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Met the Criteria for Possible Normal Pressure Hydrocephalus

M. Borzage, ““’A. Saunders, ). Hughes, *¥).G. McComb, 'S. Bluml, and “*K.S. King

ABSTRACT

BACKGROUND AND PURPOSE: Many patients with dementia may have comorbid or misdiagnosed normal pressure hydrocephalus, a
treatable neurologic disorder. The callosal angle is a validated biomarker for normal pressure hydrocephalus with 93% diagnostic accuracy.
Our purpose was to develop and evaluate an algorithm for automatically computing callosal angles from MR images of the brain.

MATERIALS AND METHODS: This article reports the results of analyzing callosal angles from 1856 subjects with 5264 MR images from
the Open Access Series of Imaging Studies and the Alzheimer’s Disease Neuroimaging Initiative databases. Measurement variability was
examined between 2 neuroradiologists (n = 50) and between manual and automatic measurements (n = 281); from differences in simu-
lated head orientation; and from real-world changes in patients with multiple examinations (n = 906). We evaluated the effectiveness of
the automatic callosal angle to differentiate normal pressure hydrocephalus from Alzheimer disease in a simulated cohort.

RESULTS: The algorithm identified that 12.4% of subjects from these carefully screened cohorts had callosal angles of <90°, a published
threshold for possible normal pressure hydrocephalus. The intraclass correlation coefficient was 0.97 for agreement between neuroradiolo-
gists and 0.90 for agreement between manual and automatic measurement. The method was robust to different head orientations. The
median coefficient of variation for repeat examinations was 4.2% (Ql = 31%, Q3 = 5.8%). The simulated classification of normal pressure
hydrocephalus versus Alzheimer using the automatic callosal angle had an accuracy, sensitivity, and specificity of 0.87 each.

CONCLUSIONS: In even the most pristine research databases, analyses of the callosal angle indicate that some patients may have
normal pressure hydrocephalus. The automatic callosal angle measurement can rapidly and objectively screen for normal pressure
hydrocephalus in patients who would otherwise be misdiagnosed.

ABBREVIATIONS: AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; CA = callosal angle; DESH = disproportionately enlarged sub-
arachnoid space hydrocephalus; ICC = intraclass correlation coefficient; NPH = normal pressure hydrocephalus; OASIS = Open Access Series of Imaging Studies

ormal pressure hydrocephalus (NPH) is a treatable form of  deterioration, and urinary incontinence or urgency, but these fea-
dementia that can be difficult to diagnose." Clinical features of ~ tures are frustratingly nonspecific in elderly patients.” Classic neu-

NPH are gait disturbance, postural instability, cognitive  roimaging findings show differences from the atrophy routinely
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observed in senescent adults. Specialized physiologic imaging of
water diffusion, CSF flow, or cerebrovascular reactivity may help
with diagnosing NPH,>* but each method requires acquiring addi-
tional prospective images that are not commonly included in clini-
cal assessments. Lumbar drain trials have diagnostic utility but are
invasive;” noninvasive biomarkers with strong evidence of thera-
peutic benefits are preferred before attempting treatment by shunt-
ing, which has an 11% risk of serious adverse events.™®

Fortunately, numerous putative NPH imaging biomarkers exist
including the following: anatomic assessments of the relative size
and shape of the ventricles and subarachnoid spaces; dispropor-
tionately enlarged subarachnoid space hydrocephalus (DESH);”
volume-based assessments of CSF and ratios versus intracranial
volume;® distance-based assessment of the ventricles versus intra-
cranial width, ie, the Evans index;> and angle-based measurements
of the parietal portion of the lateral ventricles, ie, the callosal angle
(CA).? Measurement of the CA, at times used in concert with the
Evans index, is a validated biomarker for NPH, with diagnostic
accuracies of 93%, 77.8%, and 88.9% for threshold angles of 90°,
90.8°, and 100°, respectively, as validated in studies of 102, 90, and
318 patients, respectively.'*'?

