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BACKGROUND AND PURPOSE: Although neuroimaging plays an important role in the diagnosis of idiopathic normal pressure hydro-
cephalus, its predictive value for response to shunt surgery has not been established. The purpose of the current study was to identify
neuroimaging markers that predict the shunt response of idiopathic normal pressure hydrocephalus.

MATERIALS AND METHODS: Sixty patients with idiopathic normal pressure hydrocephalus underwent presurgical brain MR imaging and
clinical evaluation before and 1 year after shunt surgery. The assessed MR imaging features included the Evans index, high-convexity
tightness, Sylvian fissure dilation, callosal angle, focal enlargement of the cortical sulci, bumps in the lateral ventricular roof, and deep white
matter and periventricular hyperintensities. The idiopathic normal pressure hydrocephalus grading scale total score was used as a primary
clinical outcome measure. We used measures for individual symptoms (ie, the idiopathic normal pressure hydrocephalus grading scale
subdomain scores, such as gait, cognitive, and urinary scores), the Timed Up and Go test, and the Mini-Mental State Examination as
secondary clinical outcome measures. The relationships between presurgical neuroimaging features and postoperative clinical changes
were investigated by using simple linear regression analysis. To identify the set of presurgical MR imaging features that best predict surgical
outcomes, we performed multiple linear regression analysis by using a bidirectional stepwise method.

RESULTS: Simple linear regression analyses demonstrated that presurgical high-convexity tightness, callosal angle, and Sylvian fissure
dilation were significantly associated with the 1-year changes in the clinical symptoms. A multiple linear regression analysis demonstrated
that presurgical high-convexity tightness alone predicted the improvement of the clinical symptoms 1year after surgery.

CONCLUSIONS: High-convexity tightness is a neuroimaging feature predictive of shunt response in idiopathic normal pressure
hydrocephalus.

ABBREVIATIONS: DESH = disproportionately enlarged subarachnoid space hydrocephalus; DWMH = deep white matter hyperintensity; iNPH = idiopathic normal
pressure hydrocephalus; iNPHGS = idiopathic normal pressure hydrocephalus grading scale; MMSE = Mini-Mental State Examination; PVH = periventricular hyperin-

tensity; TUG = Timed Up and Go test

diopathic normal pressure hydrocephalus (iNPH) has been in-
creasingly recognized as a common cause of gait disturbance
and cognitive impairment in elderly individuals. The prevalence
of iNPH is estimated to be 1.1%—2.1%,"* which is greater than
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that of Parkinson disease (approximately 1% in those older than
60 years of age).” Differentiating iNPH from neurodegenerative
diseases is critical because effective surgical treatment is available
for iNPH. Neuroimaging plays an important role in the differen-
tial diagnosis of iNPH. Specifically, disproportionately enlarged
subarachnoid space hydrocephalus (DESH) on MR imaging or
CT is now accepted as a useful diagnostic marker.*>

Shunt surgery is the criterion standard treatment for iNPH.
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Although symptomatic improvement following shunt surgery is
observed in up to 70% of patients, the effectiveness varies from
patient to patient.>” Although predictive markers for surgical
outcomes are necessary for decision-making regarding the surgi-
cal indications, this need is currently unmet. For example, the
sensitivity and specificity of the CSF tap tests, which have been
widely used to predict shunt response in clinical practice,"® re-
main at 42%-93% and 20%—100%, respectively.”'* A previous
study demonstrated that elevated overnight intracranial pressure
pulse amplitude and CSF pulse amplitude during lumbar infusion
predicted better shunt response.'” However, these procedures are
invasive and not widely available. To explore an easily available
marker predictive of shunt response, the current study investi-
gated presurgical neuroimaging features associated with better
surgical outcome in iNPH.

MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the ethics committee
of the Tohoku University Hospital. Written informed consent
was obtained from all participants.

