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SUMMARY Regional cerebral blood flow (rcbf) was studied preoperatively and at 2 and 6 months
postoperatively in 22 normal pressure hydrocephalus patients using xenon- 133 inhalation and single
photon emission computed tomography. Sixteen of the 22 patients improved (improved group) and
six did not (unimproved group). The following comparisons were made: (1) preoperative rcbf in the
improved group, to 14 normal elderly volunteers and to that in 59 SDAT (senile dementia of the
Alzheimer type) patients; (2) preoperative rcbf in the improved and unimproved groups to deter-
mine if rcbf could predict surgical outcome; (3) pre- to postoperative rcbf in the improved group to
see if increased cbf accounted for clinical improvement. The findings were: (1) preoperative rcbf in
the improved group was lower than that in normal controls but was the same as that in SDAT;
however, the ratios of rcbf values in anterior and posterior brain regions were significantly different
between improved group and SDAT (p = 002); (2) an anterior/posterior ratio of 105 correctly
classified surgical outcome in 19/22 patients; five of six in the unimproved group were above this cut
off while 14/16 in the improved group were below; (3) in the improved group rcbf increased at 2 but
not at 6 months after surgery without a corresponding reduction of clinical signs, supporting the
notion that increase in cbf probably does not account for clinical improvement in normal pressure
hydrocephalus.

There have been at least 14 published studies of cere-
bral blood flow (cbf) in patients with normal pressure
hydrocephalus.'- 4 (table 1). All but three of the
available reports used a non-tomographic
method.'11 Although all showed a decreased pre-
operative cbf, there is disagreement as to whether the
preoperative cbf measures predict surgical outcome
and change with surgical treatment (table 1). We
present the results obtained with tomographic assess-
ment of inhaled radio xenon transit through the brain
in a series of 22 patients operated for possible normal
pressure hydrocephalus. Our objectives were: (1) To
see if the regional distribution pattern of cortical cbf
in normal pressure hydrocephalus patients who im-
proved with surgery was different from that of normal
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elderly volunteers and from that of patients with se-
nile dementia of the Alzheimer's type (SDAT); (2) To
find a method that would preoperatively differentiate
patients with possible normal pressure hydrocephalus
who improve with shunting from those who do not;
(3) To see if cbf would increase after shunt surgery
and if so, whether this would correlate with clinical
improvement.

Methods

Criteria for patient selection
To enter the study patients had to have progressive gait ab-
normality, dementia, urinary incontinence or urgency and
hydrocephalus as defined by an Evans ratio of more than 0 3
on CT. Twenty-six patients met these criteria and underwent
24-hour intracranial pressure monitoring and/or the CSF
conductance test.15 Informed consent was obtained from the
next-of-kin and the patient. If the patient had more than
50% B waves on the pressure tracing and/or a CSF conduc-
tance of <0-10 (as described by Borgesen and Gjerris ") he
or she was offered surgery. One patient improved with re-
peated lumbar punctures and was offered surgery on this
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1590 Graff-Radford, Rezai, Godersky, Eslinger, Damasio, Kirchner
Table 1 Review ofnormal pressure hydrocephalus and cerebral bloodflow studies

Post-surgical
Association of baseline cbf change
cbfand surgical outcome Increased correlated with Regional

Author Method Number of Preopera- Lowflow High flow cbf after outcome of decrease
and year used patients tive cbf poor results good results shunting shunting in cbf

Greitz et al 1969' 133xenon 7 - - Yes Yes
intracarotid
injection, non-
tomographic.

6 Decreased No

7 Decreased

Yes Yes

Yes

Matthew et al ,, 15
19754t

Ingvar and ,, 6
Schwartz 1975'

Grubb et al Intracarotid 6
197761 injection of

several
isotopes.
Non-tomographic.

Lying-Tunnell Nitrous oxide. 7
et al 19777 Non-tomographic.

Hayashi et al 133xenon 15
19818 intracarotid

injection.
Non-tomographic.

Kusonoki at al 133xenon 11
19829 inhalation.

Non-tomographic.

