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Abstract

Purpose To recommend a new simple and explicit index termed the anteroposterior diameter of the lateral ventricle index (ALVI)
for assessing brain ventricular size in neuroimaging and to compare Evans index (EI) between idiopathic normal pressure
hydrocephalus (iNPH) patients and age-matched healthy elderly subjects.

Methods Retrospective measurements of ventricular volume (VV), relative VV (RVV), the EI, and the ALVI were taken from
thin-section CT scans for 23 pre-shunt-insertion iNPH patients and 62 age-matched healthy elderly volunteers. The area under the
receiver operating characteristic (ROC) curve (AUC), net reclassification improvement (NRI), and integrated discrimination
improvement (IDI) were calculated to assess the effectiveness of ALVI scores for predicting V'V.

Results The correlations between VV or RVV and ALVI scores (VV, »=0.957; RVV, r = 0.983) were significantly stronger than
the corresponding correlations with EI scores (VV, r=0.843; RVV, r=0.840). The AUC for ALVI scores was significantly
greater than the AUC for EI scores. Furthermore, with the inclusion of the ALVI, the NRI value was 0.14 and the IDI value was
0.14; these improvements were also statistically significant.

Conclusion The ALVI is a more accurate and more explicitly defined marker of VV than the EI and assesses ventricular
enlargement effectively. We suggest that ventricular enlargement of the healthy elderly be defined by ALVI > 0.50.

Keywords Idiopathic normal-pressure hydrocephalus - Anteroposterior diameter of the lateral ventricle index - Evans’ index -
Lateral ventricular volume

Introduction the radiologic finding of communicating hydrocephalus, and

improvements after implantation of a CSF shunt [2—4].

Normal-pressure hydrocephalus (NPH) was first described in
1965 [1] and is characterized by gait disturbance, urinary in-
continence, mental deterioration, and the presence of normal
cerebrospinal fluid (CSF) pressure on lumbar puncture (LP),
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Ventricular enlargement is a key diagnostic criterion for
NPH, but direct measurements of ventricular volume (VV)
can be time consuming and was not easy. Linear indices are
an alternative, faster method of assessing ventricular dilation.

The Evans’ index (EI) is the ratio of the transverse diameter
of the anterior horns of the lateral ventricles to the greatest
internal diameter of the skull [5]. The EI is currently the most
commonly used index of ventricular size in neurosurgery and
is recommended in NPH guidelines for the assessment of id-
iopathic NPH (iNPH) [5].

However, EI can vary significantly in iNPH patients, de-
pending on different the levels of the brain CT scan image [6].
This issue is compounded by the fact that guidelines for iNPH
describe the EI in just a simple sentence without detailed mea-
surement level of the brain imaging [2, 3]; these simple defi-
nitions lack an explicit description of a standard measurement
method for the EI. Therefore, a more reliable index could
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improve assessments of ventricular volume and diagnosis of
iNPH. We designed a new, simple, and explicitly described
index termed the anteroposterior diameter of the lateral ven-
tricle index (ALVI), and sought to use this new index to reli-
ably assess ventricular volume (VV). The aims of this study
were to investigate the relationship between ALVI scores and
VV and to compare the effectiveness of the ALVI and EI in
assessing VV in iNPH patients and age-matched healthy
controls.

Methods
Patients and volunteers

We retrospectively reviewed thin-section CT scans of the
brains of 23 patients with definite iNPH (age 73 £7 years;
range 60-89 years; 13 men and 10 women) at our hospital.
All patients met the diagnostic criteria of the Japanese and
international iNPH guidelines and exhibited objective im-
provements in gait, urinary symptoms, and cognition after
CSF shunting between 2015 and 2017. All brains CT scans
of the patients were acquired before CSF shunting.

An advertisement was placed in the local several commu-
nity bulletin board asking elderly persons (60-90 years) to
apply for participation in the study if they considered them-
selves healthy. After telephone interviews by two authors, the
healthy control was selected. The control group comprised 75
age-matched healthy participants who underwent thin-section
CT scanning during the same time period as the iNPH pa-
tients. Six persons were excluded because of suspected cog-
nitive disorders, three because of unexplained gait distur-
bances over nearly 2 years, two because of a previous history
of intradural hematomas, and two because of urinary urgency.
Atrophy, lacunar strokes, transient dizziness, and headache
were not used as exclusion criteria. Sixty-two age-matched
healthy persons were recruited in the control group. The mean
age was 75 £ 8 years (range 60—86 years; 4 lmen and 2 lwom-
en). The protocol was approved by the Hospital Bioethics
Committee (approval n0.2017K057).

