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inTroDuCTion
First reported by Hakim and Adams1 in 1965, normal 
pressure hydrocephalus (NPH) is characterized by a clin-
ical triad of ataxia, urinary incontinence, and dementia; 
dilated ventricles on CT or MRI; normal cerebrospinal 
fluid (CSF) pressure; and improvement after CSF shunt 
surgery. In particular, the pathogenesis of idiopathic NPH 
(iNPH) remains poorly understood. Differential diag-
nosis is challenging, requiring careful consideration of 
diagnostic criteria and selection of appropriate patients 
for shunt surgery.2 Moreover, iNPH can occur in combi-
nation with other neurodegenerative disorders, cerebro-
vascular disease, primary urological disorders, spinal 
stenosis, and other conditions.3 Because a single standard 
for the diagnosis and prognosis of iNPH is insufficient, 
many supplemental tests including functional MRI have 
been suggested to improve the diagnostic and prognostic 
accuracy.2,4–7

Diffusion-weighted imaging (DWI)8 is used generally in 
the diagnosis and treatment of various neurodegenerative 
disorders. The apparent diffusion coefficient (ADC) of the 
brain, calculated from DWI data, is overestimated because 
of the effect of bulk motion (rigid body motion caused by the 
brain pulsation).9 Brockstedt et al10 reported that the bulk 
motion effect could be reduced by using single-shot echo-
planar imaging (EPI). However, Nakamura et al11 clarified 
that EPI-obtained ADC values changed significantly over 
the cardiac cycle and were synchronized with intracranial 
volume changes even when the bulk motion effect was mini-
mized. Moreover, Ohno et al6 reported that the maximum 
change in the ADC (ΔADC) reflected the degree of the 
fluctuation of water molecules and the ΔADC was signifi-
cantly higher in iNPH (mentioned above). Subsequently, 
it has been suggested that the ΔADC makes it possible to 
obtain brain biomechanics information such as intracra-
nial compliance.2,6 Kitanaka et al12 normalized the ΔADC 
by using regional cerebral blood flow (rCBF), because the 
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objective: To clarify the cause of higher water fluctu-
ation of the brain in idiopathic normal pressure hydro-
cephalus (iNPH), we assessed change in hemodynam-
ic-independent apparent diffusion coefficient during the 
cardiac cycle (ΔADC) in iNPH.
Methods: Electrocardiographically synchronized single-
shot diffusion echo-planer imaging (b = 0, 500, and 
1000 s/mm2) was performed in healthy volunteers, 
atrophic ventricular dilation group, and iNPH group, 
respectively. The ΔADC (b = 0 and 1000 s/mm2) and 
maximum ADC (b = 0 and 500 s/mm2) in the cardiac 
cycles were measured at the frontal white matter in the 
brain. Then, self-corrected ΔADC was obtained from 
the ΔADC divided by the maximum ADC (ADCpeak: 

perfusion-related diffusion) to correct the blood flow 
effect.
results: The ΔADC after correction was significantly 
higher in the iNPH group than in the other two groups. 
However, there was no significant difference in ADCpeak 
values among the groups.
Conclusion: Self-corrected ΔADC in iNPH increased 
because of changes in the biomechanical properties of 
the brain. Self-corrected ΔADC analysis makes it possible 
to obtain information on hemodynamically independent 
water fluctuation as well as perfusion in iNPH.
advances in knowledge: Analysis self-corrected ΔADC 
provides simultaneously information on biomechanical 
properties, perfusion, and water fluctuation in iNPH.
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ΔADC was affected by the rCBF, which was a driving force for 
water molecule fluctuation.13 However, to acquire the rCBF 
values, an additional scan or examination must be performed, 
such as arterial spin labeling, dynamic contrast-enhanced study, 
or nuclear medicine examination. Thus, we speculated that the 
peak ADC in the cardiac cycle obtained with low b-value data 
sets (e.g. b = 0 and b ≤ 500 s/mm2) was sensitive to microcap-
illary perfusion.14–16 This perfusion-related diffusion could be 
simultaneously obtained during a ΔADC scan, and we normal-
ized the blood flow effect of ΔADC by using the perfusion-re-
lated diffusion.16 This hemodynamic-independent method, i.e. 
self-corrected ΔADC, was thought to be useful for obtaining 
more detailed information on iNPH, because iNPH potentially 
changed the CBF as well as the intracranial compliance.2,6

Therefore, in this study, we applied this method to evaluate the 
hemodynamic-independent water fluctuation and perfusion-re-
lated diffusion in iNPH and we compared that with asymp-
tomatic ventricular dilation or brain atrophy (atrophic VD) to 
characterize the iNPH.

