
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21328  | https://doi.org/10.1038/s41598-023-48940-6

www.nature.com/scientificreports

Relationship 
between disproportionately 
enlarged subarachnoid‑space 
hydrocephalus and white matter 
tract integrity in normal pressure 
hydrocephalus
Sunju Lee 1,6, Jae‑Sung Lim 2,6, E‑nae Cheong 3, Yoojin Lee 2, Jae Woo Kim 2, Ye Eun Kim 2, 
Sungyang Jo 2, Hyung‑Ji Kim 4, Woo Hyun Shim 3,5 & Jae‑Hong Lee 2*

Normal pressure hydrocephalus (NPH) patients had altered white matter tract integrities on diffusion 
tensor imaging (DTI). Previous studies suggested disproportionately enlarged subarachnoid space 
hydrocephalus (DESH) as a prognostic sign of NPH. We examined DTI indices in NPH subgroups 
by DESH severity and clinical symptoms. This retrospective case–control study included 33 NPH 
patients and 33 age-, sex-, and education-matched controls. The NPH grading scales (0–12) were 
used to rate neurological symptoms. Patients with NPH were categorized into two subgroups, 
high-DESH and low-DESH groups, by the average value of the DESH scale. DTI indices, including 
fractional anisotropy, were compared across 14 regions of interest (ROIs). The high-DESH group had 
increased axial diffusivity in the lateral side of corona radiata (1.43 ± 0.25 vs. 1.72 ± 0.25, p = 0.04), and 
showed decreased fractional anisotropy and increased mean, and radial diffusivity in the anterior 
and lateral sides of corona radiata and the periventricular white matter surrounding the anterior 
horn of lateral ventricle. In patients with a high NPH grading scale, fractional anisotropy in the white 
matter surrounding the anterior horn of the lateral ventricle was significantly reduced (0.36 ± 0.08 vs. 
0.26 ± 0.06, p = 0.03). These data show that DESH may be a biomarker for DTI-detected microstructural 
alterations and clinical symptom severity.

Idiopathic normal pressure hydrocephalus (iNPH) is a neurodegenerative disease characterized by the classical 
Hakim’s triad of gait disturbance, cognitive impairment, and urinary disturbance in patients with ventriculo-
megaly in the absence of elevated cerebrospinal fluid (CSF) pressure1 Disproportionately enlarged subarachnoid-
space hydrocephalus (DESH) has been reported to help predict neurologic improvement after shunt surgery2–5. 
However, the clinical utility of DESH remains controversial, as some meta-analysis reports showed poor diag-
nostic performance of DESH regarding predicting the treatment response in iNPH6,7. Thus, it is still unclear 
whether DESH truly represents changes in the clinical presentation and structural connectivity of these patients.

Diffusion tensor imaging (DTI) has been widely applied to various clinical conditions to evaluate micro-
structural changes in brain white matter8. Because it allows early detection of microstructural changes in white 
matter fibers noninvasively, DTI also has been widely applied to iNPH9. Pure compressive lesion without stretch 
was associated with decreased fractional anisotropy (FA), axial diffusivity (AD), increased mean diffusivity 
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(MD), and radial diffusivity (RD)10. Meanwhile, stretch and distortion without compression were related to 
increased AD and decreased FA and RD9. However, previous studies did not explore the differences in DTI 
indices depending on the severity of DESH. Only one study explored the association between DTI indices and 
DESH findings; however, only FA was compared in the internal capsule and the corpus callosum between patients 
with DESH and without DESH11. DESH was associated with cerebral white matter compression and blockage 
of physiologic CSF circulation11. Cerebral blood flow studies have revealed decreased perfusion in white matter 
adjacent to ventricles compared to subcortical white matter in patients with iNPH12,13. Moreover, periventricular 
brain tissue is distinguished by neuronal degeneration and gliosis, presumably due to altered extracellular fluid 
dynamics14. Therefore, studying the correlation of DESH with structural changes in the brain using DTI will be 
helpful in understanding where and how important structural changes occur that determine clinical symptoms 
or treatment responses.

