thickness <1.5 mm: 95% CI of z scores=—0.492 to —-0.078)
and with thick slices of the right hippocampus (slice thick-
ness >1.5 mm: 95% CI of z scores=-0.645 to —0.164), but
that the difference between depressed and comparison
groups failed to reach significance with thin slices of the
right hippocampus (slice thickness <1.5 mm: 95% CI of z
scores=-0.417 to 0.004). Coronal, tilted coronal, and sagittal
orientations were all used to collect the data. When evalu-
ated as a group, studies measuring hippocampal volume
by using MRI scans in the coronal or tilted coronal orienta-
tion (eight studies [3-7, 20, 23, 25]) retained significance
(left hippocampus: 95% CI of z scores=-0.577 to -0.186;
right hippocampus: 95% CI of z scores=-0.496 to —0.118),
whereas studies that used multiple orientations (four stud-
ies [1, 21, 22, 24]) retained significance on the right (95% CI
of z scores=—0.542 to —0.010) but not on the left (95% CI of z
scores=-0.519 to 0.014).

Table 3 records volumetric analysis parameters. Six of
the 18 studies corrected for head size. The reported inter-
rater reliability coefficients ranged from 0.69 to 0.99.

The volume of the hippocampus was measured for 393
patients and 303 comparison subjects in 12 studies (Table
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TABLE 1. Characteristics of Subjects in MRI Studies That Measured the Hippocampus and Related Structures of Patients

With Major Depression

Depressed Female Age (years)
Year and Patients Comparison Subjects ECT Treatment at Presence of Mood —  C(Criteria Used
Study (N) Subjects (N) (%) History Time of Scan Alcoholism  atScan  Mean SD for Inclusion
2003
Posener 27 42 55 Nonein past Antidepressants  Not in past Dysthymic 33.0 10.7 DSM-IV
etal. (22) 6 months (N=14); none 3 months
(N=13)
MacQueen 37 37 65 None in past First-episode Exclusion —a 284 11.8 DSM-IV
et al. (21) 12 months patients; no criterion
antidepressants  (lifetime)
2002
Vythilingam 32 14 100 —a No Controlled  Dysthymic 33 6 DSM-IV
et al. (20) antidepressants
Frodl et al. 30 30 56 —a —a Controlled —a 403 12.6 CGl; 21-item
(23) Hamilton
depression
scale
Frodl et al. 30 30 56 Exclusion Antidepressants  Controlled —a 403 12.6 DSM-IV
(12) criterion for 26 of 30
subjects
2001: Rusch 25 15 56 —a Drug-free for —a —a 332 95 DSM-IV
et al. (24) more than 4
weeks
2000
Steffens 66 18 77 —a Antidepressants  Exclusion Dysthymic 71.7 84 CES-D ScaleP
etal. (3) criterion
Bremner 16 16 34 —a Antidepressants  Lifetime —a 43 8 History plus
etal. (5) history for DSM-IV
four
patients
Mervaala 34 (six 17 53 0 Antidepressants  Exclusion —a 422 122 DSM-III-R
etal. (4) bipolar) criterion
Vakili 38 20 55 —a Fluoxetine Exclusion Dysthymic 38.5 10 SCID plus
et al. (6) criterion 16-item
Hamilton
depression
scale
von Gunten 14 (one 14 57 —a Antidepressants  Exclusion Mixed 57.6 36-69¢ ICD-10
etal. (7) bipolar) criterion
1999
Ashtari 40 46 80 0 —a —a Dysthymic 74.3 6.0 DSM-III-R
et al. (25) plus
Hamilton
depression
scale
Sheline 24 24 100  Fewerthan  Antidepressants  Exclusion Euthymic 54 23-86¢ DSM-III-R
etal. (1) four criterion
sessions
1998: Sheline 20 20 100  Four 14 of 20 taking Exclusion Euthymic 54  23-86° DSM-llI-R
etal. (11) patients antidepressants  criterion
(not within
past 11
years)
1997: Pantel 19 13 79 0 —a Exclusion —a 724 61-79¢ DSM-III-R
et al. (18) criterion
1993
Axelson 19 30 74 —a —a Exclusion Dysthymic 46.7 20.4 DSM-I11-R
et al. (26) criterion
Coffey 48 (four 76 65 17 patients  Antidepressants  Exclusion —a 62.4 16.4 DSM-III-R
etal. (27) bipolar) (no plus other criterion
treatment medications
within last
6 months)

2 Not stated.

b Center for Epidemiological Studies Depression Scale (28).