Diagnosis of iNPH

Although several diagnostic criteria for iNPH have been pro-
posed, there is still lack of consensus on how to diagnose iNPH
preoperatively.®'* Itis indispensable to determine the presence or
absence of comorbid neurologic diseases, such as Alzheimer dis-
ease, Parkinson disease, and cerebrovascular diseases and their
contributions to clinical symptoms, to select appropriate candi-
dates for shunt surgery. The presence of DESH alone is not infor-
mative enough to know whether hydrocephalus is the primary
pathology associated with clinical symptoms because >60% of
those who have DESH on MR imaging do not have any of the triad
of symptoms. "> Thus, we made the diagnosis of iNPH on the basis
of comprehensive symptomatic and neuroimaging investigations.
Our diagnostic procedures were as follows:

1) All patients who were referred to the Department of Behav-
ioral Neurology and Cognitive Neuroscience of Tohoku Univer-
sity Hospital due to progressive cognitive impairment and/or gait
disturbance underwent neurologic and neuropsychological ex-
aminations, routine laboratory testing, brain MR imaging, and/or
CT. When patients exhibited =1 of the triad of symptoms and
neuroimaging features of DESH, they were diagnosed as having
probable iNPH"'* and were invited for inpatient evaluation.

2) The patients who were admitted to the Department of Be-
havioral Neurology and Cognitive Neuroscience were given com-
prehensive neurologic and neuropsychological assessments by
behavioral neurologists and speech-language pathologists, and
they underwent 3D volumetric MR imaging or CT, single-photon
emission CT, and a CSF tap test.

3) If patients exhibited clinical and/or neuroimaging features
pathognomonic of neurologic disease other than iNPH (eg, severe
and dissociated amnesia suggestive of Alzheimer disease and se-
vere sympathetic denervation on iodine 123 metaiodobenzylgua-
nidine myocardial scintigraphy indicative of Parkinson disease or
dementia with Lewy bodies), they were excluded as candidates for
surgical intervention.
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Table 1: Presurgical clinical characteristics of patients (n = 60)®

Characteristics

Age (yr) 764 (3.8)
Sex, male 34 (57%)
Education (yr) 10.2(3.0)
Duration of symptoms (yr) 3.3(1.6)
LP shunt 23(38%)
Medical history
Hypertension 36 (60%)
Diabetes 18 (30%)
Lipid disorder 18 (30%)
Current smoker 6 (10%)
Prevalence of symptoms®
Triad (all 3 symptoms) 27 (45%)
Gait and cognitive 21(35%)
Gait and urinary 3(5%)
Cognitive and urinary 1(2%)
Gait only 5(8%)
Cognitive only 2(3%)
Urinary only 0

Note:—LP indicates lumboperitoneal.

2 Age, education, and the duration of symptoms are indicated as the means (SDs). The
other variables are indicated as the number of patients (%).

® Each symptom was regarded as positive when the corresponding score of the iNPH
grading scale was =2.

4) Given the insufficient sensitivity of the CSF tap test, we
recommended shunt surgery to patients with clinical and neu-
roimaging features suggestive of iNPH without comorbid neu-
rologic diseases regardless of the response to the tap test.

5) Patients with previous histories of subarachnoid hemor-
rhage, meningitis, or head injury and those with neuroimaging
evidence of aqueductal stenosis or a Blake pouch cyst were diag-
nosed as having secondary normal pressure hydrocephalus and
were not included in the study.

Selection of Surgical Methods

In the earlier part of this study, ventriculoperitoneal shunt was
preferentially performed in our institution. In the last half of
the study, we performed lumboperitoneal shunt unless contra-
indications were present or patients requested ventriculo-
peritoneal shunt. The contraindications for lumboperitoneal
shunt included severe spinal canal stenosis or lumbar spine
deformity, which was diagnosed on the basis of neurologic
examination, spinal MR imaging, and observations on lumbar
puncture.

Subjects

We identified 103 consecutive patients with iNPH who were ad-
mitted to the Department of Behavioral Neurology and Cognitive
Neuroscience and underwent shunt surgery between December
19, 2005, and May 13, 2013. Of these 103 consecutive patients, we
retrospectively selected 60 patients who underwent presurgical
MR imaging evaluation and completed 1-year postsurgical fol-
low-up. The demographic and clinical profiles of the patients are
summarized in Table 1. Forty-three patients were excluded from
the study for the following reasons: Two patients died, 4 devel-
oped shunt system problems, 2 developed pneumonia, 1 devel-
oped a femoral fracture, 1 developed a cerebral infarction, 16
moved to hospitals that were nearer to their homes, 13 did not
return for follow-up visits for other reasons, and 4 were excluded



FIG 1. Visual rating scales for neuroimaging features in iNPH. A, High-convexity tightness: 0,
dilated; 1, normal; 2, mildly tight; 3, severely tight. B, Sylvian fissure dilation: 0, narrowed; 1,
normal; 2, mildly dilated; 3, severely dilated. C, Focal dilation of the sulci (indicated by the
arrows). D, Bumps in the lateral ventricular roof (indicated by the arrows). E, Callosal angle.

due to incomplete clinical or imaging data. The demographic and
clinical characteristics of the excluded patients are shown in the
On-line Table.

