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Low-dose acetazolamide reverses
periventricular white matter
hyperintensities in iNPH
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ABSTRACT

Objective: To assess the effects of low-dose acetazolamide treatment on volumetric MRI markers
and clinical outcome in idiopathic normal-pressure hydrocephalus (iNPH).

Methods: We analyzed MRI and gait measures from 8 patients with iNPH with serial MRIs from an
institutional review board-approved imaging protocol who had been treated off-label with low-
dose acetazolamide (125-375 mg/day). MRI studies included fluid-attenuated inversion recovery
and 3D T1-weighted high-resolution imaging. Automated analyses were employed to quantify
each patient’s ventricular, global white matter hyperintensities (WMH), and periventricular WMH
(PVH) volumes prior to and throughout treatment. Clinical outcome was based on gait changes
assessed quantitatively using the Boon scale.

Results: Five of 8 patients responded positively to treatment, with median gait improvement of 4
points on the Boon scale. A significant decrease in PVH volume (6.1 = 1.9 mL, p = 0.002) was
seen in these patients following treatment. One patient's gait was unchanged and 2 patients
demonstrated worsened gait and were referred for shunt surgery. No reduction in PVH volume
was detected in the latter 2 patients. Nonperiventricular WMH and lateral ventricle volumes
remained largely unchanged in all patients.

Conclusions: These preliminary findings provide new evidence that low-dose acetazolamide can
reduce PVH and may improve gait in INPH. PVH volume, reflecting transependymal CSF, is shown
to be a potential MRI indicator of pharmacologic intervention effectiveness. Further studies of
pharmacologic treatment of iINPH are needed and may be enhanced by incorporating quantitative
MRI outcomes.

Classification of evidence: This study provides Class IV evidence that low-dose acetazolamide
reverses PVH volume and, in some cases, improves gait in iINPH. Neurology® 2014;82:1347-1351

GLOSSARY

ACZ = acetazolamide; FLAIR = fluid-attenuated inversion recovery; iNPH = idiopathic normal-pressure hydrocephalus;
IRB = institutional review board; NPVH = nonperiventricular white matter hyperintensities; PVH = periventricular white
matter hyperintensities; TE = echo time; Tl = inversion time; TR = repetition time; WMH = white matter hyperintensities.

Idiopathic normal-pressure hydrocephalus (iNPH) manifests as a progressive gait disorder
accompanied by disturbance in urination and cognition.' The neuroimaging hallmark of iINPH
is nonobstructive enlargement of the cerebral ventricles disproportionate to brain atrophy. In
many cases, periventricular white matter hyperintensities (PVH) are also noted.! In this context,
origin of PVH has been hypothesized to be transependymal movement of ventricular CSF.?

Ventricular CSF diversion by shunting is currently the standard of care and the only treat-
ment known to reduce symptom severity.” Shunting is associated with risk of morbidity and
moderate response rate (50%-80%).* It has been noted that CSF diversion decreases PVH in
iNPH and that PVH width reduction is associated with postshunting symptom improvement,
with gait demonstrating the strongest correlation.” In contrast, ventricular size, as assessed by
Evan’s Index, demonstrated little to no reduction following successful shunting.®

*These authors contributed equally to this work.

From the Departments of Radiology (N.A., C.J.O., AM.B., S.H.L.) and Neurology (D.A., H.K.), University of Miami, FL; and the Departments
of Radiology (LK., M.I.) and Neurology (L.H., N.R.), Weill Cornell Medical College, New York, NY.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

© 2014 American Academy of Neurology 1347


mailto:Nalperin@med.miami.edu
http://neurology.org/

1348

[ Table 1 Imaging-based volumetric measures at baseline and following treatment
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(=4)

(12)

—-0.5(4.0)

127.7 (35.1)

-0.9(2.3)

11.3(7.6)

-5.3%(4.0)

32.9 (37.1)

Mean (median) (SD)

lateral ventricle; NPVH = nonperiventricular white matter hyperintensities; PVH = periventricular white matter hyperintensities.

Abbreviations: LV
2p < 0.01.

