
Brief Communications

Three-dimensional
preoperative maps

of hippocampal
atrophy predict

surgical outcomes
in temporal lobe

epilepsy

Abstract—The authors used surface-based anatomic mapping to detect fea-
tures of hippocampal anatomy that correlated with surgical outcomes in pa-
tients undergoing surgery for mesial temporal lobe epilepsy with hippocampal
sclerosis. Compared with a seizure-free group, hippocampal profiles for the
non–seizure-free group had greater diffuse ipsilateral atrophy and more
region-specific contralateral atrophy in the anterior, lateral hippocampus.
These atrophic regions may indicate areas of increased epileptogenicity, con-
tributing to poorer surgical outcomes.
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Even though patients with mesial temporal lobe epi-
lepsy (MTLE) and hippocampal sclerosis (HS) are
more likely to gain seizure control with anteromesial
temporal resection than continued antiepileptic drug
treatment, not all patients are rendered seizure free
after surgery.1 Many favorable surgical prognostic
factors actually predict HS. Only a personal history
of status epilepticus has been associated with poorer
surgical outcome.2 Therefore, few clinical character-
istics have surgical prognostic value.

MRI volumetric analyses of HS cannot be used to
predict surgical outcome consistently.3 We recently
developed an anatomic surface modeling approach
combined with surface-based statistics to compare
hippocampal anatomy in patients seizure free (SF)

postoperatively with those having continued seizures
(NSF). These mapping techniques were applied to
isolate profiles of hippocampal deficits associated
with better or poorer outcomes after surgery.

Methods. Using the UCLA adult epilepsy surgical database
(1993 to 2002), we reviewed 40 patients who met all of the follow-
ing criteria: 1) preoperative MRI showing unilateral or asymmet-
ric hippocampal atrophy; 2) history and semiology compatible with
MTLE; 3) noninvasive ictal EEG revealing at least three seizures
with unilateral temporal lobe onset, concordant to the side of
hippocampal atrophy; and 4) surgical pathology showing HS. Pa-
tients with MRI or pathologic abnormalities other than HS were
excluded. No patient required invasive intracranial EEG monitor-
ing because the epileptogenic zone was well localized noninva-
sively. All patients underwent the same en bloc anteromesial
temporal resection with same resection volume, as described by
Spencer et al.,4 by a single neurosurgeon. Intraoperative electro-
corticography was not used to tailor the extent of resection. A
nurse conducted postoperative telephone interviews every 2 to 3
months for at least 2 years to determine patients’ seizure fre-
quency. Thirty patients were free of disabling seizures except for
auras in isolation, and 10 patients continued to have seizures.
Three NSF patients had 1 to 2 seizures per year, and seven had
0.5 to 3 seizures per month. All patients received maintenance
antiepileptic drug therapy during the follow-up period.

Statistical analysis of clinical data and hippocampal volumes.
Fisher’s exact test and unpaired t test (two-tailed p values) were
used to compare clinical characteristics between SF and NSF pa-
tients. Differences in hippocampal volumes between the two sur-
gical groups and published norms from our laboratory were
analyzed with unpaired t tests.5 The clinical characteristics listed
in the table were assessed as potential predictors of hippocampal
volumes simultaneously with multiple linear regression.

MRI scans. High-resolution MRI images were acquired on a
GE Signa 1.5-T clinical scanner (Milwaukee, WI) at UCLA. Three-
dimensional T1-weighted coronal images were acquired using
spoiled gradient recalled acquisition in the steady state with the
following acquisition parameters: acquisition matrix 256 � 256,
TR/TE 40/9 milliseconds, flip angle 35 degrees, number of excita-
tions 1, field of view 24 cm, and contiguous 1.8-mm-thick slices
covering the entire brain. We applied an anatomic surface model-
ing approach to MR images to visualize regions of hippocampal
atrophy. These procedures are described in detail in other re-
ports5,6 and summarized in figure 1.
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Results. Clinical characteristics and hippocampal volume.
There was no significant difference in clinical characteristics
between the two surgical outcome groups (see table). Simul-
taneous multiple linear regression of the eight clinical pre-
dictors listed in the table and ipsilateral hippocampal volume
showed that only duration of epilepsy was negatively corre-
lated with ipsilateral hippocampal volume (p � 0.05), and
none correlated with contralateral hippocampal volume
(figure E-1, available on the Neurology Web site at www.
neurology.org).

