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A B S T R A C T

BACKGROUND AND PURPOSE: Cerebral blood flow (CBF) has been reported to increase after shunt surgery in patients
with idiopathic normal pressure hydrocephalus (iNPH). The aims of this study were to investigate if CBF, measured using the
noninvasive perfusion MRI method arterial spin labeling (ASL), increased after shunt surgery, if postoperative change in CBF
correlated with improvement in symptoms, and if baseline CBF data correlated with postoperative outcome.

METHODS: Twenty-three patients with iNPH were prospectively included and examined with MRI of the brain and clinical
tests of symptoms at baseline. Eighteen of the patients were treated with shunt implantation and were reexamined with clinical
tests and MRI 3 months postoperatively. The MRI protocol included a pseudo-continuous ASL sequence for perfusion imaging. The
perfusion was measured in 12 manually drawn regions of interest (ROIs).

RESULTS: In the whole sample, CBF did not increase after shunting in any ROI. Preoperative CBF in medial frontal cortex
correlated with an improvement in urinary incontinence after shunt surgery, r = .53, P = .022. There were no correlations between
change in CBF and change in clinical symptoms postoperatively.

CONCLUSIONS: The clinical value of ASL in the work-up of patients with iNPH is uncertain. In this study, ASL could not
predict outcome after shunt surgery and there were no correlations between change in CBF and change in clinical symptoms after
shunt surgery.
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Introduction
Studies of cerebral blood flow (CBF) have been performed in
patients with idiopathic normal pressure hydrocephalus (iNPH)
since the 1970s, using several different perfusion methods.1 In
recent studies, regional CBF was reduced in patients with iNPH
compared with healthy controls2-4 and there are reports indi-
cating CBF increases after shunt surgery.5,6 Previous results are
conflicting as to whether preoperative assessment of CBF can
be used to select patients for shunt surgery.5,7-9

Arterial spin labeling (ASL) is a noninvasive perfusion
method that provides quantitative CBF maps. The advantage of
ASL is that no injection of exogenous contrast agent is needed,
but the method has not been implemented in clinical practice.
No previous study has used ASL to investigate changes in CBF
after shunt surgery in patients with iNPH.

The aims of the present study were to investigate if CBF
measured with ASL increased after shunt surgery in patients
with iNPH, if postoperative change in CBF correlated with
improvement in symptoms, and if baseline CBF data correlated
with postoperative outcome.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Methods
Patients

The inclusion process was prospective. Inclusion criteria were
probable or possible iNPH according to the international iNPH
guidelines.10 Of 23 patients diagnosed with iNPH, 21 were of-
fered treatment with shunt surgery, 2 chose to end the study and
1 died during the study period. Therefore, 18 patients with me-
dian age 73.5 years (range 65-81) could be investigated before
and after shunt surgery and were included in statistical analy-
ses. The patients were examined preoperatively with MRI of
the brain as well as clinical investigations. MRI was performed
the day before shunt surgery in all cases, except in 2 patients
who were investigated 5 months prior to surgery. The same
investigations of clinical symptoms and a second MRI were
performed at a follow-up visit 3 months after shunt surgery.
The patient cohort has been described in detail in previous
studies.3,11,12 The study was approved by the local ethics com-
mittee in Uppsala, Sweden, and written informed consent was
obtained from all patients.
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Clinical Investigations

Gait was assessed with the timed “up and go” test (TUG) and
a 10-m walk test at each patient’s maximum pace. Time in
seconds and number of steps were recorded and the mean
results of two trials were used in the statistical analyses. The
number of steps and the time in seconds for both TUG and
10-m walk test were combined into a quantitative gait score.
Mini-Mental State Examination (MMSE) was used for cognitive
evaluation, and balance and urinary symptoms were tested with
the ordinal scales from the iNPH scale.13

MRI Scanner and Imaging Protocol

All investigations were performed with a Philips Achieva 3T
MRI scanner (Philips Healthcare, Best, The Netherlands).
Perfusion data were acquired using a background-suppressed
pseudo-continuous ASL sequence, with the following parame-
ters: labeling duration = 1,650 ms, postlabeling delay = 1,600
ms, and 30 repetitions, field of view = 264 × 264 mm2, in-
plane resolution = 2.75 × 2.75 mm2, and section thickness =
5 mm. More details on the imaging protocol can be found in
references 3 and 11.

