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 Purpose: To determine whether temporal changes in apparent diffu-
sion coeffi cient (ADC) over the cardiac cycle are different 
in patients with idiopathic normal-pressure hydrocephalus 
(INPH) as compared with patients with ex vacuo ventricu-
lar dilatation and healthy control subjects.

 Materials and 
Methods: 

This prospective study was approved by the institutional 
review board and was performed only after informed con-
sent was obtained from each patient. At 1.5 T, electrocar-
diographically triggered single-shot diffusion echo-planar 
magnetic resonance imaging ( b  = 0 and 1000 sec/mm 2 ) 
was performed with sensitivity encoding and half-scan 
techniques to minimize bulk motion.  D ADC was defi ned 
as the difference between maximum and minimum ADC 
on a pixel-by-pixel basis over 20 phases of the cardiac 
cycle. Mean ADC during the diastolic phase and  D ADC in 
the frontal white matter were determined in patients with 
INPH ( n  = 13), patients with ex vacuo ventricular dilata-
tion ( n  = 8), and healthy volunteers ( n  = 10). Kruskal-
Wallis tests were used to determine signifi cance between 
groups.

 Results: Mean  D ADC in the INPH group was signifi cantly higher 
than that in the ex vacuo ventricular dilatation and control 
groups ( P   ,  .01 for both). There was no signifi cant differ-
ence in  D ADC between the ex vacuo ventricular dilatation 
and control groups ( P  = .86). There was no signifi cant 
difference in mean ADC during the diastolic phase among 
groups ( P   .  .05 for all). There was no signifi cant correla-
tion between  D ADC and mean ADC during the diastolic 
phase in any group.

 Conclusion: Determination of fl uctuation of ADC over the cardiac cy-
cle may render it possible to noninvasively obtain new and 
more detailed information than that provided by standard 
ADC measurement in suspected INPH, potentially facili-
tating the diagnosis of this disease.
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to determine whether temporal changes 
in ADC over the cardiac cycle were dif-
ferent in patients with INPH as compared 
with patients with ex vacuo ventricular 
dilatation and healthy control subjects. 

 Materials and Methods 

 Subjects 
 The purpose and procedures of all our 
investigations were fully explained to 
all patients, and the studies were per-
formed only after we obtained informed 
consent from each patient. This study   
was approved by the institutional re-
view board at Nagoya City University. In 
this prospective study, 13 patients with 
INPH (nine men and four women; mean 
age, 78 years; range, 71–84 years), eight 
patients with ex vacuo ventricular dila-
tation with an Evans index greater than 
0.3 (fi ve men and three women; mean 
age, 76 years; range, 68–80 years), and 
10 healthy volunteers (four men and 
six women; mean age, 72 years; range, 
67–80 years) were examined between 
June 2009 and February 2011 ( Table  ). 
No patient was excluded from the study. 
The diagnosis of INPH was confi rmed 
by two neurosurgeons (M.M. and T.O., 
with 25 and 10 years of experience in 
neurosurgery, respectively) and was 

information about intracranial mechani-
cal properties in INPH (eg, intracranial 
compliance) ( 2,8–12 ). However, the di-
agnostic utility of this latter method is 
still not established. 

 Arterial infl ow into the cranium 
induces venous and CSF outfl ow and 
displacement of the intracranial spinal 
cord during the cardiac cycle, resulting 
in pulsatile brain motion ( 12–14 ). Brain 
pulsation (ie, bulk motion) reportedly 
can give rise to artifactual phase disper-
sion and may lead to overestimation of 
the apparent diffusion coeffi cient (ADC) 
( 15,16 ). Brockstedt et al ( 17 ) reported 
that ADC was not changed signifi cantly 
during the cardiac cycle with the single-
shot echo-planar imaging (EPI) sequence 
widely used in diffusion MR imaging. 
However, they analyzed only two delay 
times (100 and 400 msec) between the 
R peaks in the cardiac cycle. To more 
completely analyze ADC changes dur-
ing the cardiac cycle, our own group has 
previously evaluated the temporal change 
in ADC during the entire cardiac cycle 
by using an electrocardiographically 
(ECG)-triggered single-shot diffusion 
EPI sequence to minimize bulk motion 
effect. As a result, we revealed in a pre-
vious study that white matter ADC 
changed signifi cantly over the cardiac 
cycle and that such changes were syn-
chronized with the arterial infl ow (vol-
ume loading) at systole ( 18 ). We further 
hypothesize that changes in ADC dur-
ing the cardiac cycle are related to the 
biomechanical properties of intracra-
nial tissues; hence, observed temporal 
changes in ADC in diseases such as 
INPH that are characterized by low intrac-
ranial compliance ( 12 ) may well be dif-
ferent than those in other diseases. 
Therefore, the purpose of our study was 