¢ Range.

4). Hippocampal volumes (means of right and left) ranged
from 961 mm?3 to 3655 mm? for patients and 1140 mm?3 to
3629 mm? for comparison subjects. The lowest measure-
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ment (5) was obtained when the head and tail of the hip-
pocampus were excluded and only the body of the hip-
pocampus was measured. The resulting value was less
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TABLE 2. MRI Parameters From Studies That Measured the Hippocampus and Related Structures of Patients With Major

Depression

Slice
Contiguous Pixel Size  Thickness
Year and Study Sequence? Sections TR (msec) TE (msec) Orientation (mm) (mm)
2003
Posener et al. (22) FLASH No 20 5.4 Three-dimensional 1%x1 1
MacQueen et al. (21) Three-dimensional fast Yes 21.2 3.9 Sagittal 1x1 1.2
SPGR
2002
Vythilingam et al. (20) SPGR Yes 25 5 Coronal —b 1.5
Frodl et al. (23) Dual echo plus three- —b 3710/22 90 Coronal —b 3and 1.5
dimensional MPRAGE (dual echo) (dual echo)
11.6 4.9
(MPRAGE)  (MPRAGE)
Frodl et al. (12) Dual echo plus three- —b 3710/22 90 Coronal —b 3and 1.5
dimensional MPRAGE (dual echo) (dual echo)
11.6 4.9
(MPRAGE)  (MPRAGE)
2001: Rusch et al. (24)  Axial three- —b 30 14 Sagittal plus —b 1.2
dimensional SPGR coronal
2000
Steffens et al. (3) Dual echo fast spin echo  Two data sets 4000 30 Coronal oblique —b 3
combined
Bremner et al. (5) GRASS Yes 25 5 Coronal plus axial —b 3
Mervaala et al. (4) Three-dimensional —b 10 4 Tilted coronal —b 3
gradient echo
Vakili et al. (6) SPGR —b 35 5 Coronal 0.976x 3
0.976
von Gunten etal. (7)  SPGR echo Yes 35 5 Coronal —b 1.5
1999
Ashtari et al. (25) FLASH Yes 40 15 Coronal 1x1 3.1
Sheline et al. (1) MPRAGE Yes 10 4 Scan: sagittal; 1%x1 1.25
analysis: coronal
1998: Sheline et al. (11) MPRAGE Yes 10 4 Scan: sagittal; 1x1 1.25
analysis: coronal
1997: Pantel et al. (18)  Three-dimensional —b 10 4 Sagittal 1.02x1.02 1.25
MPRAGE; three-
dimensional PSIF
1996: Sheline et al. (2) MPRAGE Yes 10 4 Coronal 1x1 1.25
1993
Axelson et al. (26) —b Yes 500 20 Coronal —b 5
Coffey et al. (27) Spin echo pulse Yes 500 20 Coronal and sagittal —b 5

a GRASS=gradient recall acquisition in steady state. SPGR=spoiled gradient recall acquisition. FLASH=fast low angle shot. MPRAGE=magnetiza-
tion prepared fast gradient echo. PSIF=reversed fast imaging with steady-state precession.

b Not stated.

than half the measured volume of the next lowest mea-
surement. Frodl and colleagues (23), who included the
alveus in their measurements of hippocampal volume,
had the highest values for both patients and comparison
subjects. Despite variation in the measurement techniques
and patient samples, combining results from studies
measuring the hippocampus alone showed depressed pa-
tients had significantly lower volumes relative to compari-
son subjects in the left hippocampus (95% CI of z scores=
-0.485 to -0.170) and in the right hippocampus (95% CI of
7 scores=—0.445 to —0.131). A significant difference was
more often detected between patients and comparison
subjects in the left hippocampus (six of 12 studies) than in
the right hippocampus (three of 12 studies).