Decreased No

Decreased

Yes Frontal

Frontal

Decreased

Decreased

Decreased

Decreased Yes

31(24) Decreased NoTamaki et al
1984'0

Kushner et al
19841 1'

19 Decreased No

Meyer et al 1'33xenon 8
1985 1 2 inhalation.

Tomographic and
non-tomographic.

Jagust at al PET scan. 3
198513§ Intravenous [(8FJ

fluorodeoxyglucose.
Tomographic.

Brooks et al PET scan 3
1986'4 inhalation of

C1502, 1502, and
CO. Tomographic.

Graff-Radford SPECT 133xenon 22
et al (present inhalation
study) tomographic.

Decreased

Decreased

Decreased

Decreased No

- Yes

Yes -

Yes Yes No

No Yes Yes

No No No

- Yes Yes

- No -

No Yes (early) No

Frontal
and
parietal

Global

Global

Global

Global
but more
severe
frontally

Salmon and
TimNerman
19/1 *

Salmon and
Timperman
19713*

cbf = cerebral blood flow. *Three patients common to these two reports; ta greater increase of cbf following CSF removal by LP correlates
with improvement. tlncrease of cbf following CSF removal does not correlate with surgical outcome in normal pressure hydrocephalus.
§Measures metabolism rather than cbf.
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Regional cerebral bloodflow in normal pressure hydrocephalus
Table 2 Ratio ofsurface area ofbody oflateral ventricle
and inner table of the skull

Patient No. Preop. I Postop. 2

Improved group
1 39 12 28-80
2 18 81 16-44
3 24-86 19-16
4 22-55 21-46
5 24-42 21-27
6 38-53 28-20
7 21-52 11-93
8 33-57 34-87
9 25-45 21-58
10 18-02 10-63
1 1 23-01 18-54
12 30-56 27-33
13 19-56 13-01
14 19-85 18-00
15 15 25 8-31
16 9-27 1*78

Unimproved group
1 32-63
2 19-48 14-55
3 27-64
4 19-33 18-99
5 23-65 18-87
6 20-95 19-76

basis. Based on these criteria, 22 patients underwent shunt
surgery. Four did not meet the criteria on either the pressure

record or conductance test and were not operated upon.

Surgical method
Ventriculo-peritoneal (n = 19) or ventriculo-atrial (n = 3)
shunts were placed using the Hakim system for 21 patients
and the Holter system for one patient. The valve opening

Fig I Slices 3 and 4 ofa cbf study in a normal volunteer.
Note the anterior, middle, and posterior areas measured in
these slices.

pressure ranges from 55 to 90 mm H20 for these shunt
systems. Postoperatively at the second and sixth month
follow-up, we assessed if the ventricular size had decreased
as evidence that the shunt was functioning. We measured the
surface area of the body of the ventricles on CT, and com-
pared these measures with the surface area of the body of the
ventricle on the preoperative CT (table 2). As can be seen
from table 2, in all but one patient there was a decrease in
ventricular size using this method. In all four patients who
did not improve and on whom we had postoperative CT
scans, there was a decrease in ventricular size. The two pa-
tients who did not improve and on whom we did not have
postoperative CT scans came to necropsy where no evidence
for malfunctioning shunts was found. Thus, in all six unim-
proved patients we did not suspect shunt malfunction as the
cause for their not improving. When necessary we per-
cutaneously checked the proximal and distal patency of the
shunt as follows. Proximal (ventricular) portion of the shunt
was evaluated by percutaneous aspiration of fluid from the
reservoir. Free flow of fluid was confirmatory of normal
proximal function. The valve and distal (peritoneal) portion
of the shunt was evaluated by occlusion of the reservoir
proximal to the needle puncture site. This needle was then
connected to a manometer which was filled with sterile sa-
line. The fluid column in the manometer was observed as it
fell to a steady-state pressure. The valve and distal portion of
the shunt were considered to be normal if this steady-state
pressure fell within the 55 to 90mm of water range. If the
pressure in the valve was elevated above 90mm of water,
patency of the shunt system was checked by injection of I ml
of metrizamide into the shunt system and then watching the
flow of the metrizamide through the system under fluoro-
scopy. The medium diffuses widely through the peritoneal
cavity if there is no distal obstruction.

