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OBJECTIVE Temporary drainage of CSF with lumbar puncture or lumbar drainage has a high predictive value for identi-
fying patients with suspected idiopathic normal pressure hydrocephalus (iNPH) who may benefit from ventriculoperitone-
al shunt insertion. However, it is unclear what differentiates responders from nonresponders. The authors hypothesized 
that nonresponders to temporary CSF drainage would have patterns of reduced regional gray matter volume (GMV) as 
compared with those of responders. The objective of the current investigation was to compare regional GMV between 
temporary CSF drainage responders and nonresponders. Machine learning using extracted GMV was then used to 
predict outcomes.
METHODS This retrospective cohort study included 132 patients with iNPH who underwent temporary CSF drainage 
and structural MRI. Demographic and clinical variables were examined between groups. Voxel-based morphometry was 
used to calculate GMV across the brain. Group differences in regional GMV were assessed and correlated with change 
in results on the Montreal Cognitive Assessment (MoCA) and gait velocity. A support vector machine (SVM) model that 
used extracted GMV values and was validated with leave-one-out cross-validation was used to predict clinical outcome.
RESULTS There were 87 responders and 45 nonresponders. There were no group differences in terms of age, sex, 
baseline MoCA score, Evans index, presence of disproportionately enlarged subarachnoid space hydrocephalus, base-
line total CSF volume, or baseline white matter T2-weighted hyperintensity volume (p > 0.05). Nonresponders demon-
strated decreased GMV in the right supplementary motor area (SMA) and right posterior parietal cortex as compared 
with responders (p < 0.001, p < 0.05 with false discovery rate cluster correction). GMV in the posterior parietal cortex 
was associated with change in MoCA (r2 = 0.075, p < 0.05) and gait velocity (r2 = 0.076, p < 0.05). Response status was 
classified by the SVM with 75.8% accuracy.
CONCLUSIONS Decreased GMV in the SMA and posterior parietal cortex may help identify patients with iNPH who are 
unlikely to benefit from temporary CSF drainage. These patients may have limited capacity for recovery due to atrophy in 
these regions that are known to be important for motor and cognitive integration. This study represents an important step 
toward improving patient selection and predicting clinical outcomes in the treatment of iNPH.
https://thejns.org/doi/abs/10.3171/2023.3.JNS222787
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IdIopathIc normal pressure hydrocephalus (iNPH) is 
an age-related syndrome of gait dysfunction, cogni-
tive impairment, and urinary incontinence associated 

with an enlarged ventricular system in the absence of el-
evated intracranial pressure.1 iNPH is a common disease, 
affecting 1.3% of those aged 65 years and increasing to 
affect 5.9% of the population by the age of 85 years.2,3 The 
pathophysiology has remained elusive, although several 
theories have been proposed.2 These include impairments 
of CSF dynamics,4,5 alterations in regional brain perfu-
sion,6,7 impaired glymphatic system function,8,9 white 
matter injury,10,11 gray matter atrophy,12 and alterations in 
functional brain networks.13,14 

Despite the uncertainty regarding the pathophysi-
ological mechanisms, clinicians have long been aware that 
drainage of CSF can result in clinical improvement, with 
as many as 80% of properly selected patients responding 
to ventriculoperitoneal shunt (VPS) placement.15,16 Prop-
er selection of patients requires excluding those whose 
symptoms are not attributable to ventriculomegaly. Af-
ter exclusion of other diagnoses, patients are considered 
to have suspected iNPH. However, only a subset of these 
patients will have a positive response to CSF drainage. 
To avoid the unnecessary risk associated with permanent 
VPS insertion, patients with suspected iNPH typically un-
dergo prognostic testing with temporary CSF drainage via 
a large-volume lumbar puncture (LP) or external lumbar 
drainage (ELD). Those who respond positively undergo 
VPS implantation, whereas the subgroup that fails to re-
spond is left with minimal treatment options. 