The volume of the amygdala was measured for 138 pa-
tients and 121 comparison subjects in six studies (Table 5).
Mean amygdala volumes for comparison subjects ranged
from 1341 mm?3 to 2291 mm?3. The mean amygdala volume
measured for the patient group ranged from 1624 mm?3 to
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2298 mm?3. The Mervaala study (4) had a mean amygdala
volume 350 mm? greater than the next highest value for
patients. The anatomical definition that resulted in these
high values was not described in the published article and
may include regions not measured by other studies. She-
line and colleagues (11) measured only the core nuclei of
the amygdala. Four of six studies showed significant dif-
ferences between amygdala volumes of depressed pa-
tients relative to comparison subjects. These differences
reflected both a higher amygdala volume (5, 12 [Bremner
et al. did not test for significance]) and a lower amygdala
volume (1, 7, 11) relative to comparison subjects. No signif-
icant difference was therefore detectable when analyzed
in the aggregate between depressed patients and healthy
subjects in the left amygdala (95% CI of z scores=—0.247 to
0.255) or the right amygdala (95% CI of z scores=—0.185 to
0.314).

The hippocampus and amygdala together were mea-
sured for 126 patients and 165 comparison subjects in four
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TABLE 3. Volumetric Analysis From MRI Studies That Measured the Hippocampus and Related Structures of Patients With
Major Depression

Year and Raters Intrarater Reliability Interrater Reliability Head Size Statistical Analyses
Study (N) Coefficient Coefficient Correlation Used Anatomical Definition?
2003
Posener —b —b —b Yes MANOVA Gray matter as defined
et al. (22) previously (29, 30)
MacQueen 2 —¢ Left hippocampus= —¢ ANOVA plus Scheffé test Hippocampus gray
etal. (21) 0.87; right matter as defined by
hippocampus=0.83 Duvernoy (31)
2002
Vythilingam 2 —¢ Left hippocampus= —¢ ANOVA Hippocampus as defined
et al. (20) 0.9; right by Duvernoy (31) and
hippocampus=0.8 Watson et al. (32)
Frodl 2 0.96 0.97 —¢ ANCOVA, t tests Hippocampus as defined
etal. (23) by Neimann et al. (33)
Frodl 2 Leftamygdala=0.90; Left amygdala=0.90; Amygdala-to-total =~ ANCOVA, t tests Amygdala as defined by
etal. (12) right amygdala= right amygdala= cerebral volume Convit et al. (34)
0.91 0.95 ratio given
2001: Rusch 2 —¢ Left hippocampus= Yes ANOVA, t tests Boundaries defined
et al. (24) 0.82; right
hippocampus=0.81
2000
Steffens —¢ >0.9 Left hippocampus= —¢ ANOVA, t tests Landmarks used
etal. (3) 0.79; right
hippocampus=0.69
Bremner 2 —¢ Left hippocampus= —¢ ANOVA, univariate —¢
etal. (5) 0.93; right
hippocampus=0.94
Mervaala 1 0.94 —¢ Yes t tests Hippocampus as defined
etal. (4) by Duvernoy (31),
Bartzokis etal. (35),and
Watson et al. (32)
Vakili —¢ 0.8 —¢ Hippocampus total ANOVA, t tests As with Sheline et al. (1)
et al. (6) cerebral volume
ratio given
von Gunten ~ —¢ 0.92 —¢ Hippocampus total Mann-Whitney U tests, Includes alveus, fimbria,
etal. (7) cerebral volume t tests, correlation boundaries defined
ratio given coefficient
1999
Ashtari 1 —¢ 0.85-0.93 —¢ t tests, ANCOVA Boundaries defined
et al. (25)
Sheline 2 0.97 and 0.9 0.95 —¢ t tests, correlation Hippocampus as
etal. (1) coefficient, regression  defined in Duvernoy
(31). Bartzokis et al.
(35), excluding alveus
1998: Sheline 2 Left amygdala=0.96 Left amygdala=0.96; —¢ t tests Boundaries defined
etal. (11) and 0.96; right right amygdala=
amygdala=-0.96 0.92
and 0.95
1997: Pantel 2 —¢ —¢ Yes ANOVA, correlation Landmarks used
etal. (18) coefficient
1996: Sheline 2 Left hippocampus=  Left hippocampus= —¢ t tests, correlation Excluding alveus,
etal. (2) 0.96 and 0.95; 0.94; right hippo- coefficient boundaries defined
right hippo- campus=0.95
campus=0.89 and
0.95
1993
Axelson 2 —¢ Left combined —¢ ANOVA, t tests, Uncus, fimbria, all
et al. (26) hippocampus and correlation coeffi- included, no
amygdala=0.90; cient boundaries given
right combined
hippocampus and
amygdala=0.86
Coffey 3 0.93-0.99 0.88-0.99 —¢ Logistic regression plus Four representative
etal. (27) chi-square sections of