With an abundance of useful biomarkers, deploying them into
clinical practice entails manipulation of the images using 3D soft-
ware, which requires an investment of precious time by the inter-
preting radiologist. Since NPH may not be among the most likely
differential diagnoses for an elderly patient, manually measuring
these biomarkers for screening purposes is impractical. An alterna-
tive approach is to perform automated analysis of images to mea-
sure these biomarkers and present results to radiologists to
interpret. The advantages of such an approach are that the mea-
surement eliminates the need to perform manual assessment and
removes observer variability. For these putative imaging bio-
markers, automated solutions exist for calculating the DESH, "
Evans index," and CSF volumes and ratios,'” but to the best of
our knowledge, measurements of the CA have not yet been auto-
mated. Therefore, our objective was to automate CA measure-
ments and then do the following: 1) assess the agreement between
2 neuroradiologists measuring the CA and between manual and
automatic measurements; 2) evaluate the variation of automated
CA under both simulated and real-world conditions; 3) use the
algorithm to analyze MR images to identify patients with possible
NPH in studies with different scanners, vendors, and imaging pa-
rameters; and 4) characterize the performance of the automated
measurement for the differentiation of NPH from other dementia.

MATERIALS AND METHODS

Subjects

We included data from 2 imaging databases: the Open Access
Series of Imaging Studies (OASIS),'*'” (n=1015 subjects, 567
women, 448 men) and the Alzheimer Disease Neuroimaging
Initiative (ADNI),'® (n= 841 subjects, 354 women, 487 men).

Please address correspondence to A. Saunders, MS, Children’s Hospital of Los Angeles,

Department of Radiology, 4650 Sunset Blvd., Los Angeles, CA 90027; e-mail:
saundera@usc.edu

O Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr. A7294

The mean ages of the subjects at the time of their MR imaging were
68.5 (SD, 9.3) and 75.3 (SD, 6.9) years, respectively. OASIS subjects
included groups for cognitively normal and any stage of cognitive
decline in aging. New OASIS subjects underwent a clinical assess-
ment, which included a family history of Alzheimer disease (AD),
medical history, physical examination, neurologic evaluation, and
MR imaging. Stages of cognitive decline were determined using the
Clinical Dementia Rating Scale,'® and patients were excluded if the
primary cause of dementia was not AD. ADNI subjects included
groups for cognitively healthy, early mild cognitive impairment,
late mild cognitive impairment, and AD. New ADNI subjects in all
groups were excluded for NPH during an initial screening visit,
which included neuropsychological testing and MR imaging.

Neuroimaging

OASIS neuroimaging was performed on 1.5T (Vision) and 3T
(TIM Trio, BioGraph mMR) Siemens clinical scanners. The images
were T1-weighted MPRAGE (TE = 4.0ms, TR = 9.7ms, TI =
20 ms, slice thickness = 1.25 mm, matrix = 256 x 256). ADNI neu-
roimaging was performed on 1.5T (Signa Excite, Signa HDxt) and
3T (Discovery, Signa Premier) GE Healthcare, 1.5 T (Intera) and 3T
(Achieva, Ingenia) Philips Healthcare, and 1.5T (Avanto, Espree,
Sonata, Symphony) and 3T (Allegra, Prisma, Skyra, Trio/TIM,
Verio, Vida) Siemens clinical scanners. The images were T1-
weighted MPRAGE with variations in protocol depending on the
scanner and software (TE = 2.86-4.61 ms, TR = 2300-3000 ms,
TI = 853-1000 ms, slice thickness = 1.2 mm, matrix 192-256 X
192-256).

Manual CA Measurement
Two board-certified neuroradiologists (K.S.K., J.H.) acquired

manual CA measurements using established methods:'°

identi-
fying a midsagittal section, creating a reference plane through the
anterior commissure and posterior commissure, creating a coro-
nal reference plane perpendicular to the bicommissural plane at
the level of the posterior commissure, drawing 2 straight lines
along the medial walls of the left and right lateral ventricles on

the coronal image, and calculating the angle between the lines.

Automated CA Measurement

Images were preprocessed with FreeSurfer (http://surfer.nmr.mgh.
harvard.edu) to align to a standard orientation and extract the ven-
tricles.”® The extracted ventricles included the left and right lateral
ventricles, choroid plexus, and the third ventricle. CA measure-
ments were calculated in Matlab (R2020A; MathWorks). The algo-
rithm applied to the ventricles creates an axial reference plane by
using the centroid of the ventricles and the most distal points on
the left and right anterior horns; makes a coronal reference plane
perpendicular to the axial plane; pitches the coronal reference
plane backward to make it oblique; slices the ventricles; and com-
putes the angle between the medial walls of the lateral ventricles.
See the algorithm details in Fig 1.