All the clinical and neuroimaging data described below were
gathered in a prospective manner.

Clinical Assessments

All subjects in this study were evaluated before and 1 year after
shunt surgery. The total score of the idiopathic normal pres-
sure hydrocephalus grading scale (iNPHGS),'® which repre-
sents the global severity of clinical symptoms, was used as a
primary outcome measure. We included the following mea-

sures for individual symptoms of the
classic triad as secondary outcome
measures:

1) Gait was assessed with the iN-
PHGS gait score and the Timed Up and
Go test (TUG)."”

2) Cognitive function was assessed
with the iNPHGS cognitive score and
the Mini-Mental State Examination
(MMSE).'®

3) Urinary function was assessed
with the iNPHGS urinary score.

Neuroimaging

Neuroimaging analyses were conducted
on axial and coronal reconstructed im-
ages of 3D volumetric MR imaging. In
44 patients, transverse fluid-attenuated
inversion recovery images were used for
the evaluation of ischemic changes of
the brain.

MR Imaging Acquisition and
Preprocessing

3D T1-weighted (transverse 3D-spoiled
gradient-recalled: TR, 20 ms; TE, 4.1 ms;
thickness, 1.5 mm; FOV, 25 X 25 cm;
and matrix, 256 X 256) and FLAIR (TR,
11,002 ms; TE, 120 ms; thickness, 6.0
mm; gap, 1.0 mm; FOV, 21 X 21 cm;
and matrix, 256 X 256) images were ob-
tained with a Signa 1.5T MR imaging
unit (GE Healthcare, Milwaukee, Wis-
consin) before shunt surgery. The 3D
T1-weighted images were resliced into
sections that were parallel (transverse)
and perpendicular (coronal) to the an-
teroposterior commissural plane and
were spaced at 6-mm intervals in each
direction.

MR Imaging Measures

To explore the presurgical MR imaging
features that predicted the response to
shunt surgery, we used the following
measures (Fig 1):

1) The Evans index was calculated as
the ratio of the maximum diameter of the frontal horns of the
lateral ventricles to the maximum inner diameter of the skull on
transverse sections."”

2) The callosal angle, the angle between the left and right cor-
pus callosum, was measured on a coronal plane at the posterior
commissure.*’

3) We evaluated the tightness of the high-convexity subarach-
noid space on the 4 uppermost contiguous transverse sections and
the 3 contiguous coronal sections on and anterior to the posterior
commissure. The severity of the high-convexity tightness was vi-
sually rated as follows: 0, dilated; 1, normal; 2, mildly tight (tight-
ness was observed over less than three-quarters of the high-
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Table 2: Changes in the clinical symptoms at 1year®

Presurgical Score Postsurgical Score Difference Postsurgical Changes (No.) (%)
No. Median (IQR) No. Median(IQR) Median (IQR) PValue® Improved Stable Deteriorated
iINPHGS total [12] 60  6.0(5.0-8.0) 60  50(3.0-6.0) 10(05-3.0)  <.001 45(75)  10(17) 5(8)
iINPHGS gait [4] 60  2.0(2.0-3.0) 60  2.0(1.0-3.0) 1.0(0.5-1.0) <.001 32(53) 24 (40) 4(7)
iNPHGS cognitive [4] 60 2.0(2.0-3.0) 60 2.0(1.3-3.0) 0(0-1.0) .001 20(33) 36 (60) 4(7)
iINPHGS urinary [4] 60  25(1.0-3.0) 60  10(0-10) 0(0-1.0) <.001 29(48)  24(40) 7(12)
TUG 55 151(110-20.6) 53 T5(92-145  25(08-42)  <.001 35(66)  13(25) 5(9)
MMSE [30] 60 22.0(20.0-248) 59  23.0(21.0-27.0) 1(=1-3.0) 014 19 (32) 32(54) 8(14)

Note:—IQR indicates interquartile range.