hippocampus taken
using landmarks

a1n all studies that define the area measured, the cornu ammonis, dentate gyrus, and subiculum were included.
b Computer-driven automated analysis.

¢ Not stated.
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TABLE 4. Hippocampal Volumes of Patients With Major Depression and Comparison Subjects From Studies Included in a

Meta-Analysis

CAMPBELL, MARRIOTT, NAHMIAS, ET AL.

Volume (mm?3)

Hippocampal Volume Patients Comparison Subjects
Year and Study Difference N Left Right Mean Left Right Mean
2003
Posener et al. (22) No 27 2546 2948 2747 2475 2994 2734
MacQueen et al. (21)
First episode No 20 2738 2793 2766 2761 2784 2773
Multiple episode? Lower in left and right 17 2381 2392 2387 2703 2692 2698
2002
Vythilingam et al. (20)
Abused? Lower in left 21 2705 2690 2698 3179 3037 3108
Not abused No 11 3292 3078 3185 3179 3037 3108
Frodl et al. (23)2 Lower in left 30 3564 3745 3655 3616 3641 3629
2001: Rusch et al. (24) No 25 2170 2290 2230 2130 2200 2165
2000
Steffens et al. (3)2 Lower in right 66 2920 2980 2950 3170 3300 3235
Bremner et al. (5)? Lower in left 16 940 982 961 1166 1113 1140
Mervaala et al. (4)? Lower in left 34 3104 3462 3283 3441 3700 3571
Vakili et al. (6) No 38 2640 2610 2625 2460 2600 2530
von Gunten et al. (7) No 14 2499 2598 2549 2644 2700 2672
1999
Ashtari et al. (25)¢ No 40 1745 1742 1744 1843 1853 1848
Sheline et al. (1)2 Lower in left and right 24 2230 2264 2248 2482 2468 2476

a Study demonstrated a significantly lower hippocampal volume in depressed patients than in comparison subjects.
b Significant difference in left hippocampal volume between patients and comparison subjects seen only within male subjects.
¢ Both the hippocampus and combined hippocampus and amygdala were measured.

TABLE 5. Amygdala Volumes of Patients With Major Depression and Comparison Subjects From Studies Included in a Meta-

Analysis

Volume (mm?3)

Amygdala Volume Patients Comparison Subjects

Year and Study Difference N Left Right Mean Left Right Mean
2002: Frodl et al. (12)? Higher in left and right 30 1944 1951 1948 1776 1815 1796
2000

Bremner et al. (5) —b 16 1652 1699 1676 1347 1335 1341

Mervaala et al. (4) No 34 2369 2226 2298 2341 2241 2291

von Gunten et al. (7)? Lower in left 14 1559 1689 1624 1920 1840 1880
1999: Sheline et al. (1)@ Lower in left and right 24 1612 1661 1637 1721 1716 1719
1998: Sheline et al. (11)? Lower in left and right® 20 1650 1723 1687 1781 1752 1767

a Study demonstrated a significantly different amygdala volume in depressed patients than in comparison subjects.

b Not stated.

€ Only core nuclei showed significance, total (core plus noncore) is displayed.

studies (Table 6). The measured mean values (average of
left and right) ranged from 3210 mm?3 to 4525 mm?3 for pa-
tients and 3300 mm? to 4685 mm?3 for comparison subjects
(Table 6). No significant difference between depressed pa-
tients and comparison subjects was found, either in any of
the individual studies or in the aggregate, for the left
combined hippocampus and amygdala (95% CI of z
scores=-0.342 to 0.126) or right combined hippocampus
and amygdala (95% CI of z scores=—0.392 to 0.077).