Parameter Optimization

Radiologists use the anterior/posterior commissure plane as a
reference plane when performing manual CA measurements.
This bicommissural plane is more difficult to reliably compute
with automated methods than the centroid and distal points of
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FIG 1. CA algorithm. CA measurements are automatically calculated with the following approach. A, Ventricles are segmented in
FreeSurfer, and 3 reference points are calculated: the centroid of the extracted ventricles (1) and the most anterior points to the left
and right of the centroid (2). These 3 points are used to calculate the axial reference plane (3) and the coronal reference plane (4),
shown here without pitch correction. B, The coronal plane pitch correction is optimized by finding the angle that maximizes the corre-
lation of manual and automated CA measurements (30°). For each pitch correction, the percentage of examinations with the least error
is also shown. C, The pitch-corrected coronal section is analyzed by finding the most superior point to the left and right of the centroid
(5). A greedy pathfinding algorithm connects the 2 superior reference points (5) to identify the medial walls of the lateral ventricles (red
points). The inferior 20% and superior 20% of red points are excluded, selecting the middle 60% for angle calculation; this was found
empirically to exclude the portions of the ventricle walls with higher curvature. A first-order polynomial fit produces the fit lines (blue

lines), and the angle between them is calculated.

the left and right lateral ventricles. However, using our different
reference planes would lead to systematic bias in the automati-
cally measured CA. To reduce this bias, we identified the key
difference in the reference planes as a coronal pitch. Thus, we
systematically varied the pitch in the coronal plane with angles
from —45° to 85° in increments of 5°. At each angle of pitch, we
remeasured the CA for all subjects for whom we had manual
CA measurements and determined the pitch that minimized
error between the manual and automated CAs. For the opti-
mized angle, we used the linear trend from the correlation of
manual and automatic CAs to adjust all subsequent automatic
CA measurements.

Assessing Measurement Variability

We performed 3 different assessments of measurement vari-
ability: 1) We used Bland-Altman analysis to ascertain the lim-
its of agreement between CAs manually measured by both
neuroradiologists (#=50) and between 1 neuroradiologist’s
manual CA measurements and linearly corrected automatic
CA measurements (n =281). 2) We performed a Monte Carlo
simulation to assess potential sources of variability due to mis-
alignment and localization errors during image acquisition
and FreeSurfer preprocessing. We selected 24 subjects and re-
oriented their heads multiple times. Each head was randomly
translated in three directions (SD 8 mm in each direction) and
randomly rotated in three directions (SD 10°, 3°, and 6° for
pitch, roll, and yaw, respectively). After reorienting their
heads, we automatically computed the CA. Leverage plots were
used to determine the sensitivity of each angle measurement to
these translations and rotations (not shown). 3) We computed
the coefficient of variation of subjects who had =3 MRIs to
assess real-world intrapatient variability. Our assumption was
that these repeat scans would include real-world variability in
image quality, patient orientation, scanner drift, and ventricle
morphology. For each subject, we automatically measured the
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CA for each repeat scan and computed the coefficient of varia-
tion of the angles.

Simulated Effectiveness of the CA to Differentiate NPH
and AD

We performed a Monte Carlo simulation to examine the effec-
tiveness of the automatic CA measurement to differentiate
NPH and AD. We simulated CAs for 1 million patients. Each
patient was randomly assigned to NPH or AD with equal like-
lihood. Ground truth CAs were generated from a Gaussian
distribution for patients from the NPH (mean 66° [SD, 14°])
and AD (mean 104° [SD, 15°]) cohorts as given by Ishii et
al.'” Measurement error due to automatic CA calculation was
randomly added to each angle: This error was determined by
the distribution of error in our comparison of manual and
linearly corrected automatic measurements. We calculated
the probability that the random angle belonged to the NPH
or AD group and used the higher probability to classify the
patient as having NPH or AD. When the probabilities were
within 5% of each other, we classified the patient as indeter-
minate. Classification performance was quantified using ac-
curacy, sensitivity, and specificity.

Analysis of NPH and AD Prevalence and Comorbidity

We estimated the probability of comorbid or misdiagnosed NPH
in the evaluated databases and clinical practice. We used litera-
ture values for prevalence and diagnostic accuracies of NPH and
AD in a relevant population. This analysis used the following
assumptions: Our relevant population is cognitively impaired
patients 65 years of age and older; all patients in this cognitively
impaired population have either NPH (NPH+AD-), AD (NPH-
AD+), or comorbid NPH and AD (NPH+AD+); the biologic
processes and thus the probabilities of having NPH or AD are
independent.
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meaning that pitch correction is rela-
tively insensitive over this range. At a
30° pitch correction, the intraclass corre-
lation coefficient (ICC) was 0.87, the
coefficient of determination was R* =

0.82, the median absolute error was 8.1°
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line of fit was Manual CA =
Automatic CA x 1.27 —3.93. The
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factors were applied to all subse-
quent automated CA measurements.