It is currently unclear what differentiates responders 
from nonresponders to temporary CSF drainage. Both 
groups have a similar clinical phenotype with enlarged 
ventricles (Evans index ≥ 0.3), yet only 30.7%–77.8% of 
patients have a positive response to prognostic tests and 
undergo shunt surgery.16 Determining the features that pre-
dict a poor response could further our understanding of the 
pathophysiology of iNPH and the mechanism of treatment 
success. Furthermore, this could help clinicians be more 
selective about implementing prognostic tests, as there are 
small risks but not insignificant healthcare system costs 
associated with tap tests and lumbar drain insertion. One 
specific hypothesis is that nonresponders to CSF drainage 
have decreased regional gray matter volume (GMV) that 
may limit the positive response to CSF drainage.

The aim of the current study was to assess the rela-
tionship between GMV and response to temporary CSF 
drainage in a large group of suspected iNPH patients who 
were evaluated at a specialized hydrocephalus center. We 
hypothesized that nonresponders to CSF drainage would 
have decreased regional GMV identified with voxel-based 
morphometry (VBM). Secondary analyses were aimed at 
relating extracted GMV differences to clinical outcomes 
and using GMV in a machine learning model to predict 
clinical response.

Methods
Subjects

In this retrospective cohort study, we identified 171 pa-
tients who were referred to the University of Calgary Adult 

Hydrocephalus Clinic with suspected iNPH between 2018 
and 2021 and had undergone structural MRI acquisition 
and prognostic testing with temporary CSF drainage dur-
ing their clinical evaluation. Subjects provided informed 
consent, and the study was approved by the University of 
Calgary Research Ethics Board. Thirty-nine patients were 
excluded from the analysis secondary to MRI acquisition 
details (see the MRI Acquisition and MRI Analysis sec-
tions). This resulted in a final cohort of 132 patients with 
suspected iNPH and good-quality MRI scans who were 
included in the analysis.

Clinical and Temporary CSF Drainage Assessments
Suspected iNPH was defined to include patients with 

typical symptoms (cognitive decline, urinary inconti-
nence, and gait and balance difficulties) and ventriculo-
megaly (Evans index ≥ 0.3), and those with other possible 
confounding diagnoses were excluded.17 Each patient 
underwent detailed clinical assessments in a specialized 
hydrocephalus clinic before and after temporary CSF 
drainage. The clinical assessment included measures of 
cognition (Montreal Cognitive Assessment [MoCA]) and 
10-m gait velocity. These patients underwent temporary 
CSF drainage with ELD (n = 116) or large-volume LP (n 
= 16).16 All negative LP patients subsequently underwent 
ELD. The ELD trial consisted of a 3-day inpatient hospital 
admission with CSF drainage of 10 ml/hr. The drain was 
removed after the 3rd day, and patients were examined 
shortly after. LP consisted of a one-time removal of 50 ml, 
with a repeat examination 4–6 hours after.

Due to language constraints or inability to perform 
tasks, some patients did not undergo preprocedural and 
postprocedural MoCA and gait velocity testing, leaving 
100 with complete MoCA data and 118 with complete 
gait velocity data. A gait velocity score of 0 m/sec was 
assigned if patients could not complete the 10-m walk test 
due to significant impairment. All 132 patients were clas-
sified as responders or nonresponders regardless of the 
ability to complete MoCA and gait velocity testing. Re-
sponders were identified by the attending hydrocephalus 
physician (M.G.H.) after taking into consideration chang-
es in gait velocity or MoCA scores. A clinically significant 
change in gait velocity was defined as an improvement ≥ 
20% between the preprocedural and postprocedural CSF 
drainage assessments. In addition to the evaluation of 
quantitative measures, the decision to offer treatment with 
a VPS also included elements based on clinical expertise. 
All responders were subsequently offered VPS insertion.