Image collection

Brain CT imaging (from the apex to the base of the skull) was
performed with a 64-detector CT system (GE Light Speed
VCT or GE Discovery CT750 HD, GE Healthcare,
Milwaukee, WI, USA) using the following protocol parame-
ters: 1.25-mm section width with a 1.25-mm reconstruction
interval, 120 kV, 360 mA. All DICOM database of CT were
transmitted to GE Advantage Workstation 4.4 software
(VolumeShare 2, GE Healthcare, Milwaukee, WI, USA)
through Picture Archiving and Communication Systems
(PACS) for image post-processing. Axial images parallel to
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the anterior commissure—posterior commissure (AC-PC)
plane were acquired with the multiplanar reformer function
in GE Advantage Workstation 4.4 software, with a slice thick-
ness of 1 mm and a spacing of 1 mm between images
(Fig. 1a).

Image analysis

The VV and the total intracranial volume (ICV) were mea-
sured on all scans using the segment and display functions
in GE Advantage Workstation VolumeShare 2 software. All
the segmentation results were visually tested. Manual correc-
tions were performed in those cases in which the semiauto-
matic segmentation did not meet the desired level of accuracy.

EI was measured as the ratio of the maximal transverse
diameter of the frontal horns of the lateral ventricles to the
greatest internal diameter of the skull [2-5]; the former was
determined by measuring several consecutive axial slices cho-
sen by the operator and selecting the slice with the largest
diameter, and the latter was determined from the same slice
used for the maximal width of the frontal horns.

To compute the ALVI, we first identified the axial slice in
the plane of body of lateral ventricle where the cella media
(central part of lateral ventricle) first appears unobscured by
other regions (thalamus) from skull base to skull roof (Fig. 1).
Next, we measured the anteroposterior diameter of the left and
right lateral ventricles in this axial slice. Occasionally, the
anteroposterior diameters were markedly different for the left
and right ventricles (such as in Fig. 4c, ¢), with the magnitude
of the difference varying from 1 to 3 cm. When the difference
between the anteroposterior diameters of the left and right
ventricles was greater than 1 cm, the diameter measurement
was defined as the mean of the diameters of the left and right
lateral ventricles. When the difference between the
anteroposterior diameters of the left and right ventricles was
equal to or less than 1 c¢m, the diameter measurement was
defined as the larger of the two measured ventricle diameters.
The ALVI was defined as the ratio of this lateral ventricle
diameter measurement to the maximal width of the
anteroposterior inner diameter of the skull (along the cerebral
falx) in the same plane (Fig. 1).

Measurements of all linear indices (ALVI and EI) and vol-
umes (VV and ICV) were performed in a double-blind man-
ner. Two independent operators measured the ALVI and the
EI and two other operators measured the ventricular volumes;
each pair of operators comprised a radiologist and a neurosur-
geon. The intraclass correlation coefficients were 0.99, 0.96,
0.98, and 0.99 for ALVI, EI, VV, and ICV, respectively.

Diagnostic criteria

There is currently no accurate threshold for ventricular dila-
tion [2, 3], and cerebral ventricular size can vary with
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Fig. 1 a Standard axial plane used for calculating the ALVI
(anteroposterior diameter of the lateral ventricle index). The CT slice is
in the plane of body of lateral ventricle where the cella media first appears
unobscured by other regions (thalamus). ALVI is the length of the dashed
line/length of the solid line. The dashed line denotes the anteroposterior

ethnicity, sex, and age [7—10]. As described in previous
criteria [11], ventricular dilation was defined as a VV value
above the 95th percentile in the healthy elderly control
participants.

Statistical methods

The statistical analyses were performed in the statistical soft-
ware programs SAS (version 9.0; SAS Institute Inc., Cary, NC)
and MedCalc (version 15.2.2; MedCalc Software BVBA,
Ostend, Belgium; http://www.medcalc.org; 2015). Statistical
significance was set at P < 0.05. Scatterplots, Spearman’s rank
correlations, and linear regressions were used to compare the

diameter of the lateral ventricle. The solid line denotes the maximal width
of the anteroposterior inner diameter of the skull (along the cerebral falx).
b Axial plane in which the lateral ventricle is partially obscured by thal-
amus (arrow)

relationships between the linear indices (ALVI and EI) and the
VV and relative VV (RVV). The area under the receiver
operating characteristic (ROC) curve (AUC) was used to eval-
uate the predictive abilities of ALVI and EI The discriminative
value of ALVI relative to EI was examined by calculating the
net reclassification improvement (NRI) and the integrated dis-
crimination improvement (IDI) [12].

