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REPLY:

We thank Dr Bradley for the Commentary1 on our article2 entitled

“Aqueductal Stroke Volume: Comparisons with Intracranial

Pressure Scores in Idiopathic Normal Pressure Hydrocephalus.”

The purpose behind using aqueductal stroke volume (ASV) as

a predictor of shunt response in normal pressure hydrocephalus

(NPH) should be providing additional value to already measur-

able sizes such as ventricular volume and thereby differentiating

NPH from other types of dementia not expected to benefit from

shunt surgery. Bradley3 and Greitz4 have proposed that the patho-

physiology behind the increased ASV in NPH is due to compres-

sion of the ventricles by the increased inward expansion of the

arterial pulse pressure. Indeed, increased intracranial pressure

pulsatility is a strong indicator of reduced intracranial compli-

ance,5 which is thought to be a main underlying mechanism of

NPH.6 However, the physiologic explanation for a possible link

between the magnitude of ASV and NPH has been called into

question.7 Our comparisons of ASV with intracranial pressure

(ICP) and ICP amplitudes should, therefore, be highly relevant.

A noninvasive tool for selecting patients with NPH for surgery

would certainly be preferable, provided that the method is not infe-

rior to invasive methods in terms of overall patient outcome. The use

of ASV for this purpose was proposed by Bradley et al,8 when a ben-

eficial shunt response was seen in 12/12 shunt responders with ASV

above 42 �L. ASV was also measured in 24 additional patients who

were not shunted, but the range and distribution of these measure-

ments above/below the-42 �L threshold were not reported in the

article. While some studies have supported the use of aqueductal flow

rate for the diagnosis of NPH9,10 and related flow rate to a possible

shunt response,11,12 few other studies have reproduced the beneficial

utility of ASV in identifying patients likely to respond to surgical

shunting,13,14 and the diagnostic sensitivity and specificity of the

method have never been assessed, to our knowledge. In contradis-

tinction, several studies have not been able to demonstrate any asso-

ciation between a clinical improvement after shunting and increased

ASV15-17 or flow rate.18 ASV has, however, been found to be elevated

in several forms of dementia19 and was strongly correlated with ven-

tricular morphology.20

Our study incorporated a previously validated methodology for

predicting shunt response by invasive ICP monitoring as well as mea-

surements of ASV by phase-contrast MR imaging to allow direct

comparison between 2 proposed predictors of shunt response. The

shunt response rate in the study was 94%, indicating “true” NPH.

The results indicate that ASV is related to ventricular size and aque-

ductal area, rather than reflecting the underlying pathophysiology of

reduced intracranial compliance and increased pulsatile ICP or

symptom severity. These results suggest that the ASV parameter

should be used with care, even though ASV is measured noninva-

sively. In particular, the inability of a test to identify patients who

should not undergo surgical shunting is problematic. The current

treatment of NPH is brain surgery (shunt surgery), with a risk of

severe complications such as cerebral bleeds and infection.21-25

Deadly outcome of shunting may be anticipated in approximately

1/100 patients, whereas less serious problems related to shunting are

observed in as many as one-third of shunted patients. In a previous

report of shunting of 130 patients, a threshold of ICP wave ampli-

tudes of �4 mm Hg on average and �5 mm Hg in �10% of record-

ing time had a positive predictive value of 0.93 and negative predic-

tive value of 0.91.22 Thus, among patients with NPH with an ICP

wave amplitude above the threshold, shunt response was seen in 9/10

patients, while it was seen in 1/10 patients with an ICP wave ampli-

tude below the threshold.

We do not share Dr Bradley’s view that all studies opposing the

use of ASV have failed to demonstrate its beneficial use due to tech-

nical flaws. Although the image resolution of our method of 0.6�0.8

mm2 has allowed partial volume averaging at the outer border of the

aqueduct, the large aqueductal lumen area associated with hydro-

cephalus (in our study, the median area was 14 mm2) should contain

a sufficient number of voxels to derive reliable measurements. It is

therefore unlikely that the pixel size used in this study has resulted in

large errors that are on the order of the ASV magnitude. Moreover,

the effect of any residual flow aliasing was further minimized by a

standard aliasing postprocessing correction approach.

