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MR Imaging of the Hippocampus in Normal Pressure
Hydrocephalus: Correlations with Cortical Alzheimer’s
Disease Confirmed by Pathologic Analysis

Sakari Savolainen, Mikko P. Laakso, Leo Paljarvi, Irina Alafuzoff, Heleena Hurskainen, Kaarina Partanen,

Hilkka Soininen, and Matti Vapal ahti

BACKGROUND AND PURPOSE: MR studies have shown hippocampal atrophy to be a
sensitive diagnostic feature of Alzheimer’s disease (AD). In this study, we measured the hip-
pocampal volumes of patients with a clinical diagnosis of normal pressure hydrocephalus
(NPH), a potentially reversible cause of dementia when shunted. Further, we examined the
relationship between the hippocampal volumes and cortical AD pathologic findings, intracra-
nial pressure, and clinical outcomes in cases of NPH.

METHODS: We measured hippocampal volumes from 37 patients with a clinical diagnosis
of NPH (27 control volunteers and 24 patients with AD). The patients with NPH underwent
biopsy, and their clinical outcomes were followed for a year.

RESULTS: Compared with those for control volunteers, the findings for patients with NPH
included a minor left-side decrease in the hippocampal volumes (P < .05). Compared with
those for patients with AD, the findings for patients with NPH included significantly larger
hippocampi on both sides. Although not statistically significant, trends toward larger volumes
were observed in patients with NPH who had elevated intracranial pressure, who benefited

from shunting, and who did not display cortical AD pathologic findings.

CONCLUSIONS: Measurements of hippocampal volumes among patients with a clinical di-
agnosis of NPH have clear clinical implications, providing diagnostic discrimination from AD
and possibly prediction of clinical outcome after shunting.

Normal pressure hydrocephalus (NPH) is a syn-
drome, the key features of which include the triad
of gait disturbances, urinary incontinence, and
memory loss in combination to varying extents (1,
2). Thememory lossin cases of NPH is often slight
or of moderate degree but may also be progressive
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and may dominate the clinical picture. Shunting
may reverse the course of NPH, which distinguish-
es this syndrome from other types of primary de-
generative dementia. Nevertheless, the overall out-
come of shunting has left much to be desired. This
has raised suspicions that concomitant pathologic
abnormalities of the primary degenerative demen-
tias, such as Alzheimer’s disease (AD), which are
not uncommon in the elderly, might modulate or
complicate the clinical picture and outcome of
NPH (3).

The hippocampus is a part of the medial tem-
poral lobe memory system, responsible particularly
for modulation, consolidation, and storage of newly
acquired data. The hippocampus aso exhibits char-
acteristic pathologic features in AD even during the
very earliest stages of the disease, whereas cogni-
tively normal aging may have little, if any, effect
on hippocampal volumes, neuronal histoarchitec-
ture, or neuropsychologic domains considered to be
related with the hippocampal function (4). Previous
volumetric MR imaging studies have also shown
that hippocampal atrophy can reliably show the dis-
tinction between dementia due to AD from cogni-
tively normal aging (4, 5) and benign memory im-
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TABLE 1: Clinical characteristics and normalized hippocampal volumes in the study groups, including the NPH subgroups

cc AD NPH NPHAD., NPHAp_ NPHs, NPHg_

Number 27 24 37 12 25 18 19
Age (yrs) 712 + 38 685 = 8.0 676 = 85 705 * 5.2 66.2 = 9.4 68.6 = 4.9 66.7 = 10.9
M/F /18 12/12 20/17 48 16/9 /9 11/8
MMSE 283 * 14 219 = 38* 225+ 50 216+ 69 230 = 39 236 = 4.0 216 = 57
Heignt 173 + 2.1 12.3 + 3.0¢ 158 + 3.7 14.8 + 45 162 + 32 167 + 4.2 15.0 + 3.1
Range 13.4-215 8.4-18.7 7.2-245 7.2-24.1 95-245 9.1-245 7.2-19.0
95% Cl 16.4-18.1 11.0-135 14.6-17.0 12.0-17.7 15.0-17.6 14.6-18.7 135-165
Hiest 171 + 1.6 117 + 30%* 152 + 3.4 138 + 4.2 159 + 2.7 16.1 * 36 14.4 + 30
Range 14.3-20.4 6.5-18.9 6.4-19.7 6.4-19.4 10.9-19.7 8.0-19.7 6.3-18.9
95% Cl 16.5-17.8 10.5-13.0 14.1-16.3 11.1-165 14.8-17.0 14.3-17.9 13.0-15.8

