
YDROCEPHALUS is a common disorder that is encoun-
tered in pediatric neurological and neurosurgical
practice. A distinction has to be made between

spontaneously compensated hydrocephalus without signs of
raised ICP and progressive hydrocephalus with raised ICP.
In cases of raised ICP, CSF diversion is usually indicated to

prevent damage to brain tissue given that elevated ICP is
associated with worse neurodevelopmental outcome.32

Raised ICP in patients with hydrocephalus may also lead
to alterations in cerebral hemodynamics.34 A decrease in
CBF to ischemic levels can lead to irreversible damage.7,36

Decreased CBF has been observed in animal experiments
and in adult patients with raised ICP due to trauma or hydro-
cephalus.21,24,36,39,41,52,63,64 Compression of peripheral arterioles
by raised ICP can influence CBF significantly.

The distinction between compensated and progressive hy-
drocephalus can be especially difficult46 in infants because
clinical signs and symptoms can be absent, nonspecific, or
unreliable.28,31,37 Moreover the size of the ventricles on CT
scanning or MR imaging4 does not always correlate with
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Object. Raised intracranial pressure (ICP) that is associated with hydrocephalus may lead to alterations in cerebral
hemodynamics and ischemic changes in the brain. In infants with hydrocephalus, defining the right moment for surgi-
cal intervention based on clinical signs alone can sometimes be a difficult task. Clinical signs of raised ICP are known
to be unreliable and sometimes even misleading. Furthermore, when sutures are closed, ICP does not always correlate
with the size of the ventricles or with the clinical signs or symptoms. In this study the authors investigated whether cere-
bral blood flow (CBF) can be measured by using quantitative MR angiography in infants with progressive hydroceph-
alus. In addition, the authors investigated the relationship between CBF and ICP, before and after cerebrospinal fluid
(CSF) diversion. 

Methods. Fifteen infants with progressive hydrocephalus (age range 1 day–7 months) were examined. All patients
underwent anterior fontanel pressure measurement, MR angiography, and mean arterial blood pressure measurements
before and after CSF diversion. Brain volume was measured to compensate for the physiological increase in CBF dur-
ing brain maturation in infants.

Results. The mean preoperative ICP was 19.1 6 8.4 cm H2O (6 standard deviation). The mean postoperative ICP
was 6.7 6 4.0 cm H2O (p , 0.005). The mean preoperative CBF was 25.7 6 11.3 ml/100 cm3 brain/min. After CSF
diversion, CBF increased to 50.1 6 12.1 ml/100 cm3 brain/min (p , 0.005). The mean arterial blood pressure did not
change after surgical intervention. 

Conclusions. Magnetic resonance imaging can be used to measure CBF in infants with hydrocephalus. Raised ICP
was related to a decrease in CBF. After CSF diversion, CBF and ICP improved to values within the normal range.
(DOI: 10.3171/PED/2008/2/9/163)
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Abbreviations used in this paper: AFP = anterior fontanel pres-
sure; BA = basilar artery; CBF = cerebral blood flow; CPP = cere-
bral perfusion pressure; CSF = cerebrospinal fluid; CVR = cerebral
vascular resistance; ICA = internal carotid artery; ICP = intracranial
pressure; MABP = mean arterial blood pressure; NPH = normal-
pressure hydrocephalus; ROI = region of interest; RTT = Rotterdam
Teletransducer.

See the corresponding editorial in this issue, pp 161–162.



ICP or neurodevelopmental outcome.32 Hence there is a
need for additional, preferably noninvasive, diagnostic tech-
niques that can help to decide whether CSF diversion should
be performed in infants with hydrocephalus. In the Dutch
Hydrocephalus and Ischemia Research project, we investi-
gate infants with progressive hydrocephalus by using MR
imaging and MR angiography. The aim of this study was to
determine whether the following occurs in infants with pro-
gressive hydrocephalus: 1) MR angiography can reliably
measure CBF; 2) blood flow through the left ICA, the right
ICA, and the BA is equally affected; 3) a significant de-
crease of CBF can be detected; 4) CBF increases after CSF
diversion; and 5) whether there may be a relationship be-
tween CBF and ICP.