Which phase-contrast MR imaging (PCMR) is optimal is a

matter of debate. In the now almost 20-year-old study from

1996,8 still referred to as the main promoter study for the use of

ASV in NPH,1 the loss of a signal-to-noise ratio from high image

resolution had to be (partially) compensated for by reducing the

bandwidth and by using a half-Fourier algorithm. Still, the signal-

to-noise ratio appeared to be substantial, and readers with special

interest in the field are encouraged to retrospectively assess the

original PCMR images presented in the article. Additionally, the

compensations for loss of the signal-to-noise ratio resulted in a

scan time of 14 minutes. From our experience, impairments due

to motion artifacts may be a challenge when a 14-minute scan

time is applied in patients with cognitive decline. In comparison

with our study, the examinations may also have been affected by a

lower magnetic field strength (1.5T versus 3T) and an inferior

temporal resolution (18 frames per cardiac cycle versus 30 – 40).

Obviously, the ASV threshold level of 42 �L established from the

1996 study has been abandoned.1 It is now stated in the Commen-

tary1 to our article that ASV can be measured on any MR imaging

scanner in “10–20 elderly patients without enlarged ventricles,” and

by doubling this calibration value, one would identify shunt-respon-

sive NPH. In our opinion, this approach seems somewhat arbitrary,

and we await the scientific basis for this general recommendation.

Finally, we agree with Dr Bradley that methods for selecting pa-

tients with NPH to undergo surgical shunting vary by region and

specialty. However, ASV measurements have never gained wide-

spread acceptance. Because of the noninvasive nature of this tool, its

use would certainly have been embraced by many if the evidence for

its utility was convincing. It would have been most welcome and

convenient to the neurologic community if the complex pathophys-

iology deciding the shunt response in NPH could be described by 1

single CSF flow parameter obtained from a few-minutes-long time

interval. Our study, unfortunately, suggests this is not the case.

REFERENCES
1. Bradley WG. Intracranial pressure versus phase-contrast MRI for

normal pressure hydrocephalus. AJNR Am J Neuroradiol. In press
2. Ringstad G. Emblem KE, Geier O, et al. Aqueductal stroke volume:

comparisons with intracranial pressure scores in idiopathic nor-http://dx.doi.org/10.3174/ajnr.A4488

AJNR Am J Neuroradiol 36:1633–34 Sep 2015 www.ajnr.org 1633



mal pressure hydrocephalus. AJNR Am J Neuroradiol 2015 May 14.
[Epub ahead of print] CrossRef Medline

3. Bradley WG Jr. MR prediction of shunt response in NPH: CSF mor-
phology versus physiology. AJNR Am J Neuroradiol 1998;19:
1285– 86 Medline

4. Greitz D. Radiological assessment of hydrocephalus: new theories
and implications for therapy. Neurosurg Rev 2004;27:145– 65; dis-
cussion 166 – 67 CrossRef Medline

5. Bottan S, Poulikakos D, Kurtcuoglu V. Phantom model of physio-
logic intracranial pressure and cerebrospinal fluid dynamics. IEEE
Trans Biomed Eng 2012;59:1532–38 CrossRef Medline

6. Wagshul ME, Eide PK, Madsen JR. The pulsating brain: a review of
experimental and clinical studies of intracranial pulsatility. Fluids
Barriers CNS 2011;8:5 CrossRef Medline

7. Tain RW, Alperin N. Intracranial pressure dynamics are not linked
to aqueductal cerebrospinal fluid stroke volume. J Appl Physiol
(1985) 2013;114:1645 CrossRef Medline

8. Bradley WG Jr, Scalzo D, Queralt J, et al. Normal-pressure
hydrocephalus: evaluation with cerebrospinal fluid flow measure-
ments at MR imaging. Radiology 1996;198:523–29 CrossRef Medline