Results

The ALVI, EI, VV, and RVV measurements for all subjects
are presented in Table 1. In the healthy control, VV and RVV

Table 1 Thin-section computed

tomography linear and volumetric Subjects Number ALVI EI VV (ml) RVV (%)
measurements in all subjects Mean = SD Mean = SD Mean = SD Mean +SD
Men iNPH 13 0.583+0.063 0.354+0.049 13747 94+3.0
patients (0.509-0.735) (0.309-0.434) (81-225) (5.9-14.8)
Healthy 41 0.419+0.058 0.270+0.033 44+£17 3612
controls (0.300-0.564)  (0.170-0347)  (21-92.1) (1.8-6.1)
Women iNPH 10 0.582+0.041 0.363 +£0.042 126 £35 9.7+2.6
patients (0.517-0.646) (0.306-0.425) (85-174) (6.6-14.0)
Healthy 21 0.389+0.043 0.261+0.033 36+9 32+0.9
controls (0.330-0.470) (0.205-0.348) (20-54) (1.94.6)
Total iNPH 23 0.583+0.053 0.358 +£0.045 132 +41 9.5+2.8
patients (0.509-0.735)  (0.306-0.434)  (81-225) (5.9-14.8)
Healthy 62 0.409 +0.055 0.267+0.033 40+14 35+1.0
controls (0.300-0.564) (0.170-0.348) (20-92) (1.8-6.1)

ALVI, anteroposterior diameter of the lateral ventricle index; EI, Evans’ index; VV, ventricular volume; RVV,
relative ventricular volume; iNPH, idiopathic normal-pressure hydrocephalus; SD, standard deviation
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Fig. 2 a ALVI (anteroposterior diameter of the lateral ventricle index) vs. ventricular volume (VV) for all persons. b Evans’ index (EI) vs. VV in all

persons

were normally distributed. Figure 2 presents the relationship
between the linear indices (ALVI and EI) and VV. There were
significant correlations between the linear indices (ALVI and
EI) and VVand RVV (ALVI, Ryy =0.957 and Rgyv =0.983;
ElL, Ryv=0.843 and Rgyv=0.840, P<0.001 for all correla-
tions), and the ALVI correlation coefficients were significant-
ly greater than the EI correlation coefficients (P < 0.001).

Using the 95th percentile of the VV of the healthy age-
matched control subjects as the threshold for ventricular en-
largement, the AUC values for the sensitivity/specificity ROC
curves were 0.991 (95% confidence interval (CI)0.942-1.0)
for ALVI and 0.949 (95% CI: 0.879-0.985) for EI, and the
incremental AUC was statistically significant (0.0421, 95%
CI 0.0024-0.0819, P=0.038), suggesting that the ALVI is
more effective than the EI. For a cut-off ALVI value of
0.501 as the threshold for ventricular enlargement, ALVI spec-
ificity was 100% and sensitivity was 98.3%.

Next, we introduced two statistical methods—NRI and
IDI—to evaluate the added predictive ability of the ALVI
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Fig. 3 Sensitivities and specificities of the ALVI (anteroposterior
diameter of the lateral ventricle index) and the EI (Evans’ index) for
ventricular enlargement. The area under the curve (AUC) was 0.991 for
the ALVI (solid line) and 0.949 for the EI (dotted line)

@ Springer

[12]. We examined the NRI and IDI for the ALVI and EI
across all individuals, using an ALVI value of 0.50 and an
EI value of 0.30 as the thresholds for ventricular enlargement
(Table 2). With ALVI, the NRI increased by 0.14 (95% CI
0.024-0.261) and the IDI increased by 0.14 (95% CI 0.022—
0.263); these increases were statistically significant (NRI, P =
0.023; IDI, P=0.020). Our results indicate that ALVI pro-
vides significant increases in discrimination and net reclassi-
fication for ventricular enlargement and is more effective than
EI for evaluating ventricular size.

Discussion

The present study main result has shown that ALVI is a more
accurate and more explicitly defined marker of brain ventric-
ular size than the EI and assesses ventricular enlargement
effectively.

In 1942, William Evans developed the EI to assess ven-
tricular size from sagittal-view pneumoencephalograms in
children; at that time, he set the criterion for definite ven-
tricular enlargement as EI >0.30. However, EI measure-
ments from axial CT and MR images do not resemble the

Table 2 Comparison of reclassification by the ALVI (anteroposterior
diameter of the lateral ventricle index) and Evans’ index (EI)

Ventricular type  EI Stratified total Total
>03 <03
ALVI >0.5 Dilation 25 2 27 27
Normal 0 0 0
<0.5 Dilation 0 0 0 58
Normal 53 58
Stratified total ~Dilation 25 2 27
Normal 5 53 58
Total 30 55 85

Ventricular dilation was defined as a ventricular volume greater than the
95th percentile in the healthy control subjects
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Fig.4 a—c CT images from three idiopathic normal-pressure hydroceph-
alus (iNPH) patients with similar ventricular volumes of approximately
140 mL (138 mL, 136 mL, and 135 mL, in panels a, b and ¢, respective-
ly). The ALVI (anteroposterior diameter of the lateral ventricle index)
values were similar for all three patients (0.601, 0.583, and 0.603), but
the Evans’ index (EI) values differed substantially (0.370, 0.307, and

measurements from sagittal pneumoencephalograms, in
which it is easy to measure the greatest frontal horn diam-
eter and the maximum internal diameter of the skull in a
single image [5]. Moreover, the EI >0.30 threshold for
lateral ventricle expansion has been challenged, with some
studies suggesting that this threshold does not reliably dif-
ferentiate between normal and enlarged ventricles [13, 14].