Methods

Patient Population

Fifteen patients with hydrocephalus whose ages ranged
between 1 day and 7 months (mean 81 days) were included
in the study. Hydrocephalus was diagnosed in these infants
by using ultrasonography, CT scanning, or MR imaging.
Only patients who underwent a CSF diversion intervention
were included, and data were collected pre- and postopera-
tively. All patients had clinical signs of a progressive hydro-
cephalus such as progressive increase of head circumfer-
ence, bulging of the fontanel, engorgement of scalp veins,
downward gaze, or decreased level of consciousness. The
decision to operate was made on clinical grounds, the pres-
ence of raised ICP, and neuroimaging findings. Patients
with the combination of hydrocephalus and intraparenchy-
mal lesions, such as an intracerebral tumor, were excluded.
Patients with posthemorrhagic hydrocephalus were only
included when there was no damage to brain parenchyma,
that is, ventricular dilation after Grade II–III intraventricu-
lar hemorrhage according to Burstein et al.14

Hydrocephalus was diagnosed as communicating in 8
patients and noncommunicating or obstructive in 7 patients.
Hydrocephalus was caused by spina bifida in 5 patients
(Cases 1, 4, 5, 11, and 15), aqueductal stenosis in 4 patients
(Cases 2, 3, 8, and 12), an arachnoidal cyst in 3 patients
(Cases 6, 9, and 14), posthemorrhagic ventricular dilation
after intraventricular hemorrhage Grade III in 2 patients
(Cases 7 and 10), and mucopolysaccharidosis in 1 patient
(Cases 13). Descriptive data of the patients are listed in Ta-
ble 1.

In 12 patients (Cases 1, 3–5, 7, and 9–15) a shunt was in-
serted, and in 3 patients (Cases 2, 6, and 8) a third ven-
triculocisternostomy was performed. In case of a third ven-
triculocisternostomy, flow through the stoma was assessed
postoperatively by using MR imaging and was adequate in
all 3 patients. No patient had clinical signs of raised ICP
postoperatively, which was confirmed by ICP measure-
ment.

The protocol was approved by the Dutch central commit-
tee for human research and the medical ethical committee of
the University Medical Center Utrecht the Netherlands. In-
formed consent was given by the children’s parents.

Measurement of ICP

All patients had their AFP measured pre- and postopera-
tively on the day of MR angiography. The AFP was mea-

sured using the RTT, which is known to be a reliable tech-
nique with a good correlation (r = 0.96–0.98) to the intra-
ventricular pressure.55 This transducer, its principles, and the
technical details are well described.17–19 The transducer con-
sists of a passive coil capacitor circuit, inductively ener-
gized by an externally located sweep frequency oscillator.
The pressure sensor consists of a metal diaphragm that is
effectively stretched by moving up the ceramic bearing of
the capacitor plate. Therefore, the resistance to deformation
is increased and the dynamic range of the diaphragm is aug-
mented. Thus for small deflections a linear relationship be-
tween pressure differential load on the diaphragm and the
resonance frequency of the transducer circuit can be ap-
proximated. The resonance frequency is detected by a mon-
itor that consists of a calibrator circuit and a buffered os-
cillator continuously sweeping over a narrow band of
frequencies. The oscillator signal is then conducted to the
detector coil, which is loosely mounted over the adaptor
containing the RTT. Transfer of energy to the transducer is
established electromagnetically.56 All patients were asleep
(State 1, according to Beintema and Prechtl criteria8) with-
out sedation during the measurement. Measurements were
performed for at least 60 minutes. The mean value of the
AFP was calculated over this period. If the fontanel was al-
ready closed or too small for the measurement, ICP was
measured directly in the ventricle. Intraventricular ICP mea-
surement was obtained in 4 patients (Cases 3, 8, 10, and 13)
on the day of postoperative MR imaging. The AFP and ICP
are expressed in cm H2O. Because the values of AFP are
slightly higher than those of ICP,34,55,58,64,65 AFP values . 20
cm H2O were reduced by 3 cm H2O, values between 10 and
20 cm H2O were reduced by 2 cm H2O, and values between
5 and 10 cm H2O were reduced by 1 cm H2O. The obtained
ICP values were compared with normal values1,3,24,25,30,35,50,

56,69–71 both pre- and postoperatively. 