The Bland-Altman analysis of the 2
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ments (Fig 2A) had a bias of -3.78° with
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FIG 2. Measurement variability. A, We found a slight bias (—3.78°) with 95% limits of agreement
of —14.95° to +7.39° between 2 radiologists. This translates to an intraclass correlation coefficient
of 0.97, demonstrating good reproducibility of the callosal angle biomarker between 2 readers. B,
Comparison of manual and linearly corrected automatic CA measurements for n =281 images had
95% limits of agreement of about £22° and an ICC of 0.90. We observed lower agreement
between manual and automatic measurements than between the 2 neuroradiologists, which

highlights the impact of differences in measurement methods.

RESULTS

Figure 1 demonstrates the automatic CA measurement algorithm
and determination of correction factors. Figure 1B shows the com-
parison of manual and automatic CA measurements (n=281) to
optimize the coronal reference plane pitch. The highest correlation
was found when adjusting the pitch of the automatic coronal refer-
ence plane back (ie, the most superior part of the plane moved pos-
terior) by 30° and the highest percentage of examinations with the
least error between manual and automatic measurements occurred
at a 50° pitch correction. We selected the best correlation (30°) for
our optimization; the correlation protects against large measurement
errors by minimizing the squared error, whereas the percentage of
examinations with the fewest errors does not. However, the correla-
tion and percentage of examinations with the fewest errors changed
only modestly, with pitch corrections ranging from 25° to 50°,

sensitive to initial orientation, with sig-

140 160

nificant change in the CA measurements
due to pitch, roll, and yaw rotations
(P<<.001, P=.028, and P =.004 respec-
tively) left-right
(P<<.001), but not anterior-posterior or

and translation
superior-inferior translations (P=.222,
P =350, respectively). However, the pa-
rameter estimates for these significant
factors indicate that the effects are negli-
gible: Estimates for pitch, roll, and yaw
rotations are —0.006° 0.004°, and —0.003°, respectively, and left-
right translation is —0.001°, indicating that a 1° of pitch, roll, or yaw
corresponds to a CA change of =0.006° and a 1-mm translation
corresponds to a CA change of =0.001°. For the real-world intrapa-
tient variability analysis, we identified #n =906 subjects (n=213
OASIS, n=693 ADNI), each with between 3 and 8 repeat MRIs.
For these subjects, we determined that the median coefficient of var-
iation was 4.2% (Q1 = 3.1%, Q3 = 5.8%). The median time between
repeat examinations was 214 days (Q1 = 183 days, Q3 = 396 days).
See Fig 3 for details on the distribution of the coefficient of variation
in these subjects. A visual inspection of all automatic measurements
(A.S., with 3 years experience) found that 52 angles (1%) had fit
lines that deviated from the expected placement.

When applying the algorithm to all available images, we
computed 5264 CA measurements. The median CA was 113°

AINR Am J Neuroradiol 421942-48 Nov 2021 www.ajnr.org 1945



(Q1 = 101°, Q3 = 123°) (Fig 4). This asymmetric distribution
had a skewness of —1.048 (acute) and excess kurtosis of 0.456. In
this distribution, 12.4%, 13.0%, and 23.5% of subjects had CAs
narrower than suggested thresholds for possible NPH of 90°,
90.8°, and 100°, respectively.

For the Monte Carlo analysis of classification using the auto-
matic CA measurement, we calculated the accuracy, sensitivity,
and specificity to all be 0.87. The percentage of indeterminate
measurements was 5.4%. For the analysis of NPH and AD
comorbidity, we used literature values for the following: the prev-
alence of NPH of 2.9% (mean of 3 studies),”’ > the prevalence of
AD of 11.7%,** and the diagnostic accuracy for AD of 77%.>
Thus, if a patient is diagnosed with AD, the probabilities of the
true disease processes are 96.3% NPH-AD+, 2.8% NPH+AD+
(comorbid), and 0.9% NPH+AD- (misdiagnosed). We calcu-
lated the sum of the latter 2 values and estimate that 3.7% of
patients diagnosed with AD actually were NPH+.