Measures ofsurgical.outcome
The following preoperative baseline measures were taken: a
neuropsychological battery including tests of intelligence
(Weschler Adult Intelligence Scale-Revised'6), memory (au-
ditory verbal learning test," Benton visual retention test18
and recall of a complex figure' 9), temporal orientation (Ben-
ton's Temporal Orientation Test20), language (subtests of
the Multilingual Aphasia Battery2') and visuospatial func-
tioning (copy of a complex figure,'9 facial recognition test22
and 3-dimensional block construction20), a videotape of the
patient's neurological examination including gait; and the
Katz index of activities of daily living.23 These tests, to-
gether with CT scanning, were repeated at 2 months and
6-12 months after surgery.
We considered the patient improved if at least two of the

following occurred: an increase in at least two of the neu-
ropsychological areas tested beyond the usual variability
and retest improvement as judged independently by two
neuropsychologists blinded to all other measures; increase in
the Katz index; and improvement of the gait. Two of the
researchers independently rated gait improvement by re-
viewing the serial videotapes as reported previously.24 By
these criteria 16 patients improved and six did not.

Cerebral bloodflow studies
Quantitative assessment of regional cerebral blood flow
(rcbf) was performed with a Xe-133 inhalation technique in
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Graff-Radford, Rezai, Godersky, Eslinger, Damasio, Kirchner

Fig 2 Slice 4from a normal elderly control, a patient with normal pressure hydrocephalus, a patient with probable
Alzheimer's disease, and a patient who at necropsy hadfindings compatible with both normal pressure hydrocephalus and
Alzheimer's disease. The ratios of the anterior over the posterior cbf are highest in the Alzheimer's and Alzheimer's pius
normal pressure hydrocephalus patients, and lowest in the normal control and normal pressure hydrocephalus patients.

which the rates of regional cerebral xenon transit were deter-
mined with single photon emission computerized tomog-
raphy (SPECT) utilising the Tomomatic 64 (Medimatic
Inc.25) The rcbf studies were performed at the same time as
the measures of surgical outcome, that is, preoperatively and
at 2 months and 6-12 months postoperatively. The patients
were studied in the supine position with their eyes open. The
examination room was quiet and dimly lit. Five contiguous
slices 2cm thick, centred at 2, 4, 6, 8 and 10cm above the
orbito-meatal line were obtained in each study. All 22
patients had rcbf measured preoperatively. Postoperatively
at 2 months 19 patients, and at 6-12 months 12 patients,
underwent rcbf studies.
The Tomomatic's computer was programmed to quan-

titate rcbf in six cortical regions within slices 3 and 4 (fig 1).

Previous validation studies in this institution, performed
with a multi-compartmental dynamic phantom and monkey
brain model, had indicated that rcbf measurements with this
technique are valid when they are applied to grey matter
regions measuring 3 cm or more in cross-sectional
dimensions26 (and unpublished data). Accordingly, the
brain regions selected for blood flow analysis measured on
the average 5 x 3 cm within the image plane and reflected
predominantly cortical grey matter. To meet these condi-
tions, the computer divided each of the tomographic slices
longitudinally into three equal sections labelled anterior,
middle and posterior (fig 1). A cortical strip averaging
15 cm' in cross-sectional area was then delineated on the left
and right margins of each section. A total of 12 rcbf
measurements, thus, were analysed in each subject.
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Table 3 Cortical cbfby region in improved normal pressure hydrocephalus, unimproved normal pressure hydrocephalus,
SDA Tand normal control groups

Improved normal Unimproved normal
pressure hydrocephalus pressure hydrocephalus

pre-op 2 mths post-op 6 mths post-op pre-op SDAT Controls
Groups fn = 16) (n = 15) (n = 12) (n = 6) (n = 59) (n = 14)