Magnetic Resonance Angiography

All infants underwent pre- and postoperative MR imag-
ing. The MR imaging examinations were performed using
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TABLE 1
Descriptive data of 15 infants with hydrocephalus

Case No. Age (wks), Sex* Cause of Hydrocephalus Clinical Signs†

1 1, M spina bifida 1, 2
2 1, F aqueductal stenosis 1, 2, 3, 4
3 1, F aqueductal stenosis 1, 2
4 2, M spina bifida 2, 4
5 2, F spina bifida 1, 2
6 4, F arachnoidal cyst 1, 2, 3
7 5, M posthemorrhagic Grade III 1, 2, 3, 4
8 5, F aqueductal stenosis 1, 2, 3
9 6, M arachnoidal cyst 1, 2, 3, 4

10 13, F posthemorrhagic Grade III 1, 2, 3, 4
11 17, M spina bifida 1, 2, 4
12 21, M aqueductal stenosis 1, 2
13 27, F mucopolysaccharidosis 1, 2, 3
14 31, M arachnoidal cyst 1, 2, 4, 5
15 33, F spina bifida 1, 4, 5

* Patient age is noted for the time of inclusion in the study.
† Clinical signs are as follows: 1, progressive increase in skull circum-

ference; 2, bulging of the fontanel; 3, engorgement of scalp veins; 4, set-
ting sun sign; and 5, decreased level of consciousness.



a 1.5-T imaging unit (Philips Gyroscan NT-Intera Best). On
the basis of 2 localizer MR angiograms in the coronal and
sagittal planes, a 2D slice was positioned at the level of the
skull base to measure the volume flow in the ICAs and the
BA (nontriggered; TR 16 msec; echo time 9 msec; flip an-
gle 7.5°; section thickness 5 mm; field of view 250 3 250
mm; matrix size 256 3 256; 8 averages; velocity sensitivi-
ty 100 cm/second).5,6 Figure 1A illustrates the positioning of
a 2D phase-contrast slice through the ICAs and the BA.
Several studies have shown that phase-contrast MR angiog-
raphy is a reliable method to quantify volume flow15,26–28,40,

54,57,62 and provides a useful, noninvasive technique to inves-
tigate flow changes in patients.9,12,13,44,66–68 On an independent
workstation, quantitative flow values were calculated from
the phase-contrast images by using interactive data langu-
age-based custom software (Cinetool version 4, General
Electric Healthcare). Circular to elliptical ROIs were drawn
manually around both ICAs and the BA on the phase-con-
trast images (Fig. 1A and B). These ROIs encompassed the

entire lumen of the vessel. The value of mean signal inten-
sity in each ROI reflected the flow velocity in the vessel
(cm/second). Flow (in ml/second) was calculated by multi-
plying the average velocity with the cross-sectional area of
the vessel. To calculate CBF (in ml/minute), flow rates for
the ICAs and the BA were added. This method is similar to
flow measurement methods described previously.11,13,24,29,49,

61,68,73 Postoperative CBF values were compared with preop-
erative values and with normal CBF values.10,16,43

Mean Arterial Blood Pressure 

The MABP (calculated as MABP = diastolic blood pres-
sure 1 1/3 3 (systolic 2 diastolic blood pressure)) was
calculated pre- and postoperatively from the manually
measured systemic blood pressure. The MABP was com-
pared with normal values of infants corrected for age, sex,
and height, to investigate whether blood pressure changes
account for possible changes in CBF.
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FIG. 1. Images detailing the CBF and volumetric measurements. A: Sagittal localizing MR angiogram illustrating the
positioning of a 2D phase-contrast MR angiography section to measure the volume through the ICAs and BA. Inset: The
1 indicates the right ICA; 2, the left ICA; and 3, the BA. B: An MR image in which the quantitative flow values are
obtained by integrating across manually drawn ROIs that enclose both ICAs and the BA. The CBF is calculated by adding
flow values of 1, 2, and 3. C: Brain volume measurement using dedicated in-house-developed image processing software
running under imageXplorer; semiautomatic segmentation of the different tissue types is based on the intensities of the dif-
ferent voxels in each image.