We examined whether differences in measurement of
total cerebral volume (Table 7) could account for varia-
tions in reported volumes of temporolimbic regions of
interest. The anatomical definition of total cerebral vol-
ume varied between studies. Coffey and colleagues (27)
measured the volume of the cerebral hemispheres, ex-
cluding CSF-containing regions, giving a lower volume
(9.4x105 mm3) than those recorded in other studies.
Other recorded total cerebral volume values for patients
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range from 1.1x10% mm?3 (1, 20, 22), to 1.4x10% mm? re-
corded by von Gunten et al. (7), who included everything
within the skull to the level below the cerebellum. The
same range of values is apparent for comparison sub-
jects, giving little difference between recorded total cere-
bral volume values for patients and comparison subjects.
Total cerebral volume therefore added little to any expla-
nation of the variation of the volume of the gray matter
structures in question.

The 15 studies assessing hippocampal volume were ana-
lyzed in their entirety (Table 4 and Table 6). Significant dif-
ferences remained between patients suffering from major
depressive disorder and comparison subjects for volume in
the left hippocampus plus combined hippocampus and
amygdala (95% CI of z scores=—0.390 to —0.128) and right
hippocampus plus combined hippocampus and amygdala
(95% CI of z scores=—0.378 t0 —0.117).
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TABLE 6. Combined Amygdala/Hippocampal Volumes of Patients With Major Depression and Comparison Subjects From

Studies Included in a Meta-Analysis?

Volume (mm3)

Amygdala/Hippocampal Patients Comparison Subjects
Year and Study Volume Differences N Left Right Mean Left Right Mean
1999: Ashtari et al. (25)b No 40 3940 4019 3980 4089 4171 4130
1997: Pantel et al. (18) No 19 4470 4580 4525 4620 4750 4685
1993
Axelson et al. (26) No 19 4110 4360 4235 4060 4300 4180
Coffey et al. (27) No 48 —¢ —¢ 3210 —¢ —¢ 3300

2 No study found a significant difference between volumes of patients and comparison subjects.
b Both the hippocampus and combined hippocampus and amygdala were measured.

¢ Not stated.

TABLE 7. Total Cerebral Volume of Patients With Major De-
pression and Comparison Subjects From Studies Included
in a Meta-Analysis

Total Cerebral Volume (mm3)

Comparison

Year and Study Patients Subjects
2003
Posener et al. (22) 1.1x106 9.9x10°
MacQueen et al. (21) —a —a
2002
Vythilingam et al. (20) 1.1x106 1.1x106
Frodl et al. (23) No difference from No difference from

comparison subjects  patients
Frodl et al. (12) 1.3x106 1.3x106

2001: Rusch et al. (24) Used in calculation,

but not stated

Used in calculation,
but not stated

2000

Steffens et al. (3) —a —a

Bremner et al. (5) 1.4x106 1.4x100

Mervaala et al. (4) —a —a

Vakili et al. (6) Used in calculation, Used in calculation,

but not stated but not stated

von Gunten et al. (7) 1.3x106 1.4x100
1999

Ashtari et al. (25) 1.3x106 1.3x106
Sheline et al. (1) 1.1x106 1.1x106
1998: Sheline et al. (11) 1.2x106 1.2x106
1997: Pantel et al. (18) 8.4x10° 8.9x10°
1993