X SEM X SEM X SEM X SEM X SEM X SEM
AC3 56-6 + 3-3 67-2 + 3 5 61 4 + 3 7 56 0 + 5-4 63-9 + 1-7 74-9 + 3 5
MC3 70 1 + 3-7 78 3 + 3 9 73 8 + 4 2 63 5 + 6-4 73-5 + 1-9 84-9 + 3*9
PC3 526 + 29 639 + 32 578 + 33 4417 + 47 551 + 15 691 + 31
AC4 50 4 + 3 1 56 8 + 3 3 52 8 + 3-5 52 17 + 6-4 55-9 + 1-6 69-2 + 3-3
MC4 62-4 + 3 5 68-6 + 3-6 66-7 + 4 0 59 83 + 6 5 68-3 + 1-8 78-9 + 3-8
PC4 558 + 31 655 + 3-6 608 + 34 4576 + 4-7 563 + 16 711 + 3-3
Summation
of cbf in
6 areas 350 0 + 17 7 400 2 + 18 5 373-0 + 20-0 321 33 + 29-8 373-1 + 9-2 448-1 + 18-9

cbf in cc/100 gm brain/min.
X = mean
SEM = standard error of the mean

Controls
Fourteen elderly volunteers from the community formed our
control group. They had a normal neurological history and
examination, neuropsychological evaluation and MRI. All
had one rcbf study.

During the same time period we also evaluated 59 patients

whom we diagnosed as having probable Alzheimer's disease
by the published criteria.2" Each also underwent a single
rcbf studies and served as our second control group for this
study.

Figure 2 shows a typical slice 4 from an elderly control, an
improved normal pressure hydrocephalus patient, a patient

Anterior /posterior ratios of rcbf in slice 4

a I

.________ ____ __ ______________

I I

Unimproved improved
NPH group

Preoperative rcbf

Unimproved Improved
NPH group

1st Postoperative rcbf

Unimproved Improved
NPH group

2nd Postoperative rtbf

Fig 3 Note that a ratio of 1.05 best separates the improved and unimproved groups preoperatively and continues to
separate them at the two postoperative times.
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Graff-Radford, Rezai, Godersky, Eslinger, Damasio, Kirchner
Table 4

A. Mean ratio of anterior/posterior rcbf on slices 3 and 4
Improved normal Unimproved normal
pressure hydrocephalus group pressure hydrocephalus group SDAT group Controls group
v = 16) (pre-op. study) Li = 6) (pre-op. study) to = 59) (n = 14)
X + SEM X + SEM X + SEM X + SEM

Slice 3 1-13 + 004 129 + 0-08 1-18 + 003 109 + 005
Slice 4 0 91 + 0 03 1 14 + 0-06 1-0 + 0-02 0-97 + 0 04

B. Grid of P values when these means are compared
Unimproved normal
pressure hydrocephalus SDA T Normal Controls

Slice 3 4 3 4 3 4
Improved normal pressure hydrocephalus 011 0005 039 002 0-5 029
Unimproved normal pressure hydrocephalus - - 0 21 0-052 0 007 0 025
SDAT - - 010 039

X = mean, SEM = standard error of the mean.

with probable Alzheimer's, and a patient who did improve
with a shunt and at necropsy had findings compatible with
both Alzheimer's and normal pressure hydrocephalus.

Results

1 Comparison between the baseline rcbf values in
normal pressure hydrocephalus patients who improved
(n = 16) and patients with probable Alzheimer's
disease (n = 59) and normal controls (n = 14)
Analysis of variance on rcbf determinations in six
different cortical regions, separately and in combina-
tion, was used to compare the baseline rcbf in these
groups (see table 3 for mean cbf in each area and for
the summated rcbf of all the areas). The rcbf values in
the improved normal pressure hydrocephalus patients
were significantly lower than rcbf values in the normal
controls (p < 0-01 in all comparisons). However, in
no instance was there a significant difference between
rcbf values in the SDAT group and the improved nor-
mal pressure hydrocephalus group.

2 Prediction ofsurgical outcome with preoperative
rcbf measures
In our study, preoperative levels ofrcbfdid not predict
surgical outcome when we ranked the levels of rcbf in
each region and compared the improved with the un-
improved groups using the Wilcoxon rank sum test.
Also, there was no significant difference between the
mean rcbf measures for the improved and the unim-
proved groups using the Student's t test.