The aim of our study was to evaluate the associations between DTI indices and clinical scores, including 
DESH and iNPH grading scales (iNPHGS) in iNPH patients. We hypothesized that (1) patients with higher 
DESH scores would have more unfavorable findings in DTI indices than those with lower DESH scores, and (2) 
the triad of iNPH symptoms would be associated with microstructural damage to major whiter matter tracts.

Results
Study population
From January 2018 to December 2020, 39 inpatients met the diagnostic criteria for NPH and underwent DTI. Of 
these, three patients were excluded due to a history of traumatic brain injury and ICH, and an additional three 
patients were excluded due to technical errors during DTI preprocessing. As a result, 33 patients were finally 
included in the analysis. For the control group, there were 149 patients with a CDR of 0 who underwent DTI 
during the period, including the 33 patients matched by age, sex, and education to the NPH group.

Demographics, clinical and cognitive performance
Patients with iNPH were more often accompanied by diabetes mellitus (iNPH 60.6% vs. control 21.2%, p < 0.01); 
however, there were no significant differences between the two groups in age, sex, education years, and hyperten-
sion. The iNPH group exhibited lower scores on the MMSE, GDS, CDR, and CDR-SB than the control group 
(Table 1). Compared to the control group, the iNPH group exhibited a statistically significant increase in Evan’s 
index, third ventricle width, and DESH scale while demonstrating a decrease in callosal angle (Table 1). Mean 
DTI values in iNPH patients and controls for fourteen ROIs were presented in the supplementary file (Supple-
mentary Table S4). In summary, the iNPH group had significantly lower FA and higher MD, AD, or RD values 
compared with the control group, including bilateral centrum semiovale, corona radiata, posterior limb of the 
internal capsule, PVWM adjacent to anterior and posterior horns of lateral ventricle, genu of the corpus callosum, 
and splenium of the corpus callosum.

Patients with iNPH were divided into two subgroups, high DESH (DESH scale ≥ 7, n = 19) vs low DESH 
(DESH scale ≤ 6, n = 14), by the average value (6.73) of the DESH scale (Fig. 1). There was no significant difference 
in demographics, risk factors, cognitive scores, and iNPHGS between the high- and low-DESH groups (Table 1). 
The CSF tap test was performed in 10 and 16 patients in the low- and high-DESH groups, respectively. Based on 
the criterion of at least 10% improvement in gait velocity in the timed up and go evaluation15, 70% (low-DESH 
group) and 62.5% (high-DESH group) patients showed improvement, respectively. Improvements of 3 or more 
points in cognitive function assessed by Mini-Mental State Examination (MMSE) before and after the CSF tap 
test were observed in approximately 20 and 18.8%, respectively16. Shunt surgery was performed in only 8 of 33 
patients, all but one of whom were in the high-DESH group. Two patients required reoperation due to shunt 
malfunction, but all patients had improved postoperative subjective symptoms and iNPHGS (Table 1). Due to 
the retrospective nature of the study, objective quantitative measures were not consistently collected before and 
after surgery. DTI was also not collected postoperatively.

DTI values in DESH subgroups
The high-DESH subgroup had a significantly lower callosal angle than the low-DESH subgroup, and the Evans 
index tended to be higher. Compared to the low DESH subgroup, the high DESH subgroup demonstrated sig-
nificant differences in ventriculomegaly, tight high convexity, and acute callosal angle.

DTI values in DESH subgroups for fourteen ROIs were presented in Table 2. In high-DESH groups, FA values 
were decreased, or MD, AD, or RD was increased compared with those in low-DESH groups in the anterior and 
lateral side of corona radiata and PVWM adjacent to the anterior horns of the lateral ventricle. After multiple 
comparison corrections, only AD in the lateral side of corona radiata showed a significant difference between 
the two groups.