             Normal-pressure hydrocephalus 
(NPH) is characterized by a clini-
cal triad of ataxia, incontinence, 

and dementia, as well as dilated ven-
tricles but normal cerebrospinal fl uid 
(CSF) pressures. In patients with NPH, 
CSF shunt placement is effective for im-
proving these symptoms ( 1 ). NPH has at-
tracted attention as one of the few treat-
able causes of dementia. Diagnosis of 
idiopathic NPH (INPH) without a known 
cause of communicating hydrocephalus, 
including subarachnoid hemorrhage or 
meningitis, is particularly diffi cult ( 2 ). 
Moreover, to clarify the cause of NPH, 
accurately diagnose NPH, and identify 
appropriate patients for shunt surgery, 
several tests have been proposed, in-
cluding cisternography, the CSF tap 
test, resistance measures, external lum-
bar drainage, and intracranial pressure 
recording, in addition to clinical fi ndings 
and conventional imaging diagnosis with 
x-ray computed tomography or mag-
netic resonance (MR) imaging ( 3–6 ). It 
has also been reported ( 7 ) that a single 
standard for the prognostic evaluation 
of patients with INPH was lacking and 
that supplemental tests could increase 
the predictive accuracy of the progno-
sis. The CSF tap test is a particularly 
reliable examination, but it is invasive 
and has low sensitivity. It has been pro-
posed that MR imaging CSF fl ow stud-
ies can be used to noninvasively obtain 

 Implication for Patient Care 

 Analysis of temporal changes in  n

ADC over the cardiac cycle may 
render it possible to noninva-
sively obtain new and more 
detailed information than that 
provided by standard ADC mea-
surement in suspected INPH, 
potentially facilitating the diagno-
sis of this disease. 

 Advances in Knowledge 

 Temporal changes in the brain  n

parenchyma’s apparent diffusion 
coeffi cient (ADC) during the car-
diac cycle ( D ADC) reveal the 
degree of fl uctuation of water 
molecules likely resulting from 
arterial infl ow (volume loading) 
during systole. 

 The increased fl uctuation of  n

water molecules in the brain 
parenchyma due to diminished 
compliance may explain elevated 
mean  D ADC in the idiopathic 
normal-pressure hydrocephalus 
(INPH) group as compared with 
that in the patients with ex vacuo 
ventricular dilatation and the 
control group. 
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time, two R-R intervals; echo time 70 
msec; fl ip angle, 90°; section thickness, 
4 mm; imaging matrix, 64  3  64; fi eld of 
view, 256 mm; number of signals aver-
aged, two; 20 cardiac phases (different 
phases acquired by varying ECG trig-
ger delay time);  b  = 0 and 1000 sec/mm 2 ; 
duration and respective times between 
leading edges of the diffusion gradients, 
28.6 and 48.7 msec; three separate 
measures in the x-, y-, and z-axis direc-
tions; sensitivity encoding factor, two; 
and half-scan factor, 0.6. In single-shot 
EPI, all k-space data are acquired with 
only a single radiofrequency excitation. 

we did not evaluate them to avoid the 
partial volume effect. We compared 
mean  D ADC in the frontal white matter 
among the INPH, ex vacuo ventricular 
dilatation, and control groups. In addi-
tion to the  D ADC analysis, we also com-
pared mean ADC of the diastolic phases 
between groups ( 20 ). 

 Image Acquisition 
 With a 1.5-T MR imaging unit (Gyroscan 
Intera; Philips Medical Systems, Best, 
the Netherlands), ECG-triggered single-
shot diffusion EPI was performed with 
the following parameters:   repetition 

based on evidence from the clinical exam-
ination, brain imaging, and CSF tap test 
according to the Japanese guidelines set 
by Ishikawa et al ( 19 ). All patients with   
INPH showed improvement after a CSF 
tap test, according to symptom analysis 
after lumbar puncture and removal of 
CSF. Nine of 13 patients with INPH 
showed clinical improvement after shunt 
surgery. For four of 13 patients, shunt 
surgery was not performed because we 
could not obtain informed consent. 