MRI Acquisition
T1-weighted anatomical MR images were collected on 

a total of four 1.5-T and one 3.0-T clinical MRI scanners, 
each with an 8-channel head coil at hospitals across Cal-
gary. Six distinct scanning sequences were used. Scanner 
details, including acquisition parameters, can be found in 
Supplementary Table 1. To correct for the nonbiological 
variance introduced by differences in the MRI scanners, 
we utilized the ComBat harmonization procedure.18 Com-
Bat is a batch-effect correction tool commonly used in ge-
nomics19 and more recently for removal of scanner effects 
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in multisite neuroimaging studies.20–22 It has been shown 
to successfully remove unwanted sources of scan variabil-
ity from multisite studies, while simultaneously retaining 
variability attributed to effects of interest and increasing 
the power of subsequent statistical analysis.18,23 Patients (n 
= 39) were excluded from the study if they had incom-
plete MRI data (e.g., prematurely terminated scan, part of 
the brain was outside of the field of view), gadolinium-
enhanced images, acquisition parameters that were incon-
sistent with the majority of the subjects whose data were 
collected on the same scanner, or if the images had failed 
or had unsatisfactory segmentation due to poor quality.

MRI Analysis
We assessed GMV with VBM24 in SPM12 by us-

ing the Computational Anatomy Toolbox (CAT12)25 
(http://141.35.69.218/cat/) and standard preprocessing pro-
cedures, including a formal assessment of image quality 
(Supplementary Fig. 1).26 Patients with an image quality 
rating less than the cutoff of 70,25,26 indicating unsatisfac-
tory quality for segmentation, were excluded. T1-weighted 
images were segmented into gray matter, white matter, 
and CSF. Segmentations were coregistered to a study-spe-
cific anatomical template created using DARTEL27 (Dif-
feomorphic Anatomical Registration Using Exponentiat-
ed Lie Algebra) and subsequently normalized to Montreal 
Neurological Institute (MNI) space. Scans were visually 
assessed at each stage of preprocessing to ensure quality 
and were excluded from further analysis if contaminated 
by gross artifacts or segmentation failure. Normalized 
images were modulated to preserve the initial amounts 
of gray and white matter present in each voxel prior to 
their spatial warping. Smoothing (8-mm full width at half 
maximum gaussian kernel) was performed to mitigate 
between-subject differences in spatial normalization and 
to satisfy the assumptions of parametric statistical testing. 
Along with GMV, we extracted the relative volume of CSF 
and relative volume of T2-weighted white matter hyperin-
tensities by using the segmentation procedure. This latter 
procedure was done using the T1-weighted images, as im-
plemented in CAT12.28 For each patient, standard clinical 
MRI data were extracted, including the following: Evans 
index (ratio between the maximum diameter of the frontal 
horns and the maximum inner skull diameter in the slice 
above the foramen of Monro), callosal angle (the angle be-
tween the lateral ventricles on the coronal slice at the level 
of the posterior commissure), and the presence or absence 
of disproportionately enlarged subarachnoid space hydro-
cephalus (DESH) (which was considered present when 
there were signs of sylvian fissure dilation in conjunction 
with obliterated sulci at the high convexity).

Statistical Analysis
Statistical analysis of demographic data, relative vol-

ume of CSF, relative volume of total GMV, and relative 
volume of white matter hyperintensities was performed 
in MATLAB version R2018B (MathWorks). The Kol-
mogorov-Smirnov test was used to assess for normality. 
Demographic variables were compared between groups 
with the two-sample t-test, chi-square test (for categorical 

data), or Mann-Whitney U-tests (for nonnormally distrib-
uted data).

Following correction for scanner effects with ComBat 
harmonization, GMV was compared between groups (re-
sponder vs nonresponders) while adjusting for total intra-
cranial volume and type of procedure performed (ELD 
vs LP). This was performed on a voxel-wide basis with 
the ANCOVA test and implemented in SPM12. Cluster 
thresholding was utilized with an initial voxel threshold of 
p < 0.001 and a cluster threshold of p < 0.05, with false dis-
covery rate (FDR) correction for multiple comparisons. To 
improve confidence, we repeated this whole-brain analysis 
10 times with random permutation (sampling without re-
placement) of responder/nonresponder subject labels. We 
also repeated the analysis using only the group of patients 
who underwent ELD, while excluding those who under-
went LP. For the groups of patients with complete pre-
procedural and postprocedural MoCA (n = 100) and gait 
velocity (n = 118) data, we assessed the relationships of the 
change in MoCA score and change in gait velocity with 
the average GMV values extracted from the clusters; this 
analysis demonstrated a significant difference between 
groups. This was performed with linear regression, with 
significance set at p < 0.05 (uncorrected).