2.5 5.0 75 10.0 125 15.0 175 20.0
Coefficient of Variation

80

. |‘|
0.0

FIG 3. Histogram of coefficients of variation for 906 patients. The
variation of automatic CA measurements is calculated for patients
with 3-8 separate MR imaging acquisitions. The median coefficient of
variation is 4.2%. This is noteworthy because it means that the CA
measurement is highly reproducible in a large, real-world sample of
MR imaging examinations.
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FIG 4. Histogram of automatically measured CAs. Angles are measured from 5264 MR images
from 1856 patients. The median CA is 113° (Q1=101°, Q3=123°). The distribution has an acute skew-
ness of —1.048 and excess kurtosis of 0.456. Suggested thresholds for suspected normal pressure
hydrocephalus of 90°, 90.8°, and 100° are shown, and we note that 12.4%, 13.0%, and 23.5% of

images have CAs narrower than the corresponding cutoffs.
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DISCUSSION

To the best of our understanding, this is the first automated CA
measurement and the largest number of CA measurements made.
Thus, the distribution of the CA provides a revised and expanded
population for comparing individual CA measurements. Obtaining
these results through manual CA measurements would be
extremely time-consuming and prone to observer variability, which
highlights the suboptimal reliability of manual CA measurement.
Modest differences in the selection of the bicommissural plane, the
anterior-posterior position of the coronal reference plane, and lines
that best parallel the medial walls of the lateral ventricles contribute
to different measurements of the CA.

One of our most noteworthy findings was that at least 12.4%
of the images we measured met the CA criteria for possible
NPH.'? The estimated rate of NPH is 2.1%-3.9% in adults older
than 65years of age.”' > Our estimate of comorbid or misdiag-
nosed NPH among patients diagnosed with AD was 3.7%, which
is consistent with the reported value of 3.9%.%° If the databases
we examined contain patients with NPH who are classified as
neurotypical or diagnosed with other dementias, it suggests that
other analyses using these databases may be skewed by a substan-
tial fraction of the overall sample. Perhaps even more important,
if these patients do have NPH or another hydrocephalus indi-
cated by a narrowed CA, their dementias may be treatable.

The Monte Carlo analysis of NPH classification performance
allowed us to compute the accuracy, sensitivity, and specificity
(all 0.87) of our automated approach, which were lower than
results from Ishii et al'° (0.93, 0.97, and 0.88, respectively).
Despite mild performance decreases when using the automatic
CA measurement, the potential for rapid evaluation is substantial
and may be particularly valuable in cases in which NPH findings
are incidental.

The automated measurement is deterministic, eliminating ob-
server variability and establishing a more structured reporting
framework between radiologists and clinicians for the CA bio-
markers. The benefit of the robust approach we selected was
demonstrated in both intrapatient variability analyses. The
Monte Carlo analysis demonstrated that our approach is robust
to the initial position and orientation of the brains of our subjects;

thus, even if FreeSurfer fails to cor-

rectly align the heads or subjects have

N ADNI
OASIS

an abnormal orientation of their ven-
tricles, the effect on the CA measure-
ments would be small (<1°) across the
entire range of rotations and transla-
tions tested. This finding appears to be
sufficient to handle most scenarios in
which the head is even crudely ori-
ented. The real-world analysis de-
monstrated a median coefficient of
variation of 4.2%, representing errors
which are 8.7-13.6 times smaller than
the putative differences between the
mean CA in patients with NPH (66°)
and AD (104°)."° It is reasonable to
expect that in a clinical radiology prac-

140 160

tice, these automatic CA measurements



would provide highly repeatable quantitation to support distin-
guishing NPH from atrophy in patients with a clinical suspicion of
movement disorders and dementia.

The systematic bias between the automatic and manually com-
puted CA is likely due to different methods for selecting axial refer-
ence planes. The automatic method identifies landmarks from the
segmented surface representations of the lateral ventricles, while the
clinical method uses the anterior/posterior commissures. The find-
ing that a 30° pitch correction improves agreement with manual
measurement is consistent with the typical angle of the bicommissu-
ral plane relative to the axial plane, and measurement of the angle in
the posterior area of the lateral ventricles may better capture patho-
logically narrow angles as the ventricles expand upward on both
sides of the falx cerebri”’ We chose reference points for the auto-
mated method to be reliable but still comparable with those used in
manual CA measurements. The centroid of the ventricles represents
a global average that is inherently robust, and the anterior horns
have less anatomic variability than the posterior extrema or superior
extrema, which we speculate may be altered by NPH. Furthermore,
the reference points were selected to be reproducible across a wide
range of image qualities and modalities, which we suspect includes
CT. CT is commonly included in primary imaging studies for de-
mentia work-up; adapting the automatic CA method for use in CT
is a promising future option to reach additional patients who may
not have undergone MRL