DTI values in iNPHGS subgroups
Patients with iNPH were also categorized into two subgroups by the average value (5.39) of total iNPHGS: 
low-iNPHGS (iNPHGS ≤ 5, n = 20) and high-iNPHGS (iNPHGS ≥ 6, n = 13) subgroups. There were significant 
differences in sex, MMSE, GDS, CDR, and CDR sum of boxes between the high and low iNPHGS groups (Sup-
plementary Table S5). DTI values in iNPHGS subgroups for fourteen ROIs were presented in Table 3. In the 
high-iNPHGS group, FA, MD, or AD values were decreased compared with those in the low-iNPHGS group in 
the PVWM adjacent to the anterior horns of the lateral ventricle and posterior limb of the internal capsule. After 
multiple comparison corrections, FA in the anterior horns of the lateral ventricle showed a significant difference 
between the two groups.
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In addition, patients with iNPH were subclassified into two subgroups by the average scores (1.75) of each 
clinical domain: low GD (n = 18) versus high GD (n = 15), low CI (n = 14) versus high CI (n = 19), low UD (n = 15) 
versus high UD (n = 18). Clinical variables and DTI values of subgroups for each GD, CI, and UD were presented 
in the supplementary material (Supplementary Tables S5–S8).

Discussion
This study investigated the differences in DTI indices according to DESH score and clinical symptom severity 
in patients with iNPH. Our data showed that bilateral corona radiata and PVWM adjacent to the right anterior 
horn of the lateral ventricle were associated with the severity of DESH. Clinical severity was related to the pos-
terior limb of the internal capsule and PVWM adjacent to the anterior horn of the lateral ventricle. However, 
after multiple comparison corrections, only AD in the lateral side of the corona radiata showed a significant 
difference between the low- and high-DESH groups and FA in the anterior horns of the lateral ventricle showed 
a significant difference between the low- and high-iNPHGS groups.

Our results provide important clues to how structural changes of DESH are associated with clinical symp-
toms. A previous study investigated the differences in DTI indices in patients with DESH compared to those 

Table 1.   Demographics and baseline characteristics of the patients. Data represent the mean ± standard 
deviation or median and interquartile ranges. Group differences were assessed using Student’s t-test or Mann–
Whitney U test for continuous variables and χ2 test for dichotomous variables. iNPH idiopathic normal 
pressure hydrocephalus, HTN hypertension, DM diabetes, K-MMSE Korean version of mini-mental status 
examination, GDS global deterioration scale, CDR clinical dementia rating, DESH disproportionately enlarged 
subarachnoid space hydrocephalus, VM ventriculomegaly, SF sylvian fissure, HC high convexity, CA callosal 
angle, SD sulcal dilation, TUG​ timed up and go. *Comparisons between NPH and its paired controls were 
evaluated with paired t-tests or Mann–Whitney U tests for matched pairs and McNemar’s test. † Defined as an 
improvement of 10% or more in time spent in a TUG evaluation. ‡ These two patients improved after shunt 
revision.

Low DESH (n = 14) High DESH (n = 19) p value Control (n = 33) iNPH (n = 33) p value*

Age, years 75.8 ± 4.9 74.5 ± 4.9 0.451 74.8 ± 5.2 75.0 ± 4.8 Matched

Male 8 (57.1%) 11 (57.9%) 1.000 19 (57.6%) 19 (57.6%) Matched

Education, years 8.5 ± 5.9 10.3 ± 5.1 0.334 9.7 ± 5.3 9.6 ± 5.4 Matched

HTN 10 (71.4%) 12 (63.2%) 0.901 16 (48.5%) 22 (66.7%) 0.181

Diabetes mellitus 7 (50.0%) 13 (68.4%) 0.478 7 (21.2%) 20 (60.6%) 0.006

Cognitive tests scores

 MMSE 24.5 [19.0; 25.0] 24.0 [18.5; 25.0] 0.674 28.0 [26.0; 29.0] 24.0 [19.0; 25.0] < 0.001

  GDS 4.0 [3.0; 5.0] 4.0 [3.0; 5.0] 0.627 2.0 [2.0; 2,0] 4.0 [3.0; 5.0] < 0.001

  CDR 0.8 [0.5; 1.0] 1.0 [0.5; 1.0] 0.414 0.0 [0.0; 0.0] 1.0 [0.5; 1.0] < 0.001

  CDR sum of boxes 3.3 [1.6; 5.4] 4.8 [3.4; 6.5] 0.108 0.0 [0.0; 0.0] 4.5 [2.0; 6.0] < 0.001