MeTHoDs anD MaTerials
Procedure for calculation of ADC
Using a 1.5-T MRI unit (Gyroscan Intera; Philips Medical 
Systems, Best, Netherlands), electrocardiographically synchro-
nized single-shot diffusion EPI imaging was performed to 
acquire transverse DWI at the basal ganglion level. The trigger 
delay was set at regular intervals depending on the heart rate 
(approximately 20 cardiac phases). DWI scanning included the 
following parameters: echo time, 70 ms; repetition time, two R–R 
intervals; field of view, 256 mm; imaging matrix, 64 × 64; section 
of thickness, 4 mm; b-values, 0, 500, and 1000 s/mm2. Moreover, 
half-scan factors and parallel imaging were used to minimize the 
bulk motion effect. ADC maps were calculated on a pixel-by-
pixel basis from the following equation (1):

 ADC = ln
(
S0/Sn

)
/
(
bn
)
  (1)

where bn represented diffusion gradient parameters, and S0 and 
Sn represented signal intensities of DWI at each b-value.

Calculation of self-corrected ΔADC
Regions of interest were set in the frontal white matter on ADC 
maps calculated from b-values of 0 and 1000 s/mm2 over the 
cardiac cycle (Figure 1), and the maximum ADC (ADC1000 peak) 
and the minimum ADC (ADC1000 bot) were acquired. Next, the 
maximum change in ADC (ΔADC1000) was calculated from the 
following equation (2):

 ∆ADC1000 = ADC1000 peak − ADC1000 bot   (2)

Then, to obtain hemodynamically independent ΔADC (self-cor-
rected ΔADC), ΔADC1000 was normalized by the peak ADC in 
the cardiac cycle using b-values of 0 and 500 s/mm2 (ADC500 peak, 
i.e. perfusion related diffusion), which showed a linear relation-
ship with CBF from the following equation (3)16:

 Self− corrected∆ADC = ∆ADC1000 /ADC500 peak  (3)

Participants and statistical analyses
The purpose and protocol of our investigation were explained 
to all the patients, and the studies were performed only after 
informed consent was obtained from each patient. The studies 
were performed in 17 patients with iNPH diagnosed by clinical 
examinations, brain imaging, and CSF tap test according to the 
Japanese guidelines17 (13 males and 4 females; mean age, 77 ± 
5 years), 9 patients with atrophic VD with an Evans index > 0.3 
(6 males and 3 females; mean age, 72 ± 10 years), and 8 healthy 
volunteers (control; 4 males and 4 females; mean age, 71 ± 7 
years).

SPSS ver. 19.0 for Windows (IBM, Chicago, IL, USA) was used 
to perform all analyses. We used Kruskal–Wallis tests followed 
by Dunn's post-hoc test to determine the correlation between 
groups. A p-value of < .05 was considered a statistically signif-
icant difference.

resulTs
Figure 2 shows the self-corrected ΔADC and the representative 
images for the control, VD, and iNPH groups. The self-corrected 
ΔADC was significantly higher in the iNPH group (0.20 ± 0.05) 
than in the control (0.14 ± 0.03; p = 0.021) and atrophic VD 
groups (0.16 ± 0.07; p = 0.035) (Figure 2a). The non-corrected 
ΔADC was also significantly higher in the iNPH group (0.20 ± 
0.06) than in the control (0.14 ± 0.03; p = 0.006) and atrophic VD 
groups (0.15 ± 0.06; p = 0.018) (Figure 3). There was no signifi-
cant difference in the ADCpeak among the three groups (control, 
0.83 ± 0.04; atrophic VD, 0.84 ± 0.07; iNPH, 0.90 ± 0.05; p > 0.05 
for all) (Figure 4).

Figure 1. (a) Regions of interest (ROI) in the frontal white 
matter on apparent diffusion coefficient (ADC) maps, and (b) 
ΔADC and ADCpeak obtained from the ADC curve in the car-
diac cycle.
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DisCussion
We applied the self-corrected ΔADC analysis method to partic-
ipants with iNPH to assess the degree of hemodynamically-in-
dependent fluctuation of water molecules in the brain and to 
specify the primary factor of increase in the ΔADC. After the 
normalization of the ΔADC by using perfusion-related diffusion, 
the self-corrected ΔADC was found to be significantly higher in 
the iNPH group than in the atrophic VD group, although the 
imaging findings were sometimes similar. These results indicate 
that the reason for the increase in ΔADC (non-corrected ΔADC) 
in iNPH,6 as the water fluctuation in the brain (output), is the 
change in biomechanical properties, such as intracranial compli-
ance,2 not CBF change as the driving force (input) (Figure 5). This 
view is supported by the fact that there is no significant difference 
in perfusion-related diffusion (peak ADC in the cardiac cycle 
with low b-value, which is in proportion to CBF12,16) among the 
groups. In fact, although some studies have reported that CBF of 
frontal white matter did not change or decreased in iNPH,18–20 
there are no reports of increases in CBF of frontal white matter 
in iNPH, which increases ΔADC. Thus, we considered that the 
increase in ΔADC, as an output in iNPH, reflected biomechan-
ical properties rather than the change in CBF.