Machine Learning Analysis
Machine learning analysis was used to derive a predic-

tive model of clinical outcome. We used demographic data 
and extracted GMV features to train a support vector ma-
chine (SVM) to classify response status. The model was 
validated with leave-one-out cross-validation (LOOCV). 
This was performed with the MATLAB functions fitcsvm 
and crossval and employed a radial basis function kernel. 
Predictors included the extracted GMV values from the re-
sponder versus nonresponder analysis, along with age and 
callosal angle. LOOCV trains the model with data from 
n − 1 samples (131) and subsequently classifies the left-out 
subject. This is repeated n times (132), allowing for classi-
fication of each subject based on training from every other 
subject. Following this, a confusion matrix was created to 
assess the true-positive (TP), false-positive (FP), true-neg-
ative (TN), and false-negative (FN) rates. The accuracy 
(TP+FP/n), precision/positive predictive value (PPV) (TP/
TP+FP), negative predictive value (NPV) (TN/TN+FN), 
recall/sensitivity (TP/TP+FN), specificity (TN/FP+TN), 
and F1 score (2 × [precision × recall]/[precision + recall]) 
of the predictive model were derived. For comparison, we 
created a model that used only demographic data (e.g., 
age, sex) and conventional MRI features (e.g., callosal 
angle, Evans index, presence or absence of DESH). As a 
supplementary analysis, we also tested several alternative 
models with various permutations of the features.

Results
Demographic Characteristics

There were 87 responders and 45 nonresponders to tem-
porary CSF drainage. There were no between-group differ-
ences in age, sex, baseline MoCA, Evans index, presence 
of DESH, baseline total CSF volume, baseline total GMV, 
or baseline white matter T2-weighted hyperintensity vol-
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ume (Table 1). Nonresponders had higher baseline gait ve-
locity (p = 0.018) and were more likely to have received LP 
than ELD (p = 0.002). In this cohort, negative LP patients 
underwent subsequent ELD that was also negative. Nonre-
sponders had greater callosal angles (p = 0.012). Respond-
ers had greater increases in MoCA score (p = 0.009) and 
gait velocity (p < 0.001) than nonresponders (Table 1).

VBM Analysis of Responders Versus Nonresponders 
One hundred thirty-two subjects were included in the 

VBM analysis of GMV differences between the responder 
and nonresponder groups. The nonresponders demonstrat-
ed decreased GMV in the right supplementary motor area 
(SMA) and right posterior parietal cortex as compared 
with responders (p < 0.001, p < 0.05 FDR cluster correc-
tion) (Fig. 1, Table 2). We did not observe significant group 
differences when the whole-brain analysis was repeated 
with random shuffling of the responder/nonresponder la-
bels. When the LP patients were removed, the same clus-
ters were seen but the cluster p value did not meet the 
FDR-corrected threshold (Supplementary Fig. 2).

Association of GMV With Clinical Change
To assess the relationship between baseline regional 

GMV and change in MoCA, we utilized 100 subjects who 
had preprocedural and postprocedural MoCA data. The 
change in MoCA was related to average baseline GMV in 
the posterior parietal cortex (r2 = 0.076, p = 0.005) (Fig. 
2A) but not in the SMA (r2 = 0.014, p = 0.25). To assess the 
relationship between baseline regional GMV and change 
in gait velocity, we utilized 118 subjects who had preproce-
dural and postprocedural gait velocity data. The change in 
gait velocity was also related to the average baseline GMV 
in the posterior parietal cortex (r2 = 0.075, p = 0.0027) 
(Fig. 2B) but not in the SMA (r2 = 0.0007, p = 0.34).