There are currently no approved pharma-
cologic treatments for iNPH. The carbonic
anhydrase inhibitor acetazolamide (ACZ) is
commonly used in other entities such as idi-
opathic intracranial hypertension,” a neuro-
logic problem also associated with impaired
CSF homeostasis,® but only anecdotally in
iNPH. In a case series of 15 patients, 10
experienced symptomatic improvement at
ACZ doses of 250-500 mg/day,” and a com-
plete resolution of symptoms was reported
in a single case.'” In the present study, quanti-
tative volumetric MRI measures were used to
examine the effect of ACZ on white matter
hyperintensities (WMH) and ventricular vol-
umes in a group of probable iNPH patients
who were among the participants in an institu-
tional review board (IRB)—approved serial MRI
study and had been treated with ACZ on an
off-label basis.

METHODS Subject selection. Standard protocol appro-
vals, registrations, and patient consents. Eight patients with
symptoms matching guidelines for probable iNPH' ages 72 to
90 (4 male, 4 female) and receiving off-label low-dose ACZ
treatment (dose-escalated from 125 to 375 mg/day over 4- to
10-week intervals) were identified from among 100 patients who
gave written informed consent for an IRB-approved investiga-
tional MRI study (ACZ is offered as elective off-label treatment in
cases where shunt surgery is contraindicated or not urgently
required). Patients with concurrent neurologic diseases and pre-

vious shunt surgery were excluded.

Acetazolamide dosing and course of evaluations. All pa-
tients were initially treated with 125 mg/day oral acetazolamide.
Six of the 8 patients who tolerated this dosage well were escalated
to 250 mg/day at 1 month. Two patients underwent a further
dose increase to 375 mg/day after 3 months. Imaging and clinical
tests were obtained before treatment and at approximately
1 month post ACZ initiation. Further clinical tests and follow-up
MRI scans were performed throughout treatment when clinically
indicated. Outcome measures were assessed based on changes
measured at the endpoint MRI scan relative to pretreatment
baseline scan. Treatment duration, time from ACZ initiation
to final MRI scan, ranged from 60 to 210 days. Except in
1 case (case 6), imaging and gait testing were done within
1 month of each other.

Three patients had 2 MRI scans prior to initiation of ACZ at
various intervals as part of their clinical care. These scans were
used to assess measurement variability and changes due to the

normal evolution of the disease.

MRI acquisition and data analysis. MRI was acquired using a
GE HDx 3T scanner. Imaging protocol included axial T2 fluid-
attenuated inversion recovery (FLAIR) sequence with the following
parameters: repetition time (TR)/echo time (TE)/inversion time
(TI) 9,600/146.5/2,250 ms, slice thickness 3-5 mm, acquisition
matrix 352 X 224, and a 3D T1-weighted spoiled gradient recalled
echo sequence with isotropic resolution of 1.2 mm, TR/TE/TI 8.75/
3.4/450 ms, and flip angle 12°.



Global and periventricular WMH volumes are automatically
segmented using the FLAIR and T1 data. The T'1 volume is used

! which is super-

to obtain a brain mask, using BET software,’
imposed on the FLAIR image by linear coregistration. A thresh-
old method is employed to identify the WMH voxels. Mean ()
and SD intensity values of normal brain regions are calculated
after intensity nonuniformity correction with FAST software.?
Then, voxels with intensity values greater than . + 3 X SD are
identified as WMH. The classification of the WMH to periven-
tricular (PVH) and nonperiventricular (NPVH) is guided by the
coregistered brain atlas. PVH voxels are defined as WMH voxels
within 1 cm from the lateral ventricles” boundaries.'® This peri-
ventricular mask is projected on the WMH regions using a non-
linear registration transformation with FNIRT software.'* Lateral
ventricle volumes are quantified based on 3D T1 images using
Freesurfer brain parcellation software.” Manual editing by an
expert observer (A.M.B.) blinded to subject identity and clinical
outcome was used when needed. A paired # test was used to

evaluate significance of changes measured following ACZ.

Gait assessment. Gait assessment utilized a quantified scale

16

developed in Boon et al.'® Scores from this metric represent 3

summed subscores: 10-m step count, 10-m time, and the
following 10 features: hesitation, wide and small steps, low
clearance, impaired turning, sway, fall tendency, impaired
tandem walking, and inability to walk with and without
assistance. The summed score has a range from 2-40, with 2

representing unimpaired gait.