9. Al-Zain FT, Rademacher G, Meier U, et al. The role of cerebrospinal
fluid flow study using phase contrast MR imaging in diagnosing
idiopathic normal pressure hydrocephalus. Acta Neurochir Suppl
2008;102:119 –23 CrossRef Medline

10. Luetmer PH, Huston J, Friedman JA, et al. Measurement of cerebro-
spinal fluid flow at the cerebral aqueduct by use of phase-contrast
magnetic resonance imaging: technique validation and utility in
diagnosing idiopathic normal pressure hydrocephalus. Neurosur-
gery 2002;50:534 – 43; discussion 543– 44 Medline

11. Sharma AK, Gaikwad S, Gupta V, et al. Measurement of peak CSF
flow velocity at cerebral aqueduct, before and after lumbar CSF
drainage, by use of phase-contrast MRI: utility in the management
of idiopathic normal pressure hydrocephalus. Clin Neurol Neuro-
surg 2008;110:363– 68 CrossRef Medline

12. El Sankari S, Fichten A, Gondry-Jouet C, et al. Correlation between tap test
and CSF aqueductal stroke volume in idiopathic normal pressure hydro-
cephalus. Acta Neurochir Suppl 2012;113:43–46 CrossRef Medline

13. Abbey P, Singh P, Khandelwal N, et al. Shunt surgery effects on ce-
rebrospinal fluid flow across the aqueduct of Sylvius in patients
with communicating hydrocephalus. J Clin Neurosci 2009;16:
514 –18 CrossRef Medline

14. Scollato A, Gallina P, Gautam B, et al. Changes in aqueductal CSF stroke
volume in shunted patients with idiopathic normal-pressure hydro-
cephalus. AJNR Am J Neuroradiol 2009;30:1580–86 CrossRef Medline

15. Algin O, Hakyemez B, Parlak M. The efficiency of PC-MRI in diag-
nosis of normal pressure hydrocephalus and prediction of shunt
response. Acad Radiol 2010;17:181– 87 CrossRef Medline

16. Kahlon B, Annertz M, Ståhlberg F, et al. Is aqueductal stroke volume, mea-
sured with cine phase-contrast magnetic resonance imaging scans useful

in predicting outcome of shunt surgery in suspected normal pressure hy-
drocephalus? Neurosurgery 2007;60:124–29; discussion 129–30 Medline

17. BatemanGA,LoiselleAM.CanMRmeasurementofintracranialhydrody-
namics and compliance differentiate which patient with idiopathic nor-
mal pressure hydrocephalus will improve following shunt insertion? Acta
Neurochir 2007;149:455–62; discussion 462 CrossRef Medline

18. Dixon GR, Friedman JA, Luetmer PH, et al. Use of cerebrospinal
fluid flow rates measured by phase-contrast MR to predict outcome
of ventriculoperitoneal shunting for idiopathic normal-pressure
hydrocephalus. Mayo Clinic Proc 2002;77:509 –14 CrossRef Medline

19. Bateman GA, Levi CR, Schofield P, et al. The pathophysiology of the
aqueduct stroke volume in normal pressure hydrocephalus: can co-
morbidity with other forms of dementia be excluded? Neuroradiol-
ogy 2005;47:741– 48 CrossRef Medline

20. Chiang WW, Takoudis CG, Lee SH, et al. Relationship between ven-
tricular morphology and aqueductal cerebrospinal fluid flow in
healthy and communicating hydrocephalus. Invest Radiol 2009;44:
192–99 CrossRef Medline

21. Hebb AO, Cusimano MD. Idiopathic normal pressure hydrocephalus:
a systematic review of diagnosis and outcome. Neurosurgery 2001;49:
1166–84; discussion 1184–86 Medline

22. Eide PK, Sorteberg W. Diagnostic intracranial pressure monitoring
and surgical management in idiopathic normal pressure hydro-
cephalus: a 6-year review of 214 patients. Neurosurgery 2010;66:
80 –91 CrossRef Medline