Axelson et al. (26) 1.2x106 1.1x106
Coffey et al. (27) 9.4x10° 9.4x10°

2 Not stated.

Discussion

In this meta-analysis, we divided the studies into those
measuring the hippocampus, those measuring the amyg-
dala, and those measuring the combined hippocampus
and amygdala. Within these groups the measured areas
were more consistent, although interexperimental varia-
tion was still apparent. This within-group variation can be
attributed at least partially to varying anatomical defini-
tions of the target structures. Between groups, varying
MRI protocols and heterogeneous subject groups differing
in age and gender may have enhanced variation. Sheline
(10) has suggested that the lack of consensus between ex-
perimenters who found significant hippocampal atrophy
in depressive patients and those who did not was at least
partially due to the resolution of the MRI scans taken. Our
analyses suggested that decreased slice thickness did not
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lead to increased sensitivity to hippocampal volumetric
differences. When studies examining hippocampal vol-
ume (N=12) were divided into two groups by slice thick-
ness, there remained significant hippocampal volume
differences on both left and right sides between major de-
pressive disorder patients and comparison subjects for the
studies that used lower MRI resolution. This difference
was lost on the right side in the group of studies that used
higher resolution. A decreased slice thickness, therefore,
does not positively influence detection of a difference be-
tween hippocampal volumes of major depressive disorder
patients relative to comparison subjects. When studies as-
sessing hippocampal volume in depressed subjects are ex-
amined in the aggregate, major depressive disorder pa-
tients have lower bilateral hippocampal volumes relative
to comparison subjects. With five exceptions (6, 7, 22, 24,
25), experimenters measuring the hippocampus sepa-
rately from surrounding structures have been able to
discern significantly lower hippocampal volume in
depressed patients relative to comparison subjects, re-
gardless of the MRI resolution used. The study performed
by von Gunten et al. (7) had a small study group size (N=
14), with heterogeneous diagnoses of mild, moderate, and
severe depression as well as bipolar disorder. The hetero-
geneity of this patient group may have contributed to the
lack of hippocampal volumetric differences from compar-
ison levels. Frodl et al. (23), in a study that used first-epi-
sode patients with presumably fewer morphological con-
sequences of long-term illness, detected a significant
hippocampal deficit only in male patients relative to com-
parison subjects. Gender analyses done in other studies
(3, 6, 26), however, have found no significant differences.
Low burden of illness may have contributed to the nega-
tive results found in studies performed by Rusch et al. (24),
Posener et al. (22), and Vakili et al. (6). The mean patient
ages for these studies were among the lowest of any in-
cluded in this analysis, and Rusch et al. (24) included at
least a portion of patients that appeared to be in a first ep-
isode of illness. Sheline et al. (1) showed that a greater total
number of past days ill was an important factor determin-
ing deficits in hippocampal volume size. This hypothesis
is supported by the data from MacQueen and colleagues
(21), who demonstrated a logarithmic relationship be-
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tween hippocampal volume and duration of illness. First-
episode patients from this study, like those from the Rusch
et al. (24), Posener et al. (22), and Vakili et al. (6) studies
with low mean age, showed no significant hippocampal
volume differences relative to comparison subjects. The
relationship among depression, abuse, and hippocampal
volume has been examined only in a recent study (20) and
may play an important factor determining hippocampal
atrophy. It is therefore difficult to interpret negative re-
ports in the absence of specific information regarding the
patients’ histories of past illness.

Studies have been contradictory about the relative
amygdala volume in depressed patients compared with
healthy subjects. A statistically significant deficit (1, 7, 11)
and no significant difference (4) have both been reported,
while studies by Bremner and colleagues (5) (statistical
significance not reported) and Frodl et al. (12) showed
higher amygdala volume in patients relative to compari-
son subjects. When the studies analyzing amygdala were
examined in the aggregate, no significant difference in vol-
ume between patients and comparison subjects was ap-
parent. This may be a result of a limited power provided by
the six available studies and difficulty in measuring a com-
pound structure with indistinct anatomical boundaries.
Once again, patients’ past illness may be an important fac-
tor, since the patients in the Frodl et al. (12) and Bremner
et al. (5) studies appear to be younger and perhaps have a
lower pastillness burden than those in studies such as that
of Sheline et al. (1).

The white matter delineation between the amygdala
and the hippocampus can be difficult to detect, and there-
fore some studies have considered the amygdala and
hippocampus together (18, 22, 25, 27). Without exception
these studies were unable to discern a statistically signifi-
cant difference between the hippocampal volumes of de-
pressed patients and comparison subjects. When these
studies were included with those measuring the hippo-
campus alone, however, the robust significant difference
detected in the latter studies was statistically retained. We
suggest that the inclusion of the variable amygdala in the
measurement of combined hippocampus and amygdala is
a confounding variable, obscuring hippocampal volumet-
ric differences between patients and comparison subjects.
Given the contradictory results in studies examining the
amygdala and the limits inherent in strictly delineating
amygdala boundaries, it is perhaps not surprising that
studies including the amygdala were more varied in their
outcome than those of the hippocampus alone.