Because SDAT patients have been reported to have
decreased cbf in the parieto-temporal region28 29 and
normal pressure hydrocephalus in the frontal
region4 5 9 13 and because Jagust et al'3 showed that
the ratio of cerebral metabolism in the frontal to
parieto-temporal regions was decreased in normal
pressure hydrocephalus compared with SDAT pa-

tients, we analysed the anterior/posterior cbf ratio as
a predictor of surgical outcome. On slice 4 but not on
slice 3 there was a significant difference (p = 0 005)
between the ratios of anterior over posterior cbf of the
unimproved group (N = 6) when compared with the
improved one (N = 16). Five of six unimproved
patients had an anterior/posterior cbf ratio of more
than 105, while 14 of 16 improved patients had a
ratio of less than 1-05. Furthermore, the cut-off ratio
of 105 continued to divide the improved from unim-
proved patients, even on the postoperative cbf mea-
surements. In fact, of a total of 52 pre- and
postoperative cbf studies, there were only five
misclassifications using this cut-off point (fig 3).

In order to exclude a difference in ventricular size
between improved and unimproved normal pressure
hydrocephalus groups as an explanation for the
above differences in rcbf values, we measured the sur-
face area of the lateral ventricles as a ratio of the
surface area of the inner table of the skull on the pre-
operative CT in each patient (table 2). We then com-
pared the results in the improved and unimproved
groups using the Student's t test. There was no
difference (p = 0 42) between these groups.
We also performed an analysis of variance on the

anterior/posterior cbf ratios on slices 3 and 4 in the
preoperative improved normal pressure hydro-
cephalus group, the normal controls, and the patients
with SDAT (see table 4 for summary). The ratio of
anterior/posterior rcbf values in the improved normal
pressure hydrocephalus group was significantly
different from the values obtained in both the unim-
proved normal pressure hydrocephalus and SDAT
groups on slice 4. The same was true for the unim-
proved normal pressure hydrocephalus group when
compared to subjects of the SDAT and the normal
control groups.
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Regional cerebral bloodflow in normal pressure hydrocephalus
3 Regional cbf changes following surgery and
correlatation ofsuch changes with clinical improvement
To study this question we applied paired comparisons
on all improved normal pressure hydrocephalus pa-
tients who had either pre- and first postoperative
(N = 15) or pre- and second postoperative cbf studies
(N = 12). When comparing the preoperative with the
first postoperative study there was a significant in-
crease in rcbf in the posterior areas on slices 3 and 4
(p = 0-02 and 0-01), respectively), the frontal area on
slice 4 (p = 0.03), the summated cbf's (that is, a sum-
mation of all six areas analysed in slices 3 and 4;
p = 0 02), as well as a trend to improvement of the
anterior rbcf on slice 3 (p = 007) and the middle sec-
tion on slice 4 (p = 0 1). However, when we compared
the preoperative with the second postoperative rcbf
study, we found no significant difference between the
pre- and postoperative measures. Two patients were
noted to be anxious during the second study and had
very high overall cbfs at this time. To see if this was
the cause of the increased cbf at the first postoperative
study, we excluded these two patients and compared
the pre- to the first postoperative study on the remain-
ing 13 patients. There was still a trend to im-
provement in the posterior areas of slices 3 and 4
(p = 0 04 and 0-10) and the summated cbf (p = 0.08).
This suggests that the anxiety in these two patients
probably accounted for some of the increased cbf at
this time. We should note that the improved patients
did not deteriorate clinically in the months between
the second and third studies even though the cbf de-
creased over this period.