 Procedure for  D ADC Analysis 
 ECG-triggered single-shot diffusion MR 
imaging was performed to calculate the 
ADC map in each cardiac phase by two 
authors (H. Kasai and   H. Kan, with 15 
and 2 years of experience in MR imag-
ing, respectively). The trigger delay was 
set at regular intervals depending on the 
heart rate (approximately 20 cardiac 
phases). Multiphase diffusion-weighted 
images were acquired over multiple 
heartbeats. The ADC was calculated 
by using the following equation: ADC = 
ln( S  1 / S  2 )/ b  2   2   b  1 , where  b  1  and  b  2  rep-
resent the parameters of the diffusion 
gradient and  S  1  and  S  2  represent signal 
intensities at each respective  b  value. 
Maximum change in ADC ( D ADC) was 
calculated from all cardiac phase images 
(20 phases) on a pixel-by-pixel basis by 
using the following equation:  D ADC = 
ADC max   2  ADC min , where ADC max  and 
ADC min  represent the maximum and 
minimum ADC during the cardiac cycle. 
A  D ADC image was created. We then 
determined mean  D ADC in regions of 
interest (ROIs) on the  D ADC image. 
The ROI was   drawn manually in the 
frontal white matter defi ned on a high-
spatial-resolution T2-weighted image at 
the same section level as the  D ADC im-
age to exclude the periventricular high-
signal-intensity area on the T2-weighted 
image by one of three authors (M.M., 
N.O., and T.M., with 25, 4 and 25 years 
of experience in MR imaging, respec-
tively) with mutual consent of the other 
two authors. The mean ROI size was 
85 mm 2  (range, 60–120 mm 2 ). Because 
white matter regions other than those in 
the frontal   white matter were extremely 
small in patients with INPH and patients 
with ex vacuo ventricular dilatation, 

  

 Demographic Data, Mean  D ADC, and ADC in Frontal White Matter in All Subjects 

Group and Patient No./ Sex/Age (y)  D ADC ( 3  10  2 3  mm 2 /sec) ADC ( 3  10  2 3  mm 2 /sec)

Control
 1/F/57 0.186 0.762
 2/F/67 0.238 0.773
 3/F/77 0.172 0.797
 4/F/71 0.200 0.713
 5/M/67 0.259 0.741
 6/M/80 0.267 0.732
 7/M/75 0.275 0.759
 8/F/70 0.232 0.726
 9/F/77 0.220 0.793
 10/M/77 0.385 0.778
INPH * 
 11/M/81 0.340 0.801
 12/F/75 0.275 0.773
 13/M/77 0.425 0.813
 14/M/70 0.394 0.804
 15/M/76 0.328 0.737
 16/M/84 0.333 0.747
 17/F/81 0.331 0.781
 18/M/71 0.240 0.771
 19/M/77 0.328 0.757
 20/F/74 0.434 0.737
 21/M/84 0.448 0.726
 22/F/81 0.407 0.785
 23/M/78 0.241 0.744
Ex vacuo ventricular dilatation
 24/M/78 0.254 0.803
 25/M/81 0.144 0.793
 26/F/68 0.204 0.687
 27/M/79 0.230 0.737
 28/F/74 0.255 0.780
 29/M/80 0.276 0.853
 30/F/70 0.196 0.642
 31/F/77 0.273 0.773

*Patients 12, 14, 15, 18, 19, 20, 21, 22, and 23 had a positive shunt response, while patients 11, 13, 16, and 17 did not undergo 
surgery.
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icant difference in  D ADC between the 
ex vacuo ventricular dilatation and con-
trol groups ( P  = .86). 

  Figure 3   shows the mean ADCs dur-
ing the diastolic phase in the frontal white 
matter in patients with INPH, patients 
with ex vacuo ventricular dilatation, and 
the control group. The mean ADC of the 
INPH group was 0.767  3  10  2 3  mm 2 /sec 
 6  0.028, compared with 0.758  3  10  2 3  
mm 2 /sec  6  0.068 for the ex vacuo ven-
tricular dilatation group and 0.757  3  
10  2 3  mm 2 /sec  6  0.029 for the control 
group. There was no signifi cant differ-
ence in ADC between the INPH and 
ex vacuo ventricular dilatation groups 
( P  = .93), the INPH and control groups 
( P  = .44), and the ex vacuo ventricular 
dilatation and control groups ( P  = .55). 