Note—Results are means = SD. Abbreviations: CC = control subjects, AD = Alzheimer's disease, NPH,;, = normal pressure hydrocephalus,
all patients, NPHAp, = NPH patients with cortical AD pathology, NPHAp- = NPH patients without cortical AD pathology, NPHs, = NPH
patients shunted, and NPHg_ = NPH patients not shunted. M/F = male/female numbers, MMSE = Mini-Mental State Examination, Hiign = right
hippocampus, H,g: = left hippocampus, and 95% Cl = 95% confidence interval. Groups significantly different from controls at the level of P <
.05 level in the Duncan posthoc analysis within the three principa groups (CC, AD, NPH, ) are marked with an asterisk for each P < .05 subset.

pairment unrelated to dementia (4). Nevertheless,
this atrophy may not be specific to dementiain AD
but may also take place in other dementias (6, 7).
Therefore, important dimension to obtain when
working to establish the diagnostic value of these
measurements is hippocampal volume in other con-
ditions that can cause dementia, including NPH.

In the present study, we measured the hippocam-
pa volumes from MR images of patients with a
clinical diagnosis of NPH. These were compared
with the volumes of both healthy control subjects
and AD patients. The aims of the study were two-
fold: first, to evaluate possible hippocampal atro-
phy in cases of NPH, and second, to determine cor-
relates of the hippocampal structural integrity in
relation to cortical AD pathologic findings, in-
creased intracranial pressure (ICP), and clinical
outcomes after shunting.

M ethods

Patients

A total of 88 participants were examined in the study: 37
patients with a clinical diagnosis of NPH, 24 patients fulfilling
the NINCDS-ADRDA criteria of probable AD (8), and 27 cog-
nitively normal control volunteers matched for age and gender.
The patients with AD who were chosen for the study had been
recently diagnosed, and these cases represented mild-to-mod-
erate AD. The clinical characteristics of the study groups are
displayed in Table 1. The local research ethics committee ap-
proved the study. All participants provided informed consent
for participation in the study after receiving an explanation of
the study protocol.

During a 2-year period from November 1, 1993, to Decem-
ber 31, 1995, al patients younger than 75 years who were
referred to the university hospital having suspected NPH as a
working diagnosis underwent general physical and clinical
neurologic examinations and were prospectively evaluated
with the study protocol. The diagnosis was based on the triad
of symptoms found during the clinical neurologic examination,
supplemented with CT findings (ventriculomegaly suggesting
increased ICP without any specific pathologic abnormalities
blocking the CSF flow). Apraxia of gait had to be present in
the clinical neurologic examination. The history of urinary in-
continence was gained from an interview with the patient or a

knowledgeable informant. The exclusion criteria for the study
were malignant disease of any kind, diabetes mellitus for more
than 5 years, and any severe vascular disease (systemic or ce-
rebrovascular). Those participants who fulfilled the criteria un-
derwent neuropsychologic testing, 24-hour |CP measurement,
infusion testing, and MR imaging. The neuropsychologic test-
ing included a battery of tests assessing learning abilities and
memory, verbal and visuoconstructional abilities, and attention
and flexibility of mental processing.

A cortical biopsy for neuropathologic evaluation was ob-
tained from the right frontal 1obe before inserting the ICP cath-
eter for al participants with a clinical diagnosis of NPH. Cy-
lindrical biopsy specimens with a diameter of 2 to 5 mm were
fixed in formalin and embedded in paraffin, and 5-um-thick
sections were prepared for analysis. Hematoxylin and eosin
staining was used for general evaluation of the preparations,
and Bielschowsky silver and Congo stainings were used for
evaluation of Alzheimer’'s degenerative changes. The classifi-
cation of biopsies as being AD-positive or -negative was based
on the presence of plagues on silver staining. For further ac-
curacy, 7-protein and B-amyloid load were evaluated by stan-
dard immunohistochemical methods using a monoclonal anti-
body to r-protein (AT-8, BR-003; Innogenics, Temse,
Belgium), in a dilution of 1:500, or to pB-amyloid (M872;
Dako, Glostrup, Denmark), in a dilution of 1:100. The ex-
pression of the r-protein was rated as negative or positive. The
amount of staining for B-amyloid was evaluated semiquanti-
tatively with the Quantimet 570 Image Analysis System (Leica
Cambridge Ltd., Cambridge, England). In the image analysis,
leptomeninges and crushed material were excluded, and the
extent of staining was evaluated at X100 magnification as
counts of lesions, stained area, and stained area fraction.