Machine Learning Analysis
The SVM was built with the extracted average GMV 

from the right SMA and the right posterior parietal cortex, 
along with callosal angle and age. LOOCV was used for 
validation. The accuracy of the model was 75.8%, specific-
ity was 42.2%, and recall/sensitivity was 93.1%. The preci-
sion/PPV of the model was 75.7%, NPV was 76.0%, and 
F1 score was 0.835. The overall error rate was 24.2% (Fig. 
3A). The accuracy remained at 75% when all LP patients 
were excluded. By comparison, the model withholding 
GMV values and incorporating age, sex, callosal angle, 
DESH, and Evans index achieved an accuracy of response 
classification of 62.9%, error rate of 37.1%, specificity of 
4.4%, sensitivity/recall of 93.1%, precision/PPV of 65.3%, 
NPV of 25.0%, and F1 score of 0.767 (Fig. 3B). The re-
sults of all alternative models are found in Supplementary 
Table 2. The top-performing model required the inclusion 
of GMV from both the SMA and posterior parietal cortex, 
as well as callosal angle measurement.

Data Availability
De-identified, postprocessed MRI scans and associ-

ated clinical information are available on reasonable re-
quest. Preprocessing and ComBat harmonization function 
scripts are available upon reasonable request.

Discussion
In this study, we utilized a large clinical database of 

suspected iNPH patients to assess the relationship between 
baseline GMV and response to temporary CSF drainage 
for the first time. We found that nonresponse was associ-
ated with decreased GMV in the right posterior parietal 
cortex and SMA. Furthermore, we found that baseline 
GMV of the right posterior parietal cortex was related to 

TABLE 1. Demographic and clinical data

Variable Responder Nonresponder Test Statistic p Value

No. of patients 87 45
Age, yrs 77.5 (5.9) 77.6 (4.9) t = −0.14 0.89
Male/female sex 53/34 29/16 χ2 = 0.16 0.84
ELD/LP procedure 82/5 34/11 χ2 = 9.7 0.002
MoCA score 18.7 (5.1) 19.8 (5.1) t = −1.04 0.30
Change in MoCA score* 2.12 (3.8) 0.19 (2.1) t = 2.65 0.009
Gait velocity, m/sec† 0.51 (0.38) 0.70 (0.45) t = −2.4 0.018
Change in gait velocity, m/sec† 0.24 (0.27) −0.03 (0.15) t = 5.96 <0.001
rCSF, ml 0.32 (0.04) 0.33 (0.05) t = −1.3 0.21
rWMH, cm3 0.012 (0.009) 0.010 (0.008) z = 0.31 0.76
Total rGMV, cm3 0.38 (0.03) 0.37 (0.03) t = 0.84 0.40
Callosal angle, °* 79.3 (22.1) 90.2 (24.8) t = −2.6 0.012
Evans index 0.38 (0.04) 0.39 (0.05) t = −1.56 0.12
Positive/negative DESH diagnosis 63/24 29/16 χ2 = 0.89 0.34

rCSF = relative CSF volume; rGMV = relative GMV; rWMH = relative white matter T2-weighted hyperintensity volume.
Values are shown as number or mean (SD) unless indicated otherwise.
* Evaluated in the subset of 100 patients with preprocedural and postprocedural MoCA scores.
† Evaluated in the subset of 118 patients with procedural and postprocedural gait velocity data.
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changes in MoCA score and gait velocity after temporary 
CSF drainage. We subsequently used a machine learning 
model to predict response classification with an accuracy 
of 75.8% and F1 score of 0.835.