2 Clinical improvement and deterioration were defined as =1-point improvement or deterioration on the iINPHGS, =10% reduction or increase in TUG time, and =3 points
gained or lost on the MMSE. The numbers in square brackets refer to the maximum scores for the tests.

© Wilcoxon signed rank test for pre- and postsurgery comparisons.

convexity space); and 3, severely tight (tightness was observed
over three-quarters or more of the high-convexity space).

4) The width of the Sylvian fissure was assessed on transverse
sections. We used the following visual rating scale: 0, narrowed; 1,
normal; 2, mildly dilated; and 3, severely dilated on the axial
images.

5) The presence (rated as 1) and absence (rated as 0) of focal
enlargement of the cortical sulci were visually evaluated on transverse
sections.

6) Bumps in the lateral ventricular roof, which are often observed
in patients with iNPH,>! were visually assessed on transverse sections
above the top of the thalamus and rated as present (1) or absent (0).

7) Deep white matter hyperintensities (DWMHs) and periven-

tricular hyperintensities (PVHs) were assessed according to Fazekas
etal.”
Visual ratings 3-7 were independently evaluated by 2 raters
(W.N. and Y.N.) who were blinded to the clinical profiles and surgi-
cal outcomes of the patients. The interrater reliability was calculated
by using linearly weighted k coefficients. The mean scores of the 2
raters were used for the subsequent analyses.

Statistical Analysis

The Wilcoxon signed rank test was used to analyze 1-year changes
in clinical scores. Simple linear regression analysis was performed
to investigate relationships between presurgical neuroimaging
features and 1-year changes in the clinical scores (ie, INPHGS,
TUG, and MMSE). Given the exploratory nature of the analysis,
no multiple comparison corrections were used.

To identify the set of presurgical MR imaging features that best
predicts surgical outcomes, we performed multiple linear regres-
sion analysis by using a bidirectional (forward/backward) step-
wise method. The outcome variables were 1-year changes of
iNPHGS total score (primary outcome measure) and subdomain
(gait, cognition, and urinary function) scores (secondary out-
come measures). The explanatory variables were the Evans index,
high-convexity tightness, Sylvian fissure dilation, and callosal an-
gle on MR imaging. Sex and age were included as nuisance vari-
ables. The cutoff P value for inclusion was set at <.05 and for
exclusion, <.10. Statistical analysis was performed by using SPSS
version 22.0 (IBM, Armonk, New York).

RESULTS

Changes in Clinical Symptoms 1 Year after Shunt Surgery
The results of the clinical assessments before and 1 year after shunt
surgery are shown in Table 2. Overall, all clinical measures were
significantly improved (Wilcoxon signed rank test, P < .05). Sev-
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Table 3: Presurgical neuroimaging features

Score® Reliability
(Median [IQR]) (k)
High-convexity tightness 2.5(2.0-3.0) 0.68
Sylvian fissure dilation 3.0(2.5-3.0) 0.50
Focal enlargement of 0.5(0-1.0) 0.27
cortical sulci
Bumps in the lateral 1.0 (0.1-1.0) 0.66
ventricular roof
DWMHs® 2.0 (2.0-3.0) 071
PVHs® 2.5(2.0-3.0) 0.64
Evans index 0.32(0.31-0.36 -

Callosal angle 79.7 (65.5-100.1) -

Note:—IQR indicates interquartile range; k., linear weighted k coefficient.
2 The visual rating scores indicate the mean scores of the 2 raters.
©The DWMHs and PVHs were obtained from 44 patients.

enty-five percent of the patients were improved on the iNPHGS
total score; 53%, on the gait score; 33%, on the cognitive score;
and 48%, on the urinary score. Improvement of =3 points on the
MMSE was noted in 32% of patients.

Presurgical Neuroimaging Characteristics

The presurgical MR imaging findings are summarized in Table 3.
The linearly weighted k coefficients for the visual rating scale were
0.27-0.71. All of the ratings, with the exception of the focal en-
largement of the cortical sulci, exhibited moderate-to-substantial
agreement.