The lower hippocampal volumes in patients with major
depressive disorder observed in imaging studies are con-
sistent with recent postmortem studies and animal mod-
els of the pathophysiology of depression. Lower cortical
volume in the subgenual prefrontal cortex (36) and orbito-
frontal cortex (37) have been recorded in depressed pa-
tients relative to comparison subjects. Also differences in
glial and neuronal cell density as well as neuronal size
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have been reported in the prefrontal cortex (38) and in the
anterior cingulate cortex (39) of major depressive disorder
patients relative to comparison subjects. These regions are
intimately connected to the hippocampus (reviewed in
reference 40), suggesting a possible deafferentation and
subsequent atrophy of hippocampal neurons. Sapolsky
(41-43) has suggested that hippocampal cell death leading
to aloss of hippocampal volume might occur as a conse-
quence of repeated stress with associated glucocorticoid
excess. Structural changes to the hippocampus might be
due to remodeling of key cellular elements, involving re-
traction of dendrites, decreased neurogenesis in the den-
tate gyrus, and loss of glial cells (44-48). Potential factors
underlying this cellular remodeling include stress-in-
duced elevated glucocorticoid levels, which are impli-
cated in aneogenesis (49) and induce cell cycle arrest in
the peripheral cells (50). Research has demonstrated that
reduced hippocampal volume can rebound once hyper-
cortisolemia due to Cushing’s disease is relieved (51). Ele-
vated glucocorticoid levels are associated with hippocam-
pal atrophy in rats (52, 53) and in primates (42). Patients
with major depressive disorder have demonstrated abnor-
malities of the hypothalamic-pituitary-adrenal (HPA) axis
(54). Among the most reproducible findings in patients
with major depressive disorder is nonsuppression of the
HPA axis by dexamethasone, a marker of HPA overactiva-
tion (55). As the hippocampus is a major site in the gluco-
corticoid negative feedback circuit, reduction in hippo-
campal cell number may lead to less efficient inhibition of
cells in the hypothalamus that produce corticotropin-re-
leasing factor, resulting in increased glucocorticoids and
worsening of the process (reviewed by Bremner [56]).

Further supporting the notion that the hippocampus is
important in the pathophysiology of major depressive dis-
order are data from neuropsychological studies. Recollec-
tion memory impairment is apparent in patients with ma-
jor depressive disorder not only when they are dysthymic
(57-59) but also in the euthymic state (60, 61). It is reason-
able, therefore, to suspect hippocampal change in de-
pressed patients as recollection memory is critically de-
pendent upon hippocampal integrity (41). An emerging
consensus from imaging, neuropsychological, and pre-
clinical studies therefore supports the importance of the
hippocampus in the pathophysiology of major depressive
disorder. Future imaging studies may delineate the rela-
tion between illness course and other clinical variables
and volume loss associated with this condition.

In summary, hippocampal volume is lower in patients
with depression than in comparison subjects, detectable if
the hippocampus is measured as a discrete structure in
patients with longstanding illness. Slice thickness or other
scan parameters do not appear to account for a substan-
tive amount of the variance in results observed between
studies. Rather variables related to the specificity of the
structure studied, and perhaps clinical variables of the
populations studied, account for most of the discrepancy
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between findings. Early childhood abuse, the incidence of
which is elevated in depressed subjects, might resultin the
initiation of depression starting from childhood and re-
sulting in long-term depression in young adults. Indeed,
illness duration seems to be the critical factor in the detec-
tion of hippocampal volume deficits in patients suffering
from depression. Whether the volumetric differences are
apparent early in illness or detectable only in patients with
recurrent illness is not yet well established. Although the
effect of major depressive disorder on amygdala volume
remains to be conclusively established, in studies to date,
inclusion of the amygdala with the hippocampus appears
to have decreased the likelihood of detecting volumetric
changes in either structure.
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