iNPH is one of the few forms of cognitive impairment 
with an effective treatment.29 However, identification of 
patients who may respond to treatment remains a chal-
lenge. To avoid the potential morbidity associated with 
the unnecessary insertion of a permanent VPS, patients 
with suspected iNPH (based on radiographic evidence of 
enlarged ventricles in the context of appropriate symp-
tomatology) should undergo testing with temporary CSF 
drainage. Identifying the features predictive of response 
to temporary drainage may help improve patient selec-
tion and clinical outcomes. Furthermore, by identifying 
factors that can influence clinical response, we may gain 
a better understanding of the pathophysiological mecha-
nisms of the disease. Previously published studies in the 
literature have shown inconsistent predictors of response 
to CSF drainage.30 Factors such as the Evans index, cal-
losal angle, and presence or absence of DESH have been 
variously related to clinical outcome.30 In this cohort, we 
found that demographic data, baseline total CSF volume, 
periventricular T2-weighted hyperintensities, total GMV, 

Evans index, and presence or absence of DESH were not 
related to clinical response, whereas steeper callosal angle 
was. We predicted clinical outcomes using basic demo-
graphic and conventional MRI data and found poor classi-
fication accuracy and a moderate F1 score. When regional 
GMV values were included in the predictive model, classi-
fication performance increased substantially. Specifically, 
patients who were classified as having FP results by the 
comparison model were more accurately identified as hav-
ing TN results, thereby increasing specificity and NPV. 
This suggests that reduced GMV is particularly valuable 
for identifying patients who will not respond to temporary 
CSF drainage. In our supplementary analysis, we identi-
fied that the top model requires GMV from both the SMA 
and the posterior parietal cortex, along with the callosal 
angle. The importance of a steep callosal angle is increas-
ingly recognized in the evaluation of iNPH.31,32 Our find-
ings support the utility of the callosal angle and further 
suggest that consideration of baseline regional GMV can 
improve the prediction of clinical outcomes and can help 
with patient selection.

Along with the clinical utility of this finding, it may 
also provide some new insights into the neural substrate 
contributing to iNPH symptoms. The posterior parietal 

TABLE 2. Responder versus nonresponder

Region
MNI Coordinates 

(x, y, z)
Voxel p Value 
(uncorrected)

Cluster 
Extent

Cluster p Value 
(FDR corrected)

Rt SMA 15, 0, 52 0.000007 514 0.0497
Rt posterior parietal cortex 20, −69, 40 0.00001 829 0.014

FIG. 1. Responder versus nonresponder. Nonresponders demonstrated decreased GMV in the right posterior parietal cortex (A) 
and right SMA (B). The color bar represents the F statistic and is overlayed onto the MNI template. The statistical threshold for 
significance was p < 0.001 and p < 0.05 with FDR correction (cluster). Figure is available in color online only.
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cortex is a major associative region of the human brain 
implicated in integrating cognitive, somatosensory, vi-
sual, proprioceptive, and vestibular signals,33 and it has 
been shown to be particularly important for gait function. 
Specific parameters of gait in iNPH have been associated 
with the thickness of the posterior parietal cotex.34 Fur-
thermore, activity in the right posterior parietal cortex is 
related to severity of gait disturbance in Parkinson’s dis-
ease,35 while volume reduction of this region contributes 
to freezing of gait.36 These findings suggest that dysfunc-
tion of the posterior parietal cortex is a shared pathophys-
iological substrate of gait dysfunction between iNPH and 
Parkinson’s disease. A difference in the GMV of the SMA 
between responders and nonresponders was also found, 
although this difference was not related to change in 

MoCA score or gait velocity. Classification of CSF drain-
age response was not made solely on the basis of absolute 
changes in MoCA score and gait velocity, so it is possible 
that reduced GMV in this region may limit improvement 
in domains not quantitatively measured here. The SMA 
has been implicated in a variety of motor functions,37–39 
suggesting that reduced GMV in this region could con-
tribute to reduced motor function improvement not quan-
tified specifically by gait velocity. Consistent with this, a 
study utilizing functional MRI before and after ELD in 
iNPH patients demonstrated that increased activation of 
the SMA was associated with motor function recovery 
defined by upper-extremity reaction times.40 In the con-
text of this work, our results suggest that decreased vol-
ume of the SMA restricts the capacity to increase activity 

FIG. 3. Prediction of response using machine learning. A: Extracted GMV from the right posterior parietal cortex and SMA, along 
with age and callosal angle, was fed into an SVM model and validated with LOOCV. B: The comparison model used demographic 
data and conventional MRI measurements. Figure is available in color online only.