DESH scale 6.0 [4.3; 6.0] 8.0 [7.0; 9.0] < 0.001 1.0 [0.0; 2.0] 7.0 [6.0; 8.0] < 0.001

 VM score 1.0 [1.0; 2.0] 2.0 [2.0; 2.0] 0.034 0.0 [0.0; 0.0] 2.0 [1.0; 2.0] < 0.001

 Dilated SF score 1.0 [1.0; 2.0] 2.0 [2.0; 2.0] 0.081 0.0 [0.0; 1.0] 2.0 [1.0; 2.0] < 0.001

 Tight HC score 1.0 [0.3; 1.0] 2.0 [1.0; 2.0] 0.005 0.0 [0.0; 1.0] 1.0 [1.0; 2.0] < 0.001

 Acute CA score 0.0 [0.0; 1.9] 2.0 [1.0; 2.0] < 0.001 0.0 [0.0; 1.0] 1.0 [0.0; 2.0] < 0.001

 Focal SD score 1.0 [1.0; 1.0] 1.0 [1.0; 1.0] 0.442 1.0 [0.0; 1.0] 1.0 [1.0; 1.0] < 0.001

Evans index 0.35 ± 0.05 0.38 ± 0.04 0.052 0.27 ± 0.03 0.37 ± 0.04 < 0.001

Callosal angle, degree 106.1 ± 11.6 83.0 ± 12.8 < 0.001 117.3 ± 12.7 92.8 ± 16.5 < 0.001

3rd ventricle width, mm 13.2 ± 3.5 14.5 ± 2.4 0.246 8.6 ± 1.9 13.9 ± 3.0 < 0.001

CSF tap test, n 10 16

 TUG time before tap test, sec 15.4 ± 6.5 27.2 ± 16.5 0.019

 CSF tap test responders†

  6-h post-tap TUG​ 5/10 (50.0%) 9/16 (56.3%) 0.999

  24-h post-tap TUG (cumula-
tive) 7/10 (70.0%) 10/16 (62.5%) 0.999

  MMSE ≥ 3 points 2/10 (20.0%) 3/16 (18.8%)
0.999

Ventriculoperitoneal shunt, n 1 7

 Post-operative changes in iNPHGS

  − 10 points 0/1 (0%) 1/7 (14.3%)

  − 3 points 0/1 (0%) 1/7 (14.3%)

  − 2 points 1/1 (100.0%) 4/7 (57.1%)

  − 1 point 0/1 (0%) 1/7 (14.3%)

Complications, n 0/1 (0%) 2‡/7 (28.6%) valve malfunction
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without11 studies have yet explored the difference in DTI indices according to the severity of DESH. Reduced 
FA, increased MD, AD, or RD can be interpreted as a pressure effect on the cerebral white matter; therefore, 
the pressure on the white matter appears to be greater in NPH patients with high DESH than in those with low 
DESH. The findings are consistent with previous studies comparing patients with iNPH to controls17. These 
results suggest that DTI metrics may represent a pathologic process that worsens with increasing disease sever-
ity. Although the pathophysiology of DESH is not fully understood, FA can be decreased as the white matter is 
compressed, and MD can be increased due to transependymal diffusion and edema by pressure effect10,11. More 
specifically, decreases of FA in bilateral corona radiata could be interpreted as vertical compression resulting from 
ventricular enlargement on horizontal projection of corona radiata and increases in MD and RD might reflect 
transependymal diffusion10,18,19. In addition, the vertical compression of PVWM by ventricular dilation might 
reduce blood flow or stasis of CSF and interstitial fluid. Then, this process disrupts periventricular projection 
fibers to the cerebral cortex, which are closely related to neurological symptoms in patients with NPH. Based 
on these findings, our results suggest that the pressure effects following the severity of DESH depend on their 
proximity to the ventricle. For this reason, the DTI indices in the PVWM adjacent to the anterior horn of the 
lateral ventricle or corona radiata close to the ventricular walls may have shown significant differences compared 