Limitations

A limitation of the field of NPH research, and thus this article, is
the lack of treatment-responsive patients with NPH in a public
database. Such a database would enable us to directly assess the
accuracy, specificity, and sensitivity of our measures in identify-
ing NPH. Thus, future objectives for those studying NPH, includ-
ing our group, should include collecting neuroimaging of shunt-
responsive patients with NPH. Meanwhile, our algorithm can
flag potential cases of a narrowed CA, which can then be verified
by a trained reader as we have done in this study. We chose to
demonstrate the utility of our efforts on making a CA algorithm
that is pragmatic to use by providing secondary analyses of sub-
jects in large existing databases. There are areas of possible
improvement in our algorithm: The automated CA measurement
had some performance disadvantages when evaluated against
manual observations. There may be an opportunity to adjust the
algorithm to be more robust to irregular variations in the seg-
mented ventricles, but these errors were infrequent. There are
also other imaging biomarkers that might benefit patients with
NPH, which we did not use (eg, the Evans Index), an area with
potential for future investigation. One minor limitation of our
study is that we performed manual measurements on 281 of our
total 5264 images (5.3%). This limitation is due to the substantial
time requirement for a neuroradiologist to perform CA measure-
ments, which highlights the need for automated tools if CA or
other quantitative biomarkers are to be routinely measured.

CONCLUSIONS

NPH is a treatable dementia that is commonly misdiagnosed due
to the poor specificity of its neurologic symptoms. CA measure-
ments are an established tool to assess the risk for NPH, but

manual measurement is time-consuming. We developed an algo-
rithm for automated CA measurement, applied it to 5264 T1-
weighted MRIs, and compared its performance with manual CA
measurements. We found that agreement between manual and
automatic measurements (ICC = 0.90) was lower than the agree-
ment between 2 neuroradiologists (ICC = 0.97). Intrapatient vari-
ability was evaluated in subjects with =3 longitudinal imaging
examinations; the median coefficient of variation was 4.2%, indicat-
ing reliable automatic measurement. Although NPH was an exclu-
sion criterion from these databases, 12.4% of the automatic CA
measurements met the criteria for possible NPH. We believe auto-
matic CA measurements can rapidly and objectively assess NPH in
patients who would otherwise be misdiagnosed with other demen-
tias, and can create opportunities for successful treatment of
dementia.
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tive fellowships in response to submitted research proposals.

REFERENCES
1. Bradley WG. Normal pressure hydrocephalus: new concepts on etiol-
ogy and diagnosis. AJNR Am ] Neuroradiol 2000;21:1586-90 Medline
2. Hakim S, Adams RD. The special clinical problem of symptomatic
hydrocephalus with normal cerebrospinal fluid pressure: observa-
tions on cerebrospinal fluid hydrodynamics. ] Neurol Sci 1965;2:307-
27 CrossRef Medline
3. Ng SE, Low A, Tang KK, et al. Idiopathic normal pressure hydro-
cephalus: correlating magnetic resonance imaging biomarkers with
clinical response. Ann Acad Med Singap 2009;38:803-08 Medline
4. Halperin JJ, Kurlan R, Schwalb JM, et al. Practice guideline: Idiopathic
normal pressure hydrocephalus: response to shunting and predictors
of response. Neurology 2015;85:2063-71 CrossRef Medline
5. Thakur SK, Serulle Y, Miskin NP, et al. Lumbar puncture test in
normal pressure hydrocephalus: does the volume of CSF removed
affect the response to tap? AJNR Am ] Neuroradiol 2017;38:1456-60
CrossRef Medline
6. Damasceno BP. Normal pressure hydrocephalus: diagnostic and
predictive evaluation. Dement Neuropsychol 2009;3:8-15 CrossRef
Medline
7. Craven CL, Toma AK, Mostafa T, et al. The predictive value of
DESH for shunt responsiveness in idiopathic normal pressure hy-
drocephalus. ] Clin Neurosci 2016;34:294- 98 CrossRef Medline
8. Palm WM, Walchenbach R, Bruinsma B, et al. Intracranial compart-
ment volumes in normal pressure hydrocephalus: volumetric
assessment versus outcome. AJNR Am J Neuroradiol 2006;27:76-79
Medline
9. Virhammar J, Laurell K, Cesarini KG, et al. The callosal angle meas-
ured on MRI as a predictor of outcome in idiopathic normal-pres-
sure hydrocephalus. ] Neurosurg 2014;120:178-84 CrossRef Medline
10. Ishii K, Kanda T, Harada A, et al. Clinical impact of the callosal
angle in the diagnosis of idiopathic normal pressure hydrocepha-
lus. Eur Radiol 2008;18:2678-83 CrossRef Medline
11. Baroncini M, Balédent O, Ardi CE, et al. Ventriculomegaly in the el-
derly: who needs a shunt? A MRI study on 90 patients. Acta
Neurochir Suppl 2018;126:221-28 CrossRef Medline
12. Miskin N, Patel H, Franceschi AM, et al. Diagnosis of normal-pres-
sure hydrocephalus: use of traditional measures in the era of volu-
metric MR imaging. Radiology 2017;285:197-205 CrossRef Medline
13. Gunter NB, Schwarz CG, Graff-Radford J, et al. Automated detec-
tion of imaging features of disproportionately enlarged subarach-
noid space hydrocephalus using machine learning methods.
NeuroImage Clin 2019;21:101605 CrossRef Medline