Discussion

The results of the study show that the preoperative
cerebral blood flow in normal pressure hydrocephalus
patients is quantitatively different overall from that in
normal controls but not significantly different from
that in patients with SDAT. However, in analysing
the pattern of rcbf variation, we found the ratio be-
tween the anterior and the posterior cbf values to be
significantly different between normal pressure hy-
drocephalus and SDAT patients. This suggests that
although there is an overall decline of cbf in both
normal pressure hydrocephalus and SDAT, there are
regional cbf differences in the two diseases. The
former disease preferentially affects anterior areas
and the latter affects posterior ones predominantly.
This is in keeping with previous reports of cbf and
metabolism in both diseases4 5 9 13 28 29 (table 1).
An important finding in this study is that the

anterior/posterior ratio of cbf seems to be able to pre-
dict surgical outcome. The surgical outcome predic-
tion would have been incorrect in three of 22 patients
if the cutoff of 1-05 was applied (fig 3). One way to

explain this finding would be to assume that pre-
operatively the unimproved group had larger ventri-
cles than the improved group. However, we measured
and compared the ventricular sizes in the two groups
and found no significant difference.
The difference in anterior/posterior cbf ratio be-

tween the improved and unimproved normal pressure
hydrocephalus groups was also maintained after
surgery. In fact, in a total of 52 pre- and post-surgery
studies, only in five instances were the patients incor-
rectly classified into the improved and unimproved
groups (fig 3). A possible explanation for the greater
anterior/posterior ratio in the unimproved group may
be the following. Two of the patients who failed to
improve and have come to necropsy had pathological
findings compatible with both Alzheimer's disease
and normal pressure hydrocephalus, that is, they have
neurofibrillary tangles and senile plaques but also
large ventricles, thinning and even absence of epen-
dyma associated with adjacent periventricular gliosis.
We also found that SDAT patients as a group have a
significantly higher anterior/posterior cbf ratios than
patients in the improved normal pressure hydro-
cephalus group (fig 3). It is thus likely that patients in
our unimproved normal pressure hydrocephalus
group may have had a combination of the two dis-
eases, and this may be reflected in their relatively high
anterior/posterior cbf ratio. If further studies confirm
this finding, preoperative cbf may prove a useful
prognostic test in patients with possible normal pres-
sure hydrocephalus.
The anterior/posterior ratio differences were

mainly seen in slice 4 but not slice 3. We believe the
reason for this is that slice 3, which is 6cm above the
orbitomeatal line, is more likely to cut through the
posterior horns of the lateral ventricle than slice 4,
which is 8 cm above the orbitomeatal line. Thus a spu-
riously low posterior rcbf in normal pressure hydro-
cephalus is more likely to be measured in slice 3 where
the cortical area measured may include part or an
enlarged posterior horn, than in slice 4. By the
method we have used we believe that slice 4 is more
likely to reflect true anterior/posterior cortical rcbf
differences.
Some have reported that low preoperative cbf pre-

dicts poor surgical outcome and conversely high pre-
operative cbf predicts good surgical results (see table
1). Both these predictions have been refuted by others
(table 1). Our results are in keeping with the latter.
At 2 months postoperatively, the improved normal

pressure hydrocephalus patients had a significant
increase in cbf (table 3). At 6-12 months after
surgery, the cbf values were not significantly different
from the preoperative levels. However, clinically the
patients maintained their improvement at the time of
the second postoperative rcbf study. From this, we
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1596 Graff-
conclude that an increase in cortical cbf probably
does not account for the clinical improvement in
normal pressure hydrocephalus. We do not know the
cause of the significant temporary increase in rcbf. In
our experience, clinical improvement in normal pres-
sure hydrocephalus is much more often seen in gait
and continence than in neuropsychological measures.
This may reflect changes in periventricular white
matter rather than cortical grey matter. The rcbf
method we used predominantly measures fast com-
ponent cbf at the cortical rather than slow component
flow at the white matter level and thus may not be as
sensitive to changes in the latter area. Methods such
as PET scanning with higher spatial resolution than
our SPECT technique may be better able to address
this issue.

In conclusion, we found that: (a) normal pressure
hydrocephalus patients have an overall decrease in
preoperative cbf values; (b) the frontal area is affected
most severely; (c) cbf measures may predict surgical
outcome; and (d) there is probably no correlation
between clinical improvement and increased post-
operative cortical cbf.

We thank Marie Klugman for assistance with
statistical analysis, Jon Spradling for assistance with
computer handling of data, and Jean Hulme for
typing the manuscript.
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