Figure 1.   Representative MR images of the high-DESH and low-DESH group. MR coronal and axial images of 
representative patients in the low-DESH (a,b) and high-DESH (c,d) groups. In the low-DESH patient, the Evans 
index is increased to 0.37 (grade 2, panel a), the sylvian fissures are slightly enlarged (grade 1), but no tight 
high convexity is observed, (white-dotted rectangle) and the callosal angle is 111.8°, which is above 90° (panel 
b). This patient has a DESH score of 3. In the high-DESH patient, the Evans index is increased to 0.35 (grade 
2, panel c), similar to the low-DESH patient, but in addition, the sylvian fissure is markedly dilated bilaterally 
(grade 2, white asterisks), tight convexity is seen (grade 2, white-dotted rectangle), and the callosal angle is less 
than 90° at 59.9° (grade 2). This patient also has focal sulcal dilatation (grade 1, not shown), resulting in a DESH 
score of 9. DESH disproportionately enlarged subarachnoid space hydrocephalus, CA callosal angle.
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to other ROIs20. The reason behind the predominance of observed changes in the anterior-located ROIs in the 
frontal lobes is yet to be determined.

All our patients were symptomatic iNPH, and the differences in DTI indices according to the severity of the 
symptoms were also compared. As a result, values of FA, MD, or AD were decreased in the high-iNPHGS group 
compared with the low-iNPHGS group in the PVWM adjacent to the anterior horns of the lateral ventricle and 
posterior limb of the internal capsule. The directional of changes in MD and AD was opposite to the results com-
paring the DESH subgroups, with MD and AD decreasing as the symptom severity increased. In previous studies, 
AD was reported to reflect axonal degeneration, and its reduction was associated with axonal injury21–23. Thus, it 
can be interpreted that low AD values in the high-iNPHGS group compared to those in the low-iNPHGS group 
might reflect more severe axonal injury that leads to prominent clinical presentation. The MD values were defined 
as the average molecular diffusion rates within the voxel and were calculated by the formula (AD + 2RD)/3 so that 
the decreased AD value can lead to decreased MD values24. Regarding the location of the damage, our analysis 
showed that significant differences in DTI indices were mainly observed in the bilateral posterior limb of the 
internal capsule and the PVWM adjacent to the bilateral anterior horn of the lateral ventricle. The corticospinal 
tract passes through the posterior limb of the internal capsule, and the anterior thalamic radiation projects 
through the PVWM adjacent to the bilateral anterior horn of the lateral ventricle respectively. Our results sug-
gest that the dysfunction of these major pathways may be associated with the expression of clinical symptoms 
in iNPH patients. To support this hypothesis, additional research is required to ascertain how changes in DTI 
metrics correspond to the amelioration of symptoms following surgery.

We further evaluated DTI indices in subgroups of each symptom of Hakim’s triad. There were significant 
differences in DTI indices between subgroups in the bilateral posterior limbs of the internal capsule, the left 
corona radiata, the PVWM adjacent to the bilateral anterior horns of the lateral ventricles, and the right posterior 
horn of the lateral ventricles, which are associated with the corticospinal tract, anterior thalamic radiation, and 
inferior longitudinal fasciculus, respectively. In a previous study, gait disturbances in patients with iNPH were 
associated with alterations in FA values in the corticospinal tract and anterior thalamic radiations projecting to 
the supplementary motor areas. Cognitive impairment evaluated by MMSE, CDR, and frontal assessment bat-
tery, including trail-making test-A, was associated with changes in FA, AD, and RD in the frontal and parietal 
subcortical white matter, including anterior thalamic radiation9,25–28. The urinary disturbance was related to the 
loss of voluntary control of bladder contractions due to stretched periventricular sacral fibers of the corticospinal 
tracts29. Taken together, ventricular expansion may compress the neuronal connectivity or vascular structures 
of the periventricular tissues, and this compression may disrupt white matter tracts such as anterior thalamic 
radiation, inferior longitudinal fasciculus, and corticospinal tract, which are involved in cognition, gait, and 
micturition29–31. The relationship between decreased AD and MD values, which were abnormally elevated in 
the posterior limb of the internal capsule and inferior longitudinal fasciculus, and symptomatic improvement 
after shunt surgery suggests that DTI metrics may be useful surrogate markers to reflect the pathophysiology of 
iNPH, such as cerebral white matter compression10,11.