FIG. 2. Relationship of cortical volume with clinical change. A: GMV in the posterior parietal cortex was related to change in 
MoCA. B: GMV in the posterior parietal cortex was related to change in gait velocity. Yellow marks indicate responders; black 
marks indicate nonresponders. Figure is available in color online only.
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and thereby limits clinical improvement. Speculatively, 
it is possible that dysfunction of the SMA and posterior 
parietal cortex contributes to the phenotype of iNPH and 
clinical treatments are no longer effective when this dys-
function reaches a critical limit, as manifested through 
decreased GMV. It is possible that this reduced GMV 
may be the end result of the myriad pathophysiological 
events underlying iNPH.2 This hypothesis will need to be 
assessed with longitudinal imaging studies but, if true, 
may help in early identification and patient selection for 
treatment. Importantly, there was no difference in total 
GMV between responders and nonresponders, suggesting 
that specific regional reductions are crucial rather than a 
general pattern of gray matter atrophy.

This study had several limitations. Nonresponders were 
more likely to receive a large-volume lumbar tap than 
ELD. We adjusted for this difference statistically, and we 
found a similar trend of reduced GMV when we removed 
this group. Furthermore, these patients were subsequently 
classified as nonresponders on the basis of an ELD trial. 
We also found that baseline gait velocity was higher in the 
nonresponder group compared with the responder group. 
This is consistent with a multicenter registry study, which 
found lower baseline gait velocity in patients selected for 
shunt surgery than those who were not selected.16 The rea-
son for this difference is unclear, but several possibilities 
emerge. First, the nonresponder group may have demon-
strated the ceiling effect, whereby their gait cannot im-
prove from the higher baseline. It is also possible that the 
subjects for which gait information was unavailable were 
more likely to be nonresponders, potentially biasing the 
data. While the decision to classify a patient as a responder 
or nonresponder was based primarily on quantitative cri-
teria, the clinical expertise of the senior author also played 
a role in patient classification. This reflects the reality of 
clinical practice, where decisions are made in the absence 
of a complete set of data.16

This study reports outcomes after temporary CSF 
drainage. All responders were subsequently offered a 
VPS. Although the shunt outcomes are not reported here, 
they were previously summarized as part of a larger co-
hort study of VPS at our institution.41 Future work is nec-
essary to determine whether GMV also helps to predict 
nonresponse to permanent CSF diversion, although this 
will require a larger sample size due to the lower rate of 
nonresponse. Next, this was a retrospective single-center 
study that took advantage of a large clinical database of 
suspected iNPH patients. Due to the retrospective nature 
of the study, we did not have a predefined MRI acquisition 
strategy and we used data from several different clinical 
scanners. Although this is normally considered a limitation 
in computational MRI analysis due to the introduction of 
nonbiological variability, novel harmonization procedures 
have been shown to overcome this. We believe this was 
a strength of the investigation. By utilizing the ComBat 
harmonization algorithm, we showed that it is possible to 
use data collected for clinical purposes from multiple scan-
ners in a research capacity. Harmonization algorithms thus 
give investigators the ability to explore existing data that 
may have been overlooked otherwise. Finally, these find-
ings will need to be confirmed on a prospective cohort and, 

while the predictive model was validated with LOOCV, it 
will need to be assessed on an independent data set.

Conclusions
Decreased GMV in the SMA and posterior parietal 

cortex may help identify patients with suspected iNPH 
likely to experience a negative response after temporary 
CSF drainage. These patients may have limited capacity 
for recovery due to atrophy or preexisting decreased GMV 
in these regions known to be important for motor and cog-
nitive integration. Although prospective validation is nec-
essary, this study represents an important step toward im-
proving patient selection and predicting clinical outcomes 
in the treatment of iNPH.
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