Perfusion MRI Postprocessing

For perfusion quantification, the following basic ASL model
was used:

�M = 2 M0a α f T1a

(
1 − e− τ

T1a

)
e− w

T1a ,

where M0a is the arterial blood magnetization, α is the labeling
efficiency, f is the perfusion, T1a is the T1 of arterial blood,
τ is the labeling duration, and w is the postlabeling delay.14

Labeling efficiency was set to 70%, T1a was set to 1,664 ms,
and M0a was estimated using the signal intensity of CSF in a
reference proton-density weighted image (see reference 11 for
more details).

The fluid attenuated inversion recovery (FLAIR) images
were coregistered to the perfusion maps using a 12° affine
transform (http://elastix.isi.uu.nl/).15 The CBF maps were spa-
tially smoothed with a 2D Gaussian kernel (full width at half
maximum = 4 mm) to minimize the effects of nonideal image
coregistration and operator variability in terms of delineation
of regions (Fig. 1).

Regions of Interest (ROIs)

Twelve ROIs were drawn manually using the in-house soft-
ware Eval Gui (Markus Nilsson, Lund University, Sweden).
The ROIs were only drawn on the side contralateral to the
shunt valve, to avoid artifacts from the metal parts in the shunt
valve. The following regions were used: cerebellum, pons, high
convexity cortex, medial frontal cortex (MFC), lentiform nu-
cleus, medial temporal lobe (MTL), supplementary motor area
(SMA), thalamus, periventricular white matter (WM), frontal
WM, lateral WM, and superior WM (Fig. 2). There were small
regional artifacts in the ASL images in 3 patients and in 2 pa-
tients the artifacts were more pronounced with labeled blood in
some arteries. Care was taken to avoid artifacts when the ROIs
were drawn.

Fig 1. Medial frontal cortex as an example of a manually drawn
region of interest (ROI) in 1 patient before and after shunt surgery.
(A) ROIs were drawn on fluid-attenuated inversion recovery (FLAIR)
images that were coregistered to the arterial spin labeling (ASL)
images. (B) ASL perfusion maps without smoothing and (C) with
smoothing. (D-F) FLAIR and perfusion maps 3 months after shunt
surgery.

Results
Clinical Tests

The gait function, measured as the mean time and number of
steps of the two gait tests, improved after shunt surgery (P =
.034, paired t-test), but there were no significant improvements
in MMSE, urgency incontinence scale or balance scale.

Cerebral Perfusion

The mean CBF was reduced after shunt surgery at the high con-
vexity cortex, from 22.1 mL/100 g/min (95% confidence inter-
val [CI]: 18.5-25.7) to 19.7 mL/100 g/min (95% CI: 16.1-23.3),
P = .038 (paired t-test). There were no significant differences be-
tween preoperative and postoperative MRI for the other ROIs
(Table 1). If the 2 patients with preoperative MRI performed 5
months before surgery were excluded from statistical analyses,
CBF did not change in any ROIs postoperatively. There were
no correlations between change in CBF and change in clinical
symptoms after shunt surgery.

CBF as a Predictive Test

Preoperative CBF did not differ between shunt responders and
nonresponders. There was a correlation between preoperative
CBF in MFC and postoperative improvement in the urgency
incontinence scale, r = .53, P = .022 (Spearman’s Rho). Pre-
operative CBF in the other 11 ROIs did not correlate with
postoperative improvement in any clinical test.

Discussion
In this study, ASL perfusion was used to investigate CBF be-
fore and after shunt surgery in patients with iNPH. Perfusion
before and after shunt surgery have been assessed previously,
using various methods, but this is the first study to investigate
postoperative changes in iNPH patients using the ASL method.
In the whole sample of patients, CBF did not increase in any
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Fig 2. Examples of the 12 manually drawn regions of interests (ROIs). Some of the ROIs were drawn on several sections but only illustrated
here in one section.

Table 1. Cerebral Perfusion before and after Shunt Surgery in 18 Patients with iNPH

CBF, Mean (95% CI), mL/100 g/min

ROI Sections Voxels Preop Postop P value*

Cerebellum 2 359 17.0 (11.5-22.5) 15.0 (10.1-20.0) .083
MFC 3 74 21.8 (18.8-24.8) 21.6 (18.6-24.5) .79
Lentiform nucleus 1 51 19.9 (17.5-22.3) 20.5 (18.0-22.9) .58
MTL 1 51 29.1 (25.5-32.8) 27.7 (24.2-31.2) .31
HCC 2 520 22.1 (18.5-25.7) 19.7 (16.1-23.3) .038
Pons 3 61 21.2 (16.8-25.6) 20.7 (16.9-24.5) .76
SMA 2 66 22.5 (19.9-25.2) 20.8 (17.3-24.4) .12
Thalamus 2 52 24.3 (19.0-29.7) 23.0 (18.4-27.6) .30
Frontal WM 2 21 10.5 (7.9-13.1) 9.9 (7.7-12.1) .40
Lateral WM 2 62 11.1 (8.6-13.6) 11.7 (10.1-13.3) .49
Superior WM 2 33 11.7 (8.4-15.0) 11.6 (8.9-14.4) .96
Periventricular WM 1 97 9.1 (7.2-10.9) 10.1 (8.4-11.9) .11