23. Stranjalis G, Kalamatianos T, Koutsarnakis C, et al. Twelve-year hos-
pital outcomes in patients with idiopathic hydrocephalus. Acta
Neurochir Suppl 2012;113:115–17 CrossRef Medline

24. Hommelstad J, Madsø A, Eide PK. Significant reduction of shunt infection
rateinchildrenbelow1yearofageafterimplementationofaperioperative
protocol. Acta Neurochir (Wien) 2013;155:523–31 CrossRef Medline

25. Tisell M, Hellström P, Ahl-Börjesson G, et al. Long-term outcome in
109 adult patients operated on for hydrocephalus. Br J Neurosurg
2006;20:214 –21 CrossRef Medline

G. Ringstad
Department of Radiology

K.E. Emblem
The Intervention Centre

O. Geier
The Intervention Centre

Oslo University Hospital–Rikshospitalet
Oslo, Norway

N. Alperin
University of Miami Miller School of Medicine

Miami, Florida
P.K. Eide

Department of Neurosurgery
Oslo University Hospital–Rikshospitalet

Oslo, Norway

1634 Commentary Sep 2015 www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4340
http://www.ncbi.nlm.nih.gov/pubmed/25977480
http://www.ncbi.nlm.nih.gov/pubmed/9726468
http://dx.doi.org/10.1007/s10143-004-0326-9
http://www.ncbi.nlm.nih.gov/pubmed/15164255
http://dx.doi.org/10.1109/TBME.2012.2187448
http://www.ncbi.nlm.nih.gov/pubmed/22333981
http://dx.doi.org/10.1186/2045-8118-8-5
http://www.ncbi.nlm.nih.gov/pubmed/21349153
http://dx.doi.org/10.1152/japplphysiol.00357.2013
http://www.ncbi.nlm.nih.gov/pubmed/23729634
http://dx.doi.org/10.1148/radiology.198.2.8596861
http://www.ncbi.nlm.nih.gov/pubmed/8596861
http://dx.doi.org/10.1007/978-3-211-85578-2 24
http://www.ncbi.nlm.nih.gov/pubmed/19388301
http://www.ncbi.nlm.nih.gov/pubmed/11841721
http://dx.doi.org/10.1016/j.clineuro.2007.12.021
http://www.ncbi.nlm.nih.gov/pubmed/18282655
http://dx.doi.org/10.1007/978-3-7091-0923-6 9
http://www.ncbi.nlm.nih.gov/pubmed/22116421
http://dx.doi.org/10.1016/j.jocn.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19195891
http://dx.doi.org/10.3174/ajnr.A1616
http://www.ncbi.nlm.nih.gov/pubmed/19461060
http://dx.doi.org/10.1016/j.acra.2009.08.011
http://www.ncbi.nlm.nih.gov/pubmed/19910214
http://www.ncbi.nlm.nih.gov/pubmed/17228260
http://dx.doi.org/10.1007/s00701-007-1142-0
http://www.ncbi.nlm.nih.gov/pubmed/17406777
http://dx.doi.org/10.4065/77.6.509
http://www.ncbi.nlm.nih.gov/pubmed/12059119
http://dx.doi.org/10.1007/s00234-005-1418-0
http://www.ncbi.nlm.nih.gov/pubmed/16021440
http://dx.doi.org/10.1097/RLI.0b013e31819a640b
http://www.ncbi.nlm.nih.gov/pubmed/19300098
http://www.ncbi.nlm.nih.gov/pubmed/11846911
http://dx.doi.org/10.1227/01.NEU.0000363408.69856.B8
http://www.ncbi.nlm.nih.gov/pubmed/20023540
http://dx.doi.org/10.1007/978-3-7091-0923-6 23
http://www.ncbi.nlm.nih.gov/pubmed/22116435
http://dx.doi.org/10.1007/s00701-012-1574-z
http://www.ncbi.nlm.nih.gov/pubmed/23224578
http://dx.doi.org/10.1080/02688690600852324
http://www.ncbi.nlm.nih.gov/pubmed/16954071

	REFERENCES