AJNR Am J Neuroradiol 421942-48 Nov 2021  www.ajnr.org 1947


https://www.ncbi.nlm.nih.gov/pubmed/11039335
http://dx.doi.org/10.1016/0022-510X(65)90016-X
https://www.ncbi.nlm.nih.gov/pubmed/5889177
https://www.ncbi.nlm.nih.gov/pubmed/19816640
http://dx.doi.org/10.1212/WNL.0000000000002193
https://www.ncbi.nlm.nih.gov/pubmed/26644048
http://dx.doi.org/10.3174/ajnr.A5187
https://www.ncbi.nlm.nih.gov/pubmed/28473344
http://dx.doi.org/10.1590/S1980-57642009DN30100003
https://www.ncbi.nlm.nih.gov/pubmed/29213603
http://dx.doi.org/10.1016/j.jocn.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27692614
https://www.ncbi.nlm.nih.gov/pubmed/16418361
http://dx.doi.org/10.3171/2013.8.JNS13575
https://www.ncbi.nlm.nih.gov/pubmed/24074491
http://dx.doi.org/10.1007/s00330-008-1044-4
https://www.ncbi.nlm.nih.gov/pubmed/18500524
http://dx.doi.org/10.1007/978-3-319-65798-1_45
https://www.ncbi.nlm.nih.gov/pubmed/29492565
http://dx.doi.org/10.1148/radiol.2017161216
https://www.ncbi.nlm.nih.gov/pubmed/28498794
http://dx.doi.org/10.1016/j.nicl.2018.11.015
https://www.ncbi.nlm.nih.gov/pubmed/30497983

14.

15.

16.

17.

18.

19.

1948

Takahashi N, Kinoshita T, Ohmura T, et al. Automated method to
compute Evans index for diagnosis of idiopathic normal pressure
hydrocephalus on brain CT images. In: Amato SG, Petrick NA,
eds. Medical Imaging 2017: Computer-Aided Diagnosis. Vol 10134.
International Society for Optics and Photonics; 2017:101342C CrossRef
Szczepek E, Czerwosz LT, Nowinski K, et al. Analysis of intracranial
volume ratios by means of cerebrospinal fluid deployment indica-
tors. Folia Neuropathol 2015;53:121-27 CrossRef Medline
LaMontagne PJ, Benzinger TL, Morris JC, et al. OASIS-3: longitudi-
nal neuroimaging, clinical, and cognitive dataset for normal aging
and Alzheimer disease. medRxiv 2019. https://www.medrxiv.org/
content/10.1101/2019.12.13.19014902v1.full.pdf. Accessed December
16, 2020

Marcus DS, Fotenos AF, Csernansky ]G, et al. Open access series of
imaging studies: longitudinal MRI data in nondemented and
demented older adults. ] Cogn Neurosci 2010;22:2677-84 CrossRef
Medline

Jack CR, Bernstein MA, Fox NC, et al. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI): MRI methods. ] Magn Reson
Imaging 2008;27:685-91 CrossRef Medline

Morris JC. Clinical dementia rating: a reliable and valid diagnostic
and staging measure for dementia of the Alzheimer type. Int
Psychogeriatr 1997;9(Suppl 1):173-76 CrossRef Medline

Borzage Nov 2021 www.ajnr.org

20.
21.