For the |CP measurement, the basal level was set asthe level
of the forehead. A basal pressure below 5 mm Hg was con-
sidered normal. The ICP was considered abnormally high if it
was above 10 mm Hg or if the basal pressure was between 5
and 10 mm Hg and there were any A-waves or more than 30%
B-waves during the recording period. ICP of 20 mm Hg or
more excluded the diagnosis of NPH. A shunt operation was
performed in 18 of 37 participants fulfilling these criteria of
elevated ICR, two of whom fulfilled the criteria for elevated
basal pressure and 16 of whom met the criteria for pathologic
pulse waves. All were shunted using similar ventriculoperito-
neal Holter valve shunts.

The patients with NPH who underwent shunting were ex-
amined at two follow-up times: 3 months and 1 year postop-
eratively. Clinical and neuropsychological evaluations were
performed to assess clinical outcome and efficacy of shunting.
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Palpation and CT confirmed shunt functioning. At the final
follow-up, gait disturbances, incontinence, memory impair-
ment, and activities of daily living (functional capacity, de-
pendence on assistance) were subjectively classified as im-
proved, unaltered, or deteriorated in consensus with the
clinician, a relative, and, whenever possible, the patient. This
rating was done without any knowledge of the MR or biopsy
findings.

Control Subjects

The control volunteers were derived from our previous stud-
ies. Briefly, all underwent general physical and clinical neu-
rologic examinations, comprehensive neuropsychological test-
ing, an extensive battery of laboratory tests, EEG and
event-related potentias, CT, single photon emission CT, and
MR imaging of the brain. They were healthy and had no his-
tory of neurologic, psychiatric, or major systemic diseases. The
investigation has been described elsewhere in detail (4).

MR Imaging

The participants underwent imaging with a 1.5-T Magnetom
(Siemens, Erlangen, Germany) using a standard head coil and
atilted coronal 3D gradient-echo sequence (magnetization pre-
pared rapid acquisition gradient-echo) with 10/4 (TR/TE) and
one acquisition. The boundaries of the hippocampus were man-
ually traced from corona 2.0-mm-thick slices, oriented per-
pendicular to the long axis of the hippocampus. Tracing was
performed within a short interval by a single rater who was
blinded to the clinical and pathologic data. The rostral end of
the hippocampus, when it first appeared below the amygdala,
was the starting point. The caudal end of the hippocampus was
taken as the section in which the crura of the fornices departed
from the lateral wall of the lateral ventricles. The number of
voxels within the region creating the volume was calculated
by using custom made software on a standard Siemens work
console. Hippocampal measurements were not used as a selec-
tion criterion for any of the study groups. To exclude con-
founding effects of individual and gender-related size vari-
ability, the volumes were normalized to a coronal intracranial
area measured at the level of the anterior commissure. The
methodology and reproducibility of the technique have been
described in detail elsewhere (4).

Satistical Analyses

Volumes normalized for the intracranial area were used in
al statistical analyses. One-way analysis of variance was used
to compare the means over the study groups. The Duncan post
hoc analysis was used to evaluate the statistical difference be-
tween the groups. The results are expressed as mean *= SD.
The level of statistical significance of difference was P < .05.

Results

The clinical characteristics of the study groups
are presented in Table 1. There were no differences
in age or gender between the principal study
groups. As expected, Mini-Mental State Examina-
tion (MMSE) scores were significantly higher in
control volunteers than in patients (F[2.85] = 22.2,
P < .0001). There were no significant differences
between the NPH and AD groups regarding MM SE
scores.

The normalized hippocampal volumes (Table 1)
differed significantly in the three principal study
groups on both sides (right, F = 17.5, left F =
23.5; P < .0001). In the post hoc analysis, the hip-
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Fic 1. Box plot displaying median values, quartiles, and ex-
treme values of the right normalized hippocampal volumes within
the principal study groups. AD, measurements from patients with
Alzheimer’'s disease; NPH, measurements from patients with
normal pressure hydrocephalus; CTRL, measurements from con-
trol volunteers.

pocampus on the right was significantly smaller in
the AD group compared with the control and NPH
groups (P < .05). No significant difference be-
tween the control volunteers and NPH patients
emerged. Figure 1 displays a box plot showing me-
dian values, quartiles, and extreme vaues of the
right hippocampal volumes within the principa
study groups. The result was similar on the left
side, except in the post hoc analysis, in which both
the NPH (P < .05) and the AD (P < .001) groups
were found to have smaller hippocampa volumes
compared with the control group.

The NPH group was then divided for further
analysis into two subgroups according to neuro-
pathologic findings based on biopsy and ICP mea-
surements. The hippocampal volumes in these sub-
groups are also presented in Table 1.