Compared with the SF group, the NSF group had signif-
icantly smaller bilateral mean hippocampal volumes (see
table). Greater ipsilateral hippocampal atrophy pattern in
the NSF group was consistent in our population. Using the
same anatomic boundary and image analysis technique,

we recently showed that a healthy adult control popula-
tion—with similar age and sex to this epilepsy group—had
no hippocampal volume asymmetry (L � 2,563 � 327 mm3

and R � 2,702 � 425 mm3; paired t test, p � 0.1).5 In the
current study, the degree of asymmetry between the two
hippocampi in both outcome groups was on average much
greater than these normal controls (SF vs normal, p �
0.0001; NSF vs normal, p � 0.005). The NSF group showed
bilateral volume deficits compared with these norms (aver-
age normal � 2,632 � 392 mm3; ipsilateral NSF � 889 �
305 mm3; contralateral NSF � 1,470 � 181 mm3; p �
0.0001).

Hippocampal atrophy profiles. The average radial vol-
umes of both hippocampi were compared between SF and
NSF groups. Importantly, ipsilateral and contralateral

Table Clinical characteristics and hippocampal volume

Clinical features and hippocampal volume Seizure free, n � 30 Not seizure free, n � 10 p Value

Age at MRI scan, years 31.4 � 1.6 37.0 � 4.2 0.23§

Sex, M/F 14/16 1/9 0.06�

Side of seizure onset, R/L 15/15 6/4 0.72�

Age at first seizure onset, years 12.3 � 1.6 11.8 � 4.3 0.92§

Duration of epilepsy, years 19.6 � 1.8 25.0 � 3.2 0.16§

Seizure frequency per month 9.0 � 1.1 12.4 � 3.9 0.43§

History of febrile seizures, %‡ 40 20 0.44�

History of CNS infection, %‡ 13 20 0.63�

Ipsilateral hippocampal volume† 1,348 � 282 mm3 889 � 305 mm3 �0.0009§

Contralateral hippocampal volume† 2,293 � 454 mm3 1,470 � 181 mm3 �0.00001§

Data are shown as mean � SEM.

† Data are shown as mean � SD of the mean.
‡ Percent of total subjects.
§ Student’s t test.
� Fisher exact test.

R � right; L � left.

Figure 1. Steps involved in three-
dimensional hippocampal modeling.
Each individual’s hippocampus is
traced in consecutive coronal MRI sec-
tions (A) and converted to a three-
dimensional parametric surface (B) in
which the radial size of the hippocam-
pus is measured from a centerline and
plotted in color on the surface, to in-
dex radial atrophy. These meshes are
averaged across subjects (C) and atro-
phy relative to the contralateral hip-
pocampus in each surgical outcome
group (seizure free and not seizure
free) and across the two surgical out-
come groups is computed at each sur-
face grid point (D).
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maps were both able to distinguish between SF and NSF
outcome patients. The NSF group had greater ipsilateral
hippocampal atrophy along the lateral and medial surface,
with relatively uniform involvement of the head, body, and
tail (p � 0.01 by permutation; see figure 2, A), and greater
contralateral atrophy involving the head and lateral body
of the hippocampus, with maximal atrophy in the anterior
hippocampus (p � 0.002 by permutation; see figure 2, B).
Only the contralateral hippocampi showed more region-
specific differences between the outcome groups.

Hippocampal asymmetry maps compared the distribu-
tion of ipsilateral hippocampal atrophy relative to the con-
tralateral side in each surgical outcome group. In both the
SF and NSF groups, the hippocampal asymmetry profile
showed severe diffuse deficits involving the head, body,
and tail of the hippocampus without regional specificity
(SF and NSF, p � 0.0001 by permutation; see figure 2, C
and D). The overall asymmetry pattern suggests that com-
pared with the SF group, the NSF group had a lesser
degree of asymmetry.

Interrater reliabilities. To evaluate interrater reliabili-
ties for the manual tracing, 10 brains were randomly cho-
sen (5 SF and 5 NSF). Working independently but using
the same anatomic protocol, the two raters traced out the
left hippocampus. There was a high interrater reliability
for the hippocampal volumes (intraclass correlation coeffi-
cient, r � 0.9188; figure E-2).

Discussion. Our data show that even in a rigor-
ously selected group of MTLE patients with HS,
there are few clinical features that reliably predict
outcome. However, using surface-based anatomic
mapping, we were able to detect prognostic features

of hippocampal anatomy. It is important to recognize
potential limitations of our study. The frequency of
secondary generalized seizures was not consistently
documented in the clinical assessments before sur-
gery. We cannot reliably compare the neuropsycho-
logical test scores because during this time period,
two neuropsychologists performed the tests with dif-
ferent test batteries. Quantitative hippocampal vol-
umes were not computed at UCLA before surgery,
and visual assessment of hippocampal atrophy may
have missed bilateral disease. Because the MRI
scans were initially collected in patients for clinical
purposes and because of upgrades in equipment and
software, normal control MRI scans with the same
protocol were not available for comparison.