As described above, this novel analysis method makes it possible 
to simultaneously obtain information on hemodynamic-inde-
pendent and biomechanical properties (self-corrected ΔADC), 
as well as CBF (perfusion-related diffusion) and water fluc-
tuation (ΔADC: non-corrected ΔADC) in iNPH (Figure  5). If 
this method (within 10 min) is added during the standard MRI 

examination of iNPH, the acquired information may improve 
the diagnosis and prognosis of iNPH, because supplemental 
tests can increase the predictive accuracy of the prognosis, as 
mentioned in the iNPH guideline.4 Other MRI methods for 

Figure 2. (a) Self-corrected ΔADC values for the control, 
asymptomatic ventricular dilation or brain atrophy (atrophic 
VD), and iNPH groups. Representative images of self-cor-
rected ΔADC maps for the (b) control, (c) atrophic VD, and (d) 
iNPH groups. ΔADC, maximum change in apparent diffusion 
coefficient during the cardiac cycle; AU, arbitrary units; iNPH, 
idiopathic normal pressure hydrocephalus; NS, not significant.

Figure 3. Non-corrected (ΔADC) values for the control, 
asymptomatic ventricular dilation or brain atrophy (atrophic 
VD), and iNPH groups. Representative images of non-cor-
rected ΔADC maps for the (b) control, (c) atrophic VD, 
and (d) iNPH groups. ΔADC, maximum change in apparent 
diffusion coefficient during the cardiac cycle; iNPH, idio-
pathic normal pressure hydrocephalus; NS, not significant. 

Figure 4. ADC500 peak values for the control, asymptomatic 
ventricular dilation or brain atrophy (atrophic VD), and iNPH 
groups. ADC500 peak, peak apparent diffusion coefficient in the 
cardiac cycle using b-values of 0 and 500 s/mm2; iNPH, idi-
opathic normal pressure hydrocephalus; NS, not significant. 
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evaluating iNPH were reported, including aqueductal CSF 
flow analysis5 and multiexponential fitting to DWI data.15 The 
aqueductal CSF flow analysis does not always show changes in 
intracranial compliance, because CSF flow is modulated by the 
hemodynamics of the brain.2 Multiexponential fitting to DWI 
data can simultaneously obtain perfusion and diffusion informa-
tion, but it cannot obtain biomechanical information as in this 
self-corrected ΔADC analysis.

A limitation of this study is the b-value for assessing perfu-
sion-related diffusion (ADC500 peak) is not optimized, because we 

analyzed existing data sets obtained previously for conventional 
ΔADC analysis in iNPH. However, because the use of higher 
b-values (ADC600 peak) resulted in a linear relationship between 
ADC600 peak and CBF obtained with arterial spin labeling,16 we 
suggest that this is not a critical problem in this study. We plan to 
optimize combinations of b-values such as 0 and 200 s/mm2 (i.e. 
ADC200 peak) to obtain accurate perfusion-related diffusion, and 
we plan to apply this method to iNPH, the other neurodegener-
ative disorders (e.g. Alzheimer’s disease and Parkinson’s disease), 
and vascular dementia. The other limitations of this study are 
related to the age and gender-composition differences between 
groups and the small number of samples. Although there was no 
significant difference in the age among the three groups, further 
study should be undertaken to clarify age and gender depen-
dence in each group with a wider age range and larger sample 
size. Additionally, the sensitivity and specificity of our method 
for iNPH diagnosis should be evaluated.

ConClusion
We applied our original method of self-corrected ΔADC analysis 
to iNPH and found that self-corrected ΔADC in iNPH increased 
because of changes in the biomechanical properties of the brain. 
Self-corrected ΔADC analysis makes it possible to simultane-
ously obtain information on biomechanical properties, perfu-
sion, and water fluctuation in iNPH.
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Figure 5. Overview of the self-corrected ΔADC analysis. ΔADC 
(output), which reflects degree of water fluctuation in brain 
tissue6,13 is caused by cerebral blood flow (perfusion-related 
diffusion, i.e. peak ADC in the cardiac cycle with low b-value; 
input) as the driving force. Self-corrected ΔADC, which corre-
sponds to the biomechanical properties, such as intracranial 
compliance, is calculated from ΔADC normalized by perfu-
sion-related diffusion. ΔADC, maximum change in apparent 
diffusion coefficient during the cardiac cycle; iNPH, idiopathic 
normal pressure hydrocephalus; *, Results of this study.
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