Of the 37 participants who underwent biopsy, 25
(67.6%) were classified as being AD-negative, hav-
ing no AD changes with silver stains. Two of these
participants, however, displayed immunoreactivity
for B-amyloid and from one participant, there was
not sufficient material with which to perform im-
munohistochemistry. Twelve participants (32.4%)
displayed cortical AD pathologic findings on silver
staining. All 12 displayed immunoreactivity for g-
amyloid, and two of them also displayed immu-
noreactivity for mprotein. No significant difference
was found when the hippocampa volumes were
compared between the group with and the group
without cortical AD pathologic findings. Similarly,
no significant differences were detected in age,
gender, or MM SE scores within these groups (Table
1).
In al, 18 (48.6%) patients had elevated ICP and
underwent shunting. Of the patients who under-
went shunting, only three (16.7%) displayed corti-
cal AD pathologic findings, whereas among the 19



412 SAVOLAINEN

TABLE 2: Normalized hippocampal volumes = SD and cortical
Alzheimer’s disease in the 18 shunted patients in relation to clin-
ical outcome 1 year after shunting

N % Hright Hiest AD+

Gait disturbance

Improvement 1 611 176*+41 171 +27 V11

Unatered 4 222 178+ 14 156+ 34 14

Deterioration 3 167 119+44 128+60 13
Incontinence

Improvement 6 333 167+*14 157+29 06

Unatered 11 611 173 +47 170+ 33 211

Deterioration 1 55 9.1 8.0 1/1
Memory impairment

Improvement 8 444 169*x22 162*+29 08

Unaltered 5 278 199+*41* 178+x21 15

Deterioration 5 278 130+43 141+53 2/5
Activities of daily living

Improvement 13 722 171 +32 163 *29 013

Unaltered 1 55 241 18.7 1

Deterioration 4 222 135*+48 145=*+59 2/4

Note—Abbreviations: N = number, Hy;gy, = right normalized hip-
pocampus, H,g = left normalized hippocampus, AD+ = cortical Alz-
heimer’'s disease. Asterisk denotes the group significantly different at
the P < .05 level in the Duncan posthoc analysis.

patients who did not undergo shunting, AD patho-
logic findings were found in nine (47.4%). When
the patients with NPH were grouped according to
whether they had undergone shunting, no signifi-
cant statistical differences were found in age, gen-
der, MM SE scores, or hippocampal volumes (Table
1).

The outcome of shunting in terms of improve-
ment, no change, or deterioration of gait distur-
bance, incontinence, memory impairment, and ac-
tivities of daily living and their relationship to
hippocampal volumes and cortical AD pathologic
findings are shown in Table 2. The only statistically
significant finding related to the hippocampal vol-
ume was that for memory impairment. Only in that
group, in which the memory status remained un-
atered, were the hippocampal volumes significant-
ly larger (F[2.15] = 5.1, P < .05) than those in the
two other groups.

From Table 2, it may also be observed that the
three patients who had undergone shunting and
who had cortical AD pathologic findings had either
unchanged or deteriorated outcomes, except for
gait disturbance, which was improved in one pa-
tient with AD pathologic findings.

Discussion
In this study, we measured the hippocampal vol-
umes in cases of NPH and compared them with
those of the two control groups representing both
normal aging and AD. Further, the relationships be-
tween the hippocampal volumes and the findingsin
cortical biopsy, |ICP measurements, and clinical
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outcomes in the patients with NPH were eval uated.
It was found that the NPH group displayed slightly
smaller hippocampal volumes than did the normal
control group, but this finding was significant only
on the left side. On the other hand, the AD group
had significantly smaller hippocampal volumes
compared with both the control and NPH groups
on both sides. This finding may have clear clinical
implications: in cases of suspected NPH versus
AD, when facing the question of whether to shunt,
measurement of the hippocampus may be of diag-
nostic help. It is relevant to note that patterns of
ventriculomegaly may not differ between patients
with NPH and those with AD (9).

When the NPH group was divided into sub-
groups according to biopsy findings, no statistically
significant differences were found in the hippocam-
pa volumes between those with signs of cortical
AD pathologic findings and those without. If these
participants truly were patients with AD, this find-
ing would be difficult to explain. Nevertheless, in
this study, changes in AD pathologic findings in a
biopsy were merely suggestive of and not definite
for AD. False-negative cases of AD also constitute
a possibility, because the focus of AD is more tem-
poral than frontal. This possibility seems unlikely,
because in cases with clear ventriculomegaly, the
manifestations of AD would likely have reached
the frontal lobes as well.