 The relationship between  D ADC and 
ADC in white matter is shown in  Figure 
4  . There was no signifi cant correlation 
between  D ADC and ADC (INPH group, 
 P  = .81; ex vacuo ventricular dilatation 
group,  P  = .28; control group,  P  = .95). 

 Results 

 Demographic data are shown in the 
 Table . Examples of mean ADC in the 
frontal white matter during the cardiac 
cycle and  D ADC images in each group 
are shown in  Figure 1  . The ADCs in the 
frontal white matter changed signifi -
cantly during the cardiac cycle in each 
group ( P   ,  .01 for all). 

  Figure 2   shows the mean  D ADCs of 
the frontal white matter in patients with 
INPH, patients with ex vacuo ventricu-
lar dilatation, and the control group. 
The mean    D ADC of the INPH group 
was 0.348  3  10  2 3  mm 2 /sec  6  0.070 
(standard deviation), compared with 
0.229  3  10  2 3  mm 2 /sec  6  0.045 for the 
ex vacuo ventricular dilatation group 
and 0.243  3  10  2 3  mm 2 /sec  6  0.060 for 
the control group. Mean  D ADC in the 
INPH group was signifi cantly greater 
than that in the ex vacuo ventricular 
dilatation and control groups ( P   ,  .01 
for both), whereas there was no signif-

Generally, single-shot EPI allows acqui-
sition of an image within 80 msec and 
hence is largely insensitive to motion 
( 21 ). However, it is diffi cult to eliminate 
the bulk motion effect completely with 
single-shot EPI alone because the data 
sampling window is extended by increas-
ing echo train length. Moreover, this 
technique is susceptible to image blurring 
and distortion. To resolve these problems, 
we used half-scan, rectangular fi eld of 
view, and sensitivity encoding techniques 
( 22 ). Thus the duration of the data sam-
pling window could be 8.5 msec. 

 Statistical Analyses 
 All statistical analyses were performed 
by using software (SPSS for Windows, 
version 18.0; SPSS, Chicago, Ill). Kruskal-
Wallis tests were used to determine the 
signifi cance between groups. The relation 
between the  D ADC and ADC was as-
sessed by using multiple linear regression 
analysis.  P   ,  .05 was considered to indi-
cate a signifi cant difference. 

 Figure 1 

  
  Figure 1:    (a–c)  Graphs of ADC   changes during the cardiac cycle and  (d–f)   D ADC images show typical study fi ndings in  (a, d)  a healthy 67-year-old man,  (b, e)  a 
76-year-old man with INPH, and  (c, f)  a 78-year-old man with ex vacuo ventricular dilatation.   
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 Figure 2 

  
  Figure 2:  Bar graph shows mean  D ADCs in   each 
group. Mean  D ADC in the INPH group was signifi cantly 
higher than that in the ex vacuo ventricular dilatation 
and control groups ( P   ,  .01 for both), whereas there 
was no signifi cant difference in  D ADC between the 
ex vacuo ventricular dilatation and control groups 
( P  = .86). Error bars = standard deviations.   

 Figure 3 

  
  Figure 3:  Bar graph shows mean ADCs in each 
group. There was no signifi cant difference in ADC 
between groups ( P   .  .05 for all). Error bars = 
standard deviations.   

 Figure 4 

  
  Figure 4:  Relationship between  D ADC and ADC in  (a)  healthy volunteers,  (b)  patients with INPH, and  (c)  patients with ex vacuo ventricular dilatation. There was no 
signifi cant correlation between  D ADC and ADC ( P   .  .05 for all).   