It is also worth noting that, as previously discussed, there were no significant differences in response to the 
CSF tap test based on the DESH subgroup6,7. After careful screening, 7 out of 8 patients who underwent ven-
triculoperitoneal shunt operation were high-DESH patients, and two of these patients required shunt revision 
but had symptomatic improvement after surgery. However, postoperative DTI changes that could support the 
hypothesis of this study were unfortunately not collected due to the retrospective nature of the study. Changes 
in DTI metrics that may support postoperative symptomatic improvement are a topic to be explored in future 
well-designed large-scale studies.

This study has several limitations. First, all ROIs were manually derived; such ROI-based analyses can be 
affected by the subjectivity of the investigator, and ROI derivation is time-consuming. In previous studies, vari-
ous DTI analysis techniques have been applied, including manual ROI placement, tract-specific analysis (TSA), 
and tract-based spatial statistics (TBSS), depending on the characteristics of the patient population9,19,26,28,32–37. 
Other alternative standardization methods, such as TBSS or peak width of skeletonized mean diffusivity, were 
also considered in our study but were challenging to apply to the iNPH patients in this study due to their sub-
stantial structural variations38,39. In this investigation, a neurologist with over five years of experience consist-
ently drew ROIs by referring to more detailed structural images, such as T1 and T2, and predefined anatomical 
landmarks. This issue has been discussed in detail as a limitation in previous studies20,32,40,41. Second, the results 
of multiple comparison corrections were insignificant except for the corona radiata lateral side in the DESH 
group comparison and the lateral ventricle anterior horn area in the iNPHGS group comparison. Due to the 
limited number of patients and the exploratory nature of the study, we interpreted the results based on uncor-
rected p values; however, given the potential for type 1 error, the results of this study should be interpreted for 
hypothesis-generating purposes and replicated in subsequent studies.

Our data showed that bilateral corona radiata and the right anterior horn of the lateral ventricle were signifi-
cantly associated with the severity of DESH. Clinical severity was related to periventricular white matter adjacent 
to the anterior horn of the lateral ventricle and posterior limb of the internal capsule. These results might sug-
gest the disruption of the corticospinal tract and anterior thalamic radiation serving the supplementary motor 
area. DTI is noninvasive and a quick sequence that can be easily added to a routine MRI without contrast agent 
injection. In addition to visual assessment such as DESH, DTI might allow an early evaluation of microstruc-
tural changes and would be a valuable biomarker to reflect the severity of clinical symptoms in iNPH patients.
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Methods
The local institutional review board of the Asan Medical Center endorsed the study protocol. The requirement 
for informed consent was waived by the ethical committee of the Asan Medical Center due to its retrospective 
nature and low risk to participants. All methods were performed in accordance with the relevant guidelines and 
regulations of the Asan Medical Center Ethics Committee and the Declaration of Helsinki.

Participants
Patients with possible iNPH, according to the diagnostic criteria by the guidelines for the management of iNPH 
(third edition), who were hospitalized in Asan Medical Center from January 2018 to December 2020 and under-
went brain magnetic resonance imaging (MRI), including DTI, were eligible for this study42. Patients with sec-
ondary hydrocephalus or underlying pathology associated with gait or cognitive impairment, including stroke, 
head trauma, major depression, or drug abuse, were excluded. The control group was selected from patients 
who presented to Asan Medical Center in Seoul with a primary symptom of memory decline and underwent 
neuropsychological evaluations and brain MRI but did not have objective cognitive impairment, a CDR score of 
0, and did not meet the diagnostic criteria for iNPH. This group included individuals with normal aging, subjec-
tive memory impairment, and transient global amnesia. Each control was matched to the case for age (± 3 years), 
level of education (± 3 years), and sex. The local institutional review board (IRB) approved the study protocol.