Again, when the patients with NPH were sub-
divided according to increased ICP, and thus ac-
cording to their need for shunting, no differences
in the hippocampal volumes between the subgroups
were found. When the hippocampal volumes were
compared in the shunted subgroup according to
outcomes, only one stetistically significant differ-
ence was found. Individuals with unchanged mem-
ory impairment during the 1-year follow-up period
had the largest hippocampal volumes. Herein, with
respect to the clinical outcome, lies a possible
weakness of the study, which isalargely subjective
evaluation of the outcomes. On the other hand, the
validity of these findings is supported in that they
were obtained in consensus by the family affiliate
and the clinician blinded to the MR and biopsy
results.

Despite the lack of final statistical power, some
trends seem to emerge if we observe the actual vol-
umes within the subgroups. The hippocampal vol-
umes were larger in the participants who were pri-
marily diagnosed as having NPH, who had elevated
ICR, who benefited from shunting, and who did not
have cortical AD pathologic findings and may thus
have reflected ““true” cases of NPH. The hippo-
campal volumes were larger in those for whom
shunting improved gait disturbance or inconti-
nence, which most likely reflects preserved general
brain integrity. Only in that group in which the
memory status remained unaltered were the hip-
pocampal volumes significantly larger than thosein
the two other groups. Although this finding seems
unexpected, it is important to note that no deteri-
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oration occurred. It is aso possible that the baseline
memory status was relatively good. Conversely,
there was a trend toward smaller hippocampal vol-
umes in participants who had AD pathologic find-
ings, whose conditions deteriorated during the fol-
low-up period, and who did not have elevated ICP.
This group may represent false-positive cases of
NPH or cases with concomitant AD.

Nonetheless, there seemed to be a minor de-
crease in the hippocampal volumes even among pa-
tients who seemed to represent true cases of NPH.
In a previous MR study that compared the hippo-
campal body size between control volunteers and
patients with NPH, the hippocampus was found to
be smaler on both sides (10). Issues related to
methodologic and subject selection most likely ex-
plain this minor discrepancy. In that study, only a
portion of the hippocampus was measured and no
biopsy data to control for AD pathologic findings
were used. In general, the cortical gray in MR im-
ages has previously been reported to remain largely
unaffected by NPH (9). Yet, in an experimenta
study by Del Bigio and Bruni (11), ventriculome-
galy was shown to ater the metabolism of the
monoamine neurotransmitters in the hippocampus
and later, with prolonged exposure to increased | CR,
to result in signs of ischemic injury. These findings
are to some extent supported by the single photon
emission CT study conducted by Larsson et a (12)
in which decreased blood flow in the hippocampus
was observed among patients with NPH, with a
subsequent increase in blood flow after shunting.
Previously, the same group also reported worse
clinica outcomes with shunting in relation to
symptom duration (13). Therefore, it seems that the
course of NPH may lead to hippocampal damage,
but this course, at least in its earliest stages, is less
severe than in the primary degenerative dementias
and might be reversible when shunting is promptly
performed. This is when observing intact hippo-
campus might be of great clinical aid.

In general, this study illustrates not only the het-
erogeneity of this syndrome (3), even when con-
trolling for histopathologic diagnosis, but also the
comparative rarity and tendency to overdiagnose
NPH (14), at least in a prospective study setting.
In this study, samples were not available to control
for the possible confounding contribution of apo-
lipoprotein E genotype on hippocampal volume
(15) and its impact on recovery of the brain after
an insult (16). Regarding the diagnosis, this hetero-
geneity is not surprising, considering that none of
the symptoms, memory impairment, gait distur-
bances (17, 18), incontinence (19), or ventricular
dilation (10, 20), are specific to NPH in comparison
with either cognitively normal aging or dementia.
In contrast to this, it is our opinion that the hip-
pocampus is substantially resistant to the effects of
cognitive normal aging (4, 21, 22) and, conversely,
a highly sensitive indicator of primary degenerative
dementia (4—7). Therefore, in cases of equivocal
or suspected secondary dementias, measurement of
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the hippocampal volumes may offer a proxy to de-
tect the presence of concomitant primary degener-
ative dementia.

In summary, the hippocampi are substantially
spared in NPH, at least compared with AD, al-
though minor atrophy of the hippocampus can be
found among patients with a clinical diagnosis of
NPH. This atrophy seems to take place in varying
degrees, but it does seem to be less marked in pa-
tients with true NPH (ie, in those who have ele-
vated ICR, who benefit from shunting, and who do
not have cortical AD pathologic findings). There-
fore, hippocampal volume measurements have po-
tentially great diagnostic value in the differential
diagnosis between NPH and primary degenerative
dementia.
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