22.

23.

24.

25.

26.

27.

Fischl B. FreeSurfer. Neuroimage 2012;62:774-81 CrossRef Medline
Hiraoka K, Meguro K, Mori E. Prevalence of idiopathic normal-pres-
sure hydrocephalus in the elderly population of a Japanese rural com-
munity. Neurol Med Chir (Tokyo) 2008;48:197-200 CrossRef Medline
Jaraj D, Rabiei K, Marlow T, et al. Prevalence of idiopathic normal-
pressure hydrocephalus. Neurology 2014;82:1449-54 CrossRef Medline
Andersson J, Rosell M, Kockum K, et al. Prevalence of idiopathic
normal pressure hydrocephalus: a prospective, population-based
study. PLoS One 2019;14:¢0217705 CrossRef Medline

Hebert LE, Weuve J, Scherr PA, et al. Alzheimer disease in the
United States (2010-2050) estimated using the 2010 census.
Neurology 2013;80:1778-83 CrossRef Medline

Sabbagh MN, Lue L-F, Fayard D, et al. Increasing precision of clini-
cal diagnosis of Alzheimer’s disease using a combined algorithm
incorporating clinical and novel biomarker data. Neurol Ther
2017;6:83-95 CrossRef Medline

Silverberg G, Mayo M, Saul T, et al. Elevated cerebrospinal fluid
pressure in patients with Alzheimer’s disease. Fluids Barriers CNS
2006;3:7 CrossRef

Jinkins JR. Clinical manifestations of hydrocephalus caused by
impingement of the corpus callosum on the falx: an MR study in
40 patients. AJNR Am ] Neuroradiol 1991;12:331-40 Medline


http://dx.doi.org/10.1117/12.2251322
http://dx.doi.org/10.5114/fn.2015.52408
https://www.ncbi.nlm.nih.gov/pubmed/26216114
https://www.medrxiv.org/content/10.1101/2019.12.13.19014902v1.full.pdf
https://www.medrxiv.org/content/10.1101/2019.12.13.19014902v1.full.pdf
http://dx.doi.org/10.1162/jocn.2009.21407
https://www.ncbi.nlm.nih.gov/pubmed/19929323
http://dx.doi.org/10.1002/jmri.21049
https://www.ncbi.nlm.nih.gov/pubmed/18302232
http://dx.doi.org/10.1017/s1041610297004870
https://www.ncbi.nlm.nih.gov/pubmed/9447441
http://dx.doi.org/10.1016/j.neuroimage.2012.01.021
https://www.ncbi.nlm.nih.gov/pubmed/22248573
http://dx.doi.org/10.2176/nmc.48.197
https://www.ncbi.nlm.nih.gov/pubmed/18497491
http://dx.doi.org/10.1212/WNL.0000000000000342
https://www.ncbi.nlm.nih.gov/pubmed/24682964
http://dx.doi.org/10.1371/journal.pone.0217705
https://www.ncbi.nlm.nih.gov/pubmed/31141553
http://dx.doi.org/10.1212/WNL.0b013e31828726f5
https://www.ncbi.nlm.nih.gov/pubmed/23390181
http://dx.doi.org/10.1007/s40120-017-0069-5
https://www.ncbi.nlm.nih.gov/pubmed/28733959
http://dx.doi.org/10.1186/1743-8454-3-7
https://www.ncbi.nlm.nih.gov/pubmed/1902038

	The First Examination of Diagnostic Performance of Automated Measurement of the Callosal Angle in 1856 Elderly Patients and Volunteers Indicates That 12.4% of Exams Met th ...
	MATERIALS AND METHODS
	SUBJECTS
	NEUROIMAGING
	MANUAL CA MEASUREMENT
	AUTOMATED CA MEASUREMENT
	PARAMETER OPTIMIZATION
	ASSESSING MEASUREMENT VARIABILITY
	SIMULATED EFFECTIVENESS OF THE CA TO DIFFERENTIATE NPH AND AD
	ANALYSIS OF NPH AND AD PREVALENCE AND COMORBIDITY
	RESULTS
	DISCUSSION
	LIMITATIONS
	CONCLUSIONS
	REFERENCES