High-convexity tightness (rated as =2) and Sylvian fissure di-
lation (rated as =2) were observed in 92% and 100% of patients,
respectively. Focal enlargement of the cortical sulci and bumps in
the lateral ventricular roof were present in 32% and 60% of the
patients, respectively. Severe DWMHs and PVHs (rated as 3) were
noted in 36% and 39% of the patients, respectively. The Evans
indices were >0.3 in 82% of the patients. The callosal angles were
<90° in 63% of patients.

Presurgical Neuroimaging Findings that Predict the

Shunt Response

The results of the simple and multiple linear regression analyses
are shown in Tables 4 and 5. Simple linear regression analysis
demonstrated that presurgical high-convexity tightness was sig-
nificantly associated with the 1-year changes in the iINPHGS total
score (regression coefficient [B] = 1.23, coefficient of determina-
tion [R?] = 0.13, P = .004), the 1-year changes in the INPHGS gait
score (B = 0.59, R* = 0.16, P = .002), and the 1-year changes in
the MMSE (B = 2.56, R*> = 0.17, P = .001). There were significant
associations between the presurgical callosal angle and the 1-year



changes in the MMSE (B = —0.04, R?* = 0.08, P = .035) and
between presurgical Sylvian fissure dilation and the 1-year
changes in the iNPHGS gait (B = 0.59, R> = 0.08, P = .029).

A multiple linear regression analysis demonstrated that pre-
surgical high-convexity tightness alone predicted the 1-year
changes in the INPHGS total score (B = 0.99, R*=10.24,P=.017)
and the gait score (B = 0.52, R*=0.21, P = .006).

DISCUSSION
The primary focus of neuroimaging studies of hydrocephalus
has been the differentiation of hydrocephalus from other neu-
rologic diseases. Although ventriculomegaly is a primary mor-
phologic feature of hydrocephalus, it is also observed in brain
atrophy. Earlier studies claimed that the absence of Sylvian
fissure dilation is a neuroimaging feature that differentiates
hydrocephalus from brain atrophy.>”** However, later studies
suggested that Sylvian fissure dilation is present in most pa-
tients with iNPH. Thus, high-convexity tightness was subse-
quently proposed as an alternative feature for differentiating
iNPH from brain atrophy.*” The combination of high-convex-
ity tightness, Sylvian fissure dilation, and ventriculomegaly has
been termed “disproportionately enlarged subarachnoid space
hydrocephalus,” and it has been increasingly recognized as a
neuroimaging hallmark of iNPH.?® The value of DESH in dif-
ferentiating iNPH from other neurologic diseases has been
confirmed by several studies.””°

Several diagnostic criteria for iNPH have recently been pro-
posed."® One recent study reported that the effectiveness of shunt
surgery for patients who were diagnosed according to one of these
guidelines remained at 62.7% in terms of the mRS.”" The incor-
poration of neuroimaging features that are predictive of surgical
outcomes into the diagnostic criteria would thus improve the ef-
ficacy of shunt surgery. However, this issue has been systemati-
cally investigated in only a few studies. The current study demon-
strates that high-convexity tightness, which is a component of
DESH, is the most predictive neuroimaging feature. Additionally,
Sylvian fissure dilation and a small callosal angle were associated
with better shunt responses.

The shunt response in patients with iNPH is governed by 2

Table 4: Results of simple linear regression analysis for presurgical neuroimaging features

associated with surgical outcome: 1-year changes

factors: namely, reversibility and comorbidity. Previous studies
have demonstrated that symptomatic improvements following
shunt surgery are associated with less severe symptoms and
shorter disease duration, which suggest that reversibility declines
as the disease progresses. The relationship between shunt re-
sponse and brain tissue resilience is also supported by a previous
neuroimaging study in which volume decreases of the lateral ven-
tricle were found to be significantly correlated with symptomatic
improvement.”” In agreement with these findings, recent studies
have suggested that delayed shunt surgery is associated with
poorer symptomatic improvement.”'>>>*

In addition to reversibility, other neurologic comorbid dis-
eases have a significant influence on shunt response. A recent
positron-emission tomography study demonstrated that patients
with significant cortical amyloid deposits exhibit less cognitive
improvement following shunt surgery.”> High-convexity tight-
ness or DESH is probably more strongly related to comorbidity
than to reversibility. Elderly individuals who exhibit DESH on
MR imaging can be asymptomatic for 5 or more years,”® which
suggests that DESH is not well-correlated with pathophysiologic
severity and reversibility. On the other hand, DESH or high-con-
vexity tightness may be associated with the purity of iNPH pathol-
ogy. Patients who exhibited weak typicality of DESH or mild high-
convexity tightness may have comorbid pathologies with higher
probabilities compared with those with typical DESH or severe
high-convexity tightness. The results of our study may reflect this
“typicality” effect.