We were able to isolate certain anatomic corre-
lates of surgical outcome. The spatial pattern of bi-
lateral hippocampal damage in the NSF group may
suggest a progression of the disease. In our study,
the NSF ipsilateral hippocampus, compared to the
SF group, showed greater diffuse atrophy, whereas
the contralateral hippocampus exhibited greater but
restricted damage in the anterior and lateral hip-
pocampus. We suggest that with disease progression,
the sclerotic ipsilateral hippocampus may already be
diffusely damaged (i.e., a floor effect), whereas the
contralateral hippocampus may exhibit damage only
in regions with the greatest susceptibility for epilep-
togenesis. In animal studies, the ventral hippocam-
pus, analogous to the human anterior hippocampus,
has greater seizure susceptibility.7 In human surgi-

Figure 2. Maps identifying regions
where seizure-free (SF) and non–
seizure-free (NSF) surgical outcome
groups differ in their degree of atrophy
(A and B) and regions of hippocampal
asymmetry in each surgical outcome
group (C and D). Group difference
maps show mean hippocampal volume
differences ipsilateral (A) and contralat-
eral (B) to the side of seizure onset. Ar-
eas of significant atrophy between the
two surgical outcome groups are plotted
as a map of p values. The NSF groups
show significantly greater diffuse atro-
phy in the ipsilateral hippocampus (A),
whereas the contralateral side shows
more region-specific atrophy pattern
(B). Maximal atrophy is seen in the an-
terior and lateral aspects of the con-
tralateral hippocampus. The average
distribution of atrophy was computed
for patients with seizure-free postsurgi-
cal outcome (C) and those who contin-

ued to have seizures (D) by directly comparing the ipsilateral to the contralateral hippocampus. Areas of significant
asymmetry are visualized as a map of p values. Both SF and NSF groups showed severe diffuse deficits along the entire
hippocampus. The overall asymmetry pattern suggests that the NSF group (D) had a lesser degree of asymmetry when
compared with the SF group (C). However, the anterior to posterior distribution of the asymmetry pattern does not differ-
entiate the two surgical groups.
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cal specimens, the anterior hippocampus had more
neuronal loss than the posterior hippocampus.8 Sei-
zure propagation from one hippocampus to the other
over time may lead to damage first in the most vul-
nerable areas of the contralateral hippocampus.

Acknowledgment
The authors thank Sandra Dewar, RN, MS, for conducting patient
telephone interviews.

References

1. Wiebe S, Blume WT, Girvin JP, Eliasziw M. A randomized, controlled
trial of surgery for temporal-lobe epilepsy. N Engl J Med 2001;345:311–
318.

2. Hardy SG, Miller JW, Holmes MD, et al. Factors predicting outcome of
surgery for intractable epilepsy with pathologically verified mesial tem-
poral sclerosis. Epilepsia 2003;44:565–568.

3. Quigg M, Bertram EH, Jackson T, Laws E. Volumetric magnetic reso-
nance imaging evidence of bilateral hippocampal atrophy in mesial tem-
poral lobe epilepsy. Epilepsia 1997;38:588–594.

4. Spencer DD, Spencer SS, Mattson RH, et al. Access to the posterior
medial temporal lobe structures in the surgical treatment of temporal
lobe epilepsy. Neurosurgery 1984;15:667–671.

5. Thompson PM, Hayashi KM, Simon SL, et al. Structural abnormalities
in the brains of human subjects who use methamphetamine. J Neurosci
2004;24:6028–6036.

6. Thompson PM, Hayashi KM, De Zubicaray GI, et al. Mapping hippocam-
pal and ventricular change in Alzheimer disease. Neuroimage 2004;22:
1754–1766.

7. Akaike K, Tanaka S, Tojo H, et al. Kainic acid-induced dorsal and ven-
tral hippocampal seizures in rats. Brain Res 2001;900:65–71.

8. Babb TL, Lieb JP, Brown WJ, et al. Distribution of pyramidal cell den-
sity and hyperexcitability in the epileptic human hippocampal formation.
Epilepsia 1984;25:721–728.

RESIDENT AND FELLOW PAGE
Call for teaching videos

The Neurology Resident page is featured online at www.neurology.org. The Editorial Team of this section is seeking
teaching videos that will illustrate classic or uncommon findings on movement disorders. Such videos will aid in the
recognition of such disorders. Instructions for formatting videos can be found in the Information for Authors at
www.neurology.org. Please contact the Editor, Karen Johnston (kj4v@virginia.edu), for more information or submit
teaching videos online at http://submit.neurology.org.

October (1 of 2) 2005 NEUROLOGY 65 1097