RESULTS Five of 8 patients responded positively to
the ACZ treatment, with gait improvement ranging
from 4 to 8 points and a median of 4 points on the
Boon scale. One patient was unchanged, and 2 pa-
tients worsened. A significant decrease in PVH vol-
ume was measured in the 5 patients who responded
positively and no change was detected in the 2 pa-
tients who worsened. The patients demonstrating gait
improvements had a mean PVH volume reduction of
—6.1 = 1.9 mL (p = 0.002) as compared to a mean
change of —0.25 = 0.5 mL in those who worsened.
PVH and NPVH, lateral ventricles volumes at base-

line, accumulated change following treatment,

accumulated change in Boon scale, and final dose
for each of the 8 patients are summarized in table
1. The posttreatment change in the PVH volume
was the only measure that reached statistical signifi-
cance. FLAIR images from a patient demonstrating
reduction in the PVH volume following treatment are
shown in the figure.

The initial WMH and ventricular volumes and
changes from the first scan for the 3 patients who
were scanned twice prior to ACZ are summarized
in table 2. Of interest, one patient’s PVH volume
was stable and the other 2 demonstrated 1.4 and
3.2 mL increases, respectively. Following ACZ, these
3 patients demonstrated decreased PVH volumes of
—11.7, —8.2, and —6.2 mL, respectively.

All subjects tolerated the initial 125 mg dose and 2
patients had adverse events after dose escalation; one
exhibited renal insufficiency (patient 3) that remitted
after ACZ discontinuation and the other a lacunar
stroke (patient 4) with uncertain relationship to
ACZ treatment. Based on clinical impression, patient
4 inidally seemed to improve following the initial
dose, but then experienced deterioration, with gait
score worsening from 8 to 13 after dose increase. A
follow-up MRI demonstrated a lacunar stroke, which
accounted for the increase in the NPVH volume.
ACZ was discontinued and the patient was shunted.
Following several shunt adjustments over a 9-month
period, gait returned to the baseline value (8). A
postshunting follow-up MRI scan demonstrated
decreases in PVH and ventricular volumes of —10.5
and —26.9 mL, respectively. Patient 6 also initially
responded well, with 6 points gait improvement, but
later his gait deteriorated to 14 on a higher dose. This
patient underwent shunting but did not significantly
improve.

DISCUSSION Five of the 8 patients in this case series
benefited from ACZ, comparable to a previous
study.” These results add new evidence to the previ-

Figure Fluid-attenuated inversion recovery MRI (patient 8) with segmented
periventricular white matter hyperintensity (PVH) regions shows
changes in PVH size following acetazolamide treatment

ously reported benefits of ACZ treatment in iNPH
and also demonstrate, for the first time, that ACZ
treatment can considerably reduce PVH volume
similar to successful CSF diversion by shunting.®
Furthermore, in both shunting and ACZ treat-
ment, the PVH reduction was generally associated
with gait improvement.

The objective volumetric assessment employed in
the current study reveals that a significant magnitude
of PVH reduction can be achieved with low-dose
ACZ treatment. The ACZ responders demonstrated

on average 34% reduction in PVH volume relative

to the baseline compared to less than 1% in the
The boundary of the segmented PVH volume is shown in red. (A) Pretreatment,

(B) posttreatment, (C) PVH voxels that converted to normal-appearing white matter . 0
tissue are shown in green. The corresponding reduction in PVH and ventricular size in thiscase ~ MOr¢, the bulk of the PVH reduction, 21% out of
were —6.2 and —1.7 mL, respectively. 34%, was already achieved with the initial low dose

2 patients who did not respond to ACZ. Further-
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[ Table 2 Imaging-based volumetric measures prior to treatment

Subject Time between scans, d PVH initial, mL APVH, mL NPVH initial, mL ANPVH, mL LV baseline, mL ALV, mL
1 588 26.2 -01 10.2 -0.4 114.0 +7.8

7 111 12.4 +1.4 6.7 +0.7 174.0 +8.8

8 168 20.1 +3.2 6.7 0.0 108.4 +2.8
Mean (SD) 19.6 (6.9) +1.5(1.6) 7.9 (2.0) +0.1 (0.6) 132.2 (36.4) +6.5 (3.2)

Abbreviations: LV = lateral ventricle; NPVH = nonperiventricular white matter hyperintensities; PVH = periventricular white matter hyperintensities.

r(:omment:
The trouble with “n” in normal-pressure hydrocephalus

Idiopathic normal-pressure hydrocephalus (iNPH) is a reversible syndrome
of gait impairment, dementia, and incontinence that affects persons over 65 years
of age.! Currently, the only effective treatment is surgical implantation of a shunt?;
however, the need for pharmacologic adjunctive treatments was noted at the 2005
NIH workshop on hydrocephalus.?