Virhammar et al®' recently investigated the neuroimaging fea-
tures predictive of shunt responses in 108 patients with iNPH.
These authors demonstrated that DESH and a small callosal angle,
not high-convexity tightness or Sylvian fissure dilation, were as-
sociated with better shunt responses. Although the study of Vir-
hammar et al and our own agree about the importance of DESH,
the studies also differ in some ways. Several factors may be asso-
ciated with these discrepancies. First, the studies differed in their
neuroimaging inclusion criteria. Virhammar et al used only
ventriculomegaly for study inclusion, whereas the current study
used high-convexity tightness, Sylvian fissure dilation, and
ventriculomegaly. Because the pathophysiology of iNPH is pre-
sumably heterogeneous, these differ-
ences in the inclusion criteria may have

led to a substantial bias. Second, the dif-

iNPHGS
Neuroimaging Findings Total Gait  Cognitive Urinary TUG MMSE ferences in the statistical procedures
used in these studies should be noted.

Evans Index 7.34 1.00 0.97 537  60.96 9.22 . . . . .

Callosal angle —002 —00 —001 —00] -0T2 —004* Univariate logistic regression with a di-

High-convexity tightness 123°  059° 02 042 —317 256"  chotomous outcome measure (ie, the

Sylvian fissure dilation 1.03 0.59*  —0.09 0.53  —2.65 1.00 presence or absence of shunt response)

Focal enlargement of cortical sulci 071 0.19 0.00 0.53 —2.25 119 was used in the study by Virhammar et

Bumps in the lateral ventricle 047 0.31 on 0.05 220 120 al, whereas our study used multiple lin-

DWMHs —-020 —0.07 0.01 —0.14 0.53 0.10 . . .

PVHs 033 —005 ~010 —019 319 —025 ear regression with ordinary outcome
—— measures. Whether patients whose
bp< ol symptoms remain unchanged before
Table 5: Results of stepwise multiple linear regression analysis

1-Year Changes Neuroimaging Findings B SEB 95% CI B B R? P Value

iNPHGS total High-convexity tightness 0.99 0.40 0.18-1.80 0.29 0.24 .017

iINPHGS gait High-convexity tightness 0.52 0.18 0.16-0.88 0.35 0.21 .006

Note:—B indicates regression coefficient; 8, standardized regression coefficient; R?, coefficient of determination; SE B, standard error of the regression coefficient.
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and after surgery are assigned to the “responsive” or “unrespon-
sive” group may have a significant impact on results. We argue
that the lack of symptomatic deterioration for =1-year observa-
tion probably should be interpreted as “responsive” because pre-
vious studies have demonstrated that conditions of patients with
iNPH who did not receive surgical intervention deteriorated
within a year.>”**

The current study has several limitations. First, patients with
large cerebrovascular lesions and those strongly suspected of hav-
ing neurodegenerative diseases were excluded from this study.
Thus, the applicability of our findings to patients with other co-
morbid neurologic diseases is unknown. Second, the visual rating
scale for the morphologic features of iNPH used in the current
study has not been validated. Although we chose a visual inspec-
tion method because of its clinical utility, our rating system may
be suboptimal. The validity of our findings should be examined in
comparison with those based on other neuroimaging methods,
such as MR imaging volumetry. Finally, this study was conducted
in a single center and used a single MR imaging scanner. Future
multicenter studies are needed to further verify the neuroimaging
features that predict surgical outcome in iNPH.

CONCLUSIONS

We investigated the predictive values of neuroimaging features
frequently observed in iNPH, including the Evans index, high-
convexity tightness, Sylvian fissure dilation, callosal angle, focal
enlargement of the cortical sulci, bumps in the lateral ventricular
roof, and deep white matter and periventricular hyperintensities,
for response to shunt surgery. Among them, high-convexity tight-
ness was the best predictor of shunt response in iNPH.
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