 Discussion 

 In the current study, we demonstrated 
that mean ADCs changed signifi cantly 
over the cardiac cycle in multiple patient 
groups, apparently altered by the arte-
rial infl ow (volume loading) at systole, 
even with minimization of the effect of 
bulk motion ( 18 ). We further demon-
strated that changes in ADC over the 
cardiac cycle were more pronounced in 
patients with INPH than in either healthy 
control subjects or patients with ex vacuo 
ventricular dilatation. This latter obser-
vation suggests that the diminished in-
tracranial compliance in INPH as com-
pared with that in the other groups led 
to tight mechanical coupling between 
blood fl ow and CSF pulsation in the car-
diac cycle ( 23 ); hence, water molecules 
in the brain parenchyma were substan-
tially impacted by the volume loading. 
We propose that temporal changes in 

system is decreased because of reduced 
venous compliance; alternatively, the in-
creased CSF outfl ow allows dampening 
of the excess volume loading ( 26 ). The 
pulsation force not dampened by the ve-
nous outfl ow is propagated directly into 
the brain parenchyma, and, as a result, 
increased brain expansion is directed 
inward and compresses the ventricles. 
The increased “fl uctuation” of water 
molecules in the brain parenchyma be-
cause of low compliance may explain 
the elevated mean  D ADC in the INPH 
group as compared with that in the ex 
vacuo ventricular dilatation and control 
groups. Moreover, INPH reportedly 
increases the amount of water in the 
extracellular space used as an alterna-
tive CSF absorption pathway ( 27 ). We 
consider that this increased amount of 
water in the extracellular space in INPH 
may also render the water molecular fl uc-
tuation greater and mean  D ADC higher. 

 In the present study, we detected 
no signifi cant difference in mean ADC 
among groups. Thus, the fact   that mean 
 D ADC in the INPH group was signifi -
cantly higher than that in the control and 
ex vacuo ventricular dilatation groups 
despite the former fi nding indicates the 
utility of the  D ADC analysis. Further-
more, the lack of signifi cant correlation 
between mean  D ADC and ADC suggests 
that  D ADC and ADC do not necessarily 
provide the same kind of information—
that is, the  D ADC reveals the degree of 
fl uctuation of water molecules resulting 
from volume loading at systole. Although 
dynamic change in the ADC during the 
cardiac cycle has been thought to re-
sult in artifacts, we considered that the 
 D ADC analysis provided new information 

ADC over the cardiac cycle may not 
only provide a reliable diagnostic test for 
INPH but also allow selection of appro-
priate patients for shunt surgery in this 
condition. 

 The observed differences in  D ADC 
among groups may be explained as fol-
lows: Brain expansion is induced by di-
lation of the intracranial arterial vessels, 
which causes intracranial volume load-
ing. Greitz et al ( 24 ) investigated brain 
motion by using phase-contrast MR im-
aging and verifi ed that volume loading 
induces brain displacement toward the 
ventricular system. In healthy brains, 
this volume loading is dampened by ve-
nous and CSF outfl ow, as well as by dis-
placement of the intracranial spinal cord 
from the cranium. Furthermore, many 
studies ( 2,8–12 ) have demonstrated re-
duced compliance in INPH. Bateman et al 
( 25 ) reported that venous resistance is 
increased; that is, venous compliance is 
decreased as a consequence of the low 
intracranial compliance. The dampen-
ing of the brain pulsation by the venous 
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as compared with standard diffusion pa-
rameters and thus may facilitate assess-
ment of diseases as a new biomarker in 
which ADC remains normal. The  D ADC 
data can be obtained within 10 minutes, 
and each ADC image is also used for di-
agnosis, thereby making for easier clini-
cal application. 

 Our study had several limitations. 
First, because the patient populations 
were small, we recommend that further 
evaluation be undertaken with a larger 
sample size to confi rm the effi cacy of 
the method described in this study. 
Second, the alteration in  D ADC and ADC 
induced by age differences was not clari-
fi ed in this study. Further investiga-
tion with a wider age range should be 
pursued in future. Third, we plan to im-
prove the pulse sequence with a shorter 
acquisition time, an optimized combina-
tion of  b  values for obtaining accurate 
ADCs, and lower noise than in the cur-
rent series. 

 In conclusion, we evaluated the 
change in ADC during the cardiac cycle 
in patients with INPH in comparison 
with the ADC in healthy subjects and 
patients with ex vacuo ventricular dila-
tation. The mean  D ADC in the INPH 
group was signifi cantly higher than that 
in the control and ex vacuo ventricu-
lar dilatation groups, whereas there 
was no signifi cant difference in ADC 
between groups. Determination of fl uc-
tuation of ADC over the cardiac cycle 
may render it possible to noninvasively 
obtain new and more detailed informa-
tion than that provided by the standard 
ADC measurement in suspected INPH, 
potentially facilitating the diagnosis of 
this disease. 
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