CI = confidence interval; iNPH = idiopathic normal pressure hydrocephalus; ROI = region of interest; CBF = cerebral blood flow; MFC = medial frontal cortex;
MTL = medial temporal lobe; HCC = high convexity cortex; SMA = supplementary motor area; WM = white matter.
∗Paired samples t-test.

ROI after shunting, but there was a reduction of CBF at the
high convexity cortex.

Previous studies have reported that CBF increases after
shunting and that the restored CBF correlates with clinical im-
provement in shunt responders,5,6,16 indicating that impaired
CBF is involved in the pathophysiology of iNPH. We could
not replicate this finding, possibly related to different perfusion
methods in previous studies. The most important difference is
that dynamic susceptibility contrast MRI and SPECT relies on
a reference region to provide relative perfusion values while
ASL provides quantified CBF values. With relative perfusion

there is a risk that pathologic perfusion in the reference region
affects the relative perfusion values obtained.

The postoperative reduction of CBF at the high convexity
cortex that was seen in the present study was likely not a result
of reduced perfusion in the brain parenchyma, but an indirect
result of increased CSF in the convexity region after surgery.
This is related to the widening of the convexity sulci after shunt
surgery. The phenomenon of apparent hyperperfusion at the
high convexity caused by compression of sulci has been re-
ported previously and has been called the convexity apparent
hyperperfusion (CAPPAH) sign.17
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There are reports that measurement of preoperative CBF
could aid in the selection of possible shunt responders. In re-
cent studies, 60-80% of patients with iNPH benefit from shunt
surgery18,19 and it would be desirable with an objective nonin-
vasive method that could identify patients with potential to im-
prove from shunting. There were no indications in the present
study that measurement of preoperative ASL perfusion could
predict outcome after shunt surgery. However, there was a mod-
erate correlation between baseline CBF in MFC and improve-
ment in urgency incontinence. The correlation analyses were
performed between postoperative change in clinical symptoms
and baseline CBF in the hemisphere contralateral to the side
where the shunt was later inserted. If the same analysis was
performed using CBF in bilateral MFC, the correlation was not
significant. Therefore, the significant correlation between MFC
and urgency incontinence is interpreted as a type I error. No
correlation was seen between CBF in MFC and improvement
in gait or cognitive function.

Quantified perfusion values were low compared with those
reported in positron emission tomography (PET) studies inves-
tigating patients with NPH.4 However, our results are in line
with other ASL studies in patients with iNPH20 and it has been
reported that perfusion values could be underestimated in el-
derly subjects using ASL.21 The main results in the present
study were probably not affected by our low perfusion values
since the patients were their own controls.

Some limitations need to be considered. We previously re-
ported that the repeatability of ASL perfusion in iNPH patients
is acceptable if the scans are performed with an interval of 30
minutes.11 It is not known how high the physiological variabil-
ity is in iNPH patients if the interval between scans is several
months. This potential variability may have impacted on our
results, mainly on the analysis of postoperative changes in CBF.
However, test-retest reliability between investigations with an
interval of up to 1 week appears to be acceptable in healthy
subjects.22 Another limitation was the relatively short postla-
beling delay used in the present study (1,650 ms), which caused
hypoperfusion artifacts in some of the patients. A longer post-
labeling delay was suggested for elderly patients in the white
paper on ASL in clinical applications.23 The present study was
initiated before the publication of the white paper. Moreover,
it has been reported that quantified perfusion values in elderly
patients can be underestimated and that estimation of WM per-
fusion using ASL is not without challenges.21 The ROIs were
drawn manually both on pre- and postoperative scans. This
method may induce variability between measurements. How-
ever, the other method to coregister the pre- and postopera-
tive scans may also induce variability since brain morphology
changes after shunt surgery in patients with iNPH.12

In conclusion, cerebral perfusion measured with ASL did
not increase after shunt surgery in patients with iNPH. There
were no differences in CBF between shunt responders and non-
responders and preoperative CBF did not correlate with out-
come. The clinical value of ASL in the work-up of patients with
iNPH is uncertain and should be studied further.
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