This analysis of 8 patients with iINPH who were treated with low-dose aceta-
zolamide (ACZ) found improvement in gait in 5 patients and periventricular white
matter hyperintensities in 6 patients, which raises the hope that ACZ could be an
adjunctive treatment for iINPH.* The investigators acknowledge multiple substan-
tial limitations of the study (small “n,” or number of subjects; convenience cohort;
open-label treatment; and its retrospective nature), which is why the study should
not be interpreted as evidence of efficacy. By the standards of Neurology®, this
work is Class IV evidence.®

The trouble with small “n” studies is that of a type I error, which is to
conclude that the treatment is effective when it may not be. A recent study of
the natural history of iNPH in which shunt surgery was inadvertently delayed
for at least 6 months for 33 patients in Gothenburg, Sweden, found that without
treatment some patients improved while others worsened before surgery.® Thus,
the outcomes in the small “n” ACZ study may simply reflect the natural history of
iNPH. Further, the cohort in Sweden overall worsened before surgery and had less
robust recovery, which implies that a delay in shunting by using ACZ off-label can
potentially harm patients. Nonetheless, the ACZ study is promising, and evalua-
tion of the potential benefit of ACZ in a carefully monitored, blinded, placebo-

@

controlled large “n” multicenter trial of iNPH is well warranted.
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of 125 mg/day. This finding is encouraging because a
lower ACZ dose reduces the chance for adverse effects
such as metabolic acidosis, hypokalemia, fatigue,
numbness, and kidney stones.'”

The direct association between ACZ treatment
and PVH reduction is further supported by the re-
sults from the repeated MRI studies prior to ACZ ini-
tiation. PVH volumes were unchanged or increased
but did not decrease. The unchanged PVH volume
occurred in a patient who had mild and stable symp-
toms. The increased PVH volume occurred in 2 pa-
tients with progressing symptoms. Ventricular
volume increased in all 3 patients during this period,
in contrast to the relatively unchanged ventricular
volumes during the ACZ treatment.

Reduction of WMH burden occurred almost
entirely within the periventricular region. This find-
ing is consistent with a reduction of transependymal
CSF movement as a possible mechanism for the
WMH reversal with ACZ administration. While
PVH reduction is generally associated with gait
improvement, the magnitude of this reduction is
not necessarily associated with the degree of gait
improvement as PVH reduction may occur in brain
regions not associated with gait.

Of interest, the 2 patients who worsened despite
ACZ had either extremely high (123.3 mL) or very
low (8.5 mL) baseline PVH volumes. The baseline
PVH volumes of the patients who improved spanned
a much narrower range (13.8-25.9 mlL). Further
studies would be needed to reveal whether atypical
PVH volumes are indicative of different underlying
pathophysiology.

Limitations of this study include the small number
of subjects, the use of a convenience cohort of pa-
tients receiving open-label treatment, and its retros-
pective nature. As an open-label protocol, this study
is vulnerable to placebo effects with respect to gait
improvement. Thus, the observed gait improvement
following ACZ treatment does not establish the effi-
cacy of ACZ in iNPH. The safety and overall effec-
tiveness of ACZ in iNPH can only be established
by prospective double-blind placebo-controlled trials
with larger numbers of patients. For this reason, this
study primarily focuses on the change in PVH,


http://neurology.org/

which is an unbiased outcome. Furthermore, as a
continuous variable, it provides increased power
to discern treatment effects, as demonstrated by
the statistical significance of the measured PVH re-
ductions. The PVH volume reversals highlight the
potential for development of pharmacologic thera-
pies for iNPH.

The encouraging findings of PVH reversal and
gait improvement with low-dose ACZ justify future
efforts to assess safety and efficacy of ACZ or other
potential pharmacologic agents for INPH. The occur-
rence of PVH reversal following both ACZ and
shunting suggests that PVH volume may be a useful
objective marker for the physiologic efficacy of phar-

macologic and surgical intervention.
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