Clinical Assessment
We assessed the severity of the symptoms of iNPH using the NPHGS (Supplementary Table S1)43. The iNPHGS 
was composed of the following three subdomains, each scored from 0 to 4 (maximum total score of 12): gait 
disturbance (GD), cognitive impairment (CI), and urinary disturbance (UD). Information on demographics, 
comorbidities, neuropsychological tests, and neuroimaging characteristics was obtained by reviewing the elec-
tronic medical records and the Picture Archiving and Communication System. Neuropsychological assessments 
were conducted, including the comprehensive neuropsychological battery (Seoul Neuropsychological Screening 
Battery, 2nd Edition; SNSB-II), which consists of the five domains of cognitive function: attention, language 
and related functions, visuospatial function, memory, and frontal/executive function, the Korean version of the 
Mini-Mental State Examination (MMSE), global deterioration scale (GDS), CDR and CDR sum of boxes44. We 
collected whether a CSF tap test was performed and whether symptoms improved afterward. A responder was 
defined as a patient who showed an improvement of 10% or more in walking speed 6 h and 24 h after the CSF 
tap test, based on the results of the timed up and go evaluation performed at the time of the tap test15. For cogni-
tive function, we checked the change in MMSE score before and after the CSF tap test to determine if the score 
improved by 3 points or more16. We investigated whether a ventriculoperitoneal shunt operation was performed 
and checked the change in symptoms before and after the operation through the electronic medical records.

Imaging acquisition
All study patients underwent brain MRI imaging using the 3 T MRI scanner (Philips 3 Tesla Achieva; Philips 
Healthcare, Eindhoven, The Netherlands). DTI sequence was obtained with a single-shot echo-planar imaging 
sequence with TR/TE = 10,788/70 ms, flip angle = 90°, FOV, 230 × 230; acquisition matrix, 116 × 116; in-plane 
acquisition resolution, 0.958 × 0.958 mm; slice thickness, 2 mm; reconstruction matrix, 240 × 240. Diffusion-
sensitizing gradients were applied along 32 directions with b value = 1000 s/ mm2. According to the eligible 
criteria, T2 fluid-attenuated inversion recovery, susceptibility–weighted imaging, and T1–weighted images were 
reviewed to exclude the presence of parenchymal lesions, which could be associated with gait disturbance and 
cognitive impairment, and measured the DESH score.

DESH score
The DESH score is composed of the following five items, each scored from 0 to 2 (maximum total score 10): 
ventriculomegaly, dilated sylvian fissures, tight high convexity, acute callosal angle, and focal sulcal dilation3 
(Supplementary Table S2). Ventriculomegaly was assessed using the Evans’ index (EI), the ratio of the maximum 
width of the frontal horns to the maximum transverse diameter of the inner table in the same section45, meas-
ured and calculated manually from the axial T1–weighted MRI. Then, it was graded as follows: 0, EI < 0.3; 1, 
0.3 ≤ EI < 0.35; or 2, EI ≥ 0.35. Dilated Sylvian fissures and tight high convexity were evaluated on coronal images 
and graded as follows, respectively: 0, normal; 1, unilateral dilation; or 2, bilateral dilation; and 0, normal; 1, 
slight compression; 2, definitive compression46,47. The callosal angle (CA) measured on a coronal image is the 
angle between the lateral ventricle and the posterior commissure and is perpendicular to the anterior–posterior 
commissure plane48,49. CA was graded as follows: 0, CA ≥ 100°; 1, 90 ≤ CA < 100°; 2, CA < 90°. Sulcal dilation was 
graded as follows: 0, no sulci; 1, some sulci present; or 2, many sulci present. These imaging features of DESH 
were visually assessed by three neurologists (S Lee, S Jo, and H-J Kim) blind to clinical data. The intraclass cor-
relation coefficient (ICC) for inter-rater reliability of DESH scoring was 0.814.