Table3  Netreclassification improvement and integrated discrimination
improvement for the ALVI (anteroposterior diameter of the lateral
ventricle index)

Analysis  Improvement value 95% CI Zvalue P value
NRI 0.14 (0.0247,0.2614) 2.281 0.023
IDI 0.14 (0.0228, 0.2633)  2.331 0.020

NRI, net reclassification improvement; /DI, integrated discrimination
improvement

0.434). d CT image from a healthy elderly individual. In this individual,
the EI was 0.312 but the VV (44 mL) was below the 95th percentile for
healthy elderly subjects. The ALVI value was 0.446. e, CT image from a
healthy elderly individual. In this individual, the VV (96 mL) was above
the 95th percentile for the healthy elderly subjects, but the EI was 0.291.
The ALVI was 0.517

Despite this, EI measurements are now widely derived
from axial-view CT and MR images, and the original
threshold value of 0.30 for ventricular enlargement is still
used today, especially in elderly. Additionally, definitive
descriptions of a standard measurement level for the EI
based on CT and MR images are rare in the authoritative
guidelines for iNPH [2-4].

The selection of different scan baselines, the selection
of different planes, and differences in posture (especially
for iNPH patients with consciousness disorders) all affect
the axial ventricle shape and thus linear measurements
[6]. Because of the potential for measurement bias with
the EI, we developed the ALVI for assessing ventricular
size. We defined an easy-to-access standard level in axial
CT or MR images, in the plane of body of lateral ventricle
at the point where the cella media first appears
unobscured by other regions (thalamus). The linear mea-
surement values and standard level used to calculate the
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ALVI are singular: unlike the EI, there is no requirement
for the operators to take measurements from several con-
secutive axial slices to identify the largest diameter. The
measurement method for the ALVI is therefore simpler
and more explicit than that for EI, reducing measurement
bias.

Although statistical analyses indicate that EI can accu-
rately evaluate VV, we found that EI demonstrated some
bias in its predictions (Fig. 4a—c) whereas ALVI provided
a more explicit assessment of VV. In our study, five
healthy elderly individuals with normal VVs had EI
values above 0.30; however, the ALVI values for these
individuals were below 0.50 (e.g., Fig. 4d). Several stud-
ies have demonstrated that a cut-off value of 0.3 for EI
cannot be used to differentiate between normal and en-
larged ventricles in individual cases, and it has been sug-
gested that the EI cut-off value should be adjusted, e.g., to
0.33 [13, 14]. However, increasing the cut-off value of EI
could exclude more individuals who do have enlarged
ventricles. Among our control subjects, two elderly indi-
viduals had EI values lower than 0.30 but were deemed to
have ventricular dilation, as determined by a VV greater
than the 95th percentile (e.g., Fig. 4¢). In these cases, the
ALVI values were greater than 0.50 and thus accurately
reflected the ventricular dilation (Fig. 4e). In terms of
performance, the ALVI scores reflected VV and RVV
more closely than the EI scores.

Ventricular dilation is a characteristic feature of iNPH pa-
tients that distinguishes them from healthy control [1-3, 15].
Direct measurement of the VV is undisputedly the best meth-
od to identify ventricular dilation. VV can be measured by
advanced imaging postprocessing technology in approximate-
ly 10 min, and sometimes even as quickly as a few minutes
[16], especially if specialized brain tools are used. We spent an
average of 15 min per subject measuring both VV and ICV
using a manual tool. However, existing studies have failed to
find a positive correlation between the clinical prognosis and
changes in ventricle size [17, 18]. For current research and
clinical needs, all we need to know is whether the VV of
suspected patients indicates dilation; we do not need the exact
VV values. Thus, linear indices continue to have great clinical
value. ALVI is therefore a simpler and more accurate linear
index than EI and should be granted attention and use
(Table 3).

Study limitations All of the individuals were from a single
center. This study was a retrospective study and lacks prospec-
tive analysis. We did not validate different methods of mea-
suring VV. Because most healthy elderly people had only CT
scans available and no further medical information, we did not
examine correlations between the clinical prognoses and
ALVI values or the connection between ALVI values and
the results of clinical trials for iNPH.
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Conclusion

ALVlis a simpler, more explicit, and more accurate marker of
VV than EI and can assess ventricular enlargement more ef-
fectively. We suggest that the threshold for ventricular en-
largement of the healthy elderly be defined as ALVI > 0.50.
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