DTI processing
The processing of the diffusion tensor images was performed with FMRIB software library (FSL) version 6.0.4 
(http://​www.​fmrib.​ox.​ac.​uk/​fsl) 50. First, each diffusion tensor image was corrected for head motion and residual 
eddy current distortion to the reference B0 volume using EDDY_CORRECT. Then, we excluded non-brain tissue 
from the corrected data with the Brain Extraction Tool (BET). Finally, individual diffusion maps (FA, MD, AD, 
and RD) were created by fitting a tensor model using the FMRIB Diffusion Toolbox (FDT). In the analysis stages, 

http://www.fmrib.ox.ac.uk/fsl
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diffusion values were extracted from predefined regions-of-interest (ROIs) described below, on the diffusion 
maps. The fslstats command was used to extract values, which were used for statistical analysis.

Generation of ROIs
In this study, it was impossible to normalize DTI images into MNI (Montreal Neurological Institute) spaces due 
to the characteristics of patients with considerable brain deformity. Therefore, fourteen ROIs that showed sig-
nificant differences in patients with iNPH were predetermined based on the results of previous studies9,25,26,32,41. 
Predetermined regions for ROIs were bilateral centrum semiovale, anterior and lateral areas of corona radiata, 
posterior limb of the internal capsule, periventricular white matter (PVWM) adjacent to anterior horns (area 
of anterior thalamic radiation) and posterior horns (area of inferior longitudinal fasciculus) of lateral ventricle, 
genu and splenium of the corpus callosum. (Fig. 2) The ROI masks were manually drawn using the AFNI (https://​
afni.​nimh.​nih.​gov/) with a radius of 3 mm in three-dimensional space based on each patient’s FA image and 
adjacent landmarks as references32,51. To ensure the objectivity of ROI selection, the MNI152 standard coordi-
nates were first defined (Supplementary Table S3), and each ROI was selected by referring to the corresponding 
reference coordinates and surrounding anatomical landmarks in each patient’s FA image. All ROIs were gener-
ated independently of clinical information by an investigator with five years (S Lee) of experience in neurology 
and double-checked for appropriateness by separate investigators (Y Lee and JW Kim). ROIs were exported to 
Image J (National Institutes of Health, Bethesda, USA) and applied to all DTI output files52. Right and left ROIs 
were analyzed separately.

Statistical analysis
Statistical analysis between iNPH cases and matched controls was performed using paired t-test or Mann–Whit-
ney U tests for continuous variables and a McNemar’s test for categorical data. The iNPH group was categorized 
by the mean value of each DESH and iNPHGS. In addition, we also divided the iNPH group into two subgroups 
based on the mean score in each domain of the iNPHGS to identify differences in DTI indices by symptom type. 
Student t-test or Mann–Whitney U tests were performed to compare the two groups’ clinical and DTI parameters 
in predetermined ROIs. The p values were adjusted for multiple comparisons using the false discovery rate (FDR) 
method. Given the limited number of patients and exploratory nature of the study, we presented the uncorrected 
p value as the primary outcome, with the corrected q-value presented for reference. The significance threshold 
for between-group differences was considered at p < 0.05. Analyses were performed with Statistical Package for 
Social Sciences (SPSS) Version 21.

Figure 2.   Predetermined regions-of-interest. A total of 14 regions of interest were predetermined in the 
centrum semiovale (A), anterior area of corona radiata (B), lateral area of corona radiata (C), posterior limbs 
of the internal capsule (D), anterior horns of the lateral ventricle (E), posterior horns of the lateral ventricle (F), 
genu of corpus callosum (G) and splenium of corpus callosum (H). From a radiological perspective, the right 
side of the figure is the patient’s left side. The z coordinate represents the position on the MNI152 standard 
template. MNI Montreal Neurological Institute.

https://afni.nimh.nih.gov/
https://afni.nimh.nih.gov/
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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