Brain Volume 

Volume of the ventricles72 and volume of the brain tissue
were measured with dedicated in-house-developed image
processing software running under imageXplorer based on
region growing2 (Fig. 1C). The software allows for quanti-
tative volumetric measurement by semiautomatic segmen-
tation of the different tissue types based on the intensities
of the different voxels in each image. To define a proper
ROI for the brain segmentation process, a preprocessing
step (the Brain Extraction Tool) was used to extract the cra-
nium in the different MR images.60 Volumetric measure-
ments were obtained to express CBF in ml/100 cm3 brain
tissue/min, thus compensating for physiological growth of
the brain when comparing MR images from an infant
before and after surgery. This is necessary because of the
time interval between the pre- and postoperative MR imag-
ing (mean 90 days). 

Statistical Analysis

Preoperative and postoperative values were compared
using paired t-tests. To analyze associations between CBF
values, ICP, and age, paired samples t-tests were used as
well as logistic regression analysis. Pearson correlation
analysis was used to identify linear relations between ICP,
CPP, and CBF.

Results

Mean values are expressed as the means 6 standard de-
viations. In all patients preoperative ICP was increased
(mean 19.1 6 8.4 cm H2O). After the operation, ICP sig-
nificantly (p , 0.005) decreased to values within the nor-
mal range (mean 6.7 6 4.0 cm H2O)1,2,33,50 (Fig. 2 and Table
2). Postoperative intraventricular ICP measurements
obtained in 4 patients who had been sedated did not differ
significantly from those in the 11 patients in whom ICP was
measured using the RTT while patients were asleep (7.0 cm
vs 6.5 cm H2O, respectively). Moreover, the MABP did not
differ significantly (69 vs 60 mm Hg, respectively).

The mean preoperative CBF was 25.7 6 11.3 ml/100 cm3

brain/min. After CSF diversion, the mean CBF increased
significantly (p , 0.005) to 50.1 6 12.1 ml/100 cm3 brain/
min (Fig. 3 and Table 3). The postoperative mean CBF val-
ues were within the normal range.10,16,43

As a group, the infants with raised ICP had a significant-
ly lower CBF than the infants with postoperatively lower
ICP. The relationship between CBF and ICP is more or less
linear, showing an ~ 10 ml/100 cm3 brain/min decrease in CBF with every 10 cm H2O ICP increase (Fig. 4). The cor-

relation coefficient between CBF and ICP was 20.55 (p ,
0.01).

The CPP was derived from the ICP and MABP and then
compared with the CBF. The Pearson correlation coeffi-
cient was 0.548 and was significant at the 0.01 level. Their
relationship is shown in Fig. 5.

The contribution of the blood flow through the right and
left ICAs to the CBF was 34 and 38% preoperatively and
31 and 41% postoperatively, respectively. For the BA the
contribution of blood flow was 27% preoperatively and
29% postoperatively. The mean differences were not sig-
nificant, meaning that raised ICP in hydrocephalic infants
affects both left and right as well as anterior and posterior
circulation equally.
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FIG. 2. Bar graph showing pre- and postoperative ICP values.

TABLE 2
Measurement data obtained pre- and

postoperatively in 15 patients with hydrocephalus

Measurement

Case No. CBF (ml/min) ICP (cm H2O) MABP (mm Hg)

1
preop 154 10 58
postop 390 5 63

2
preop 101 15 58
postop 226 6 57

3
preop 62 14 54
postop 317 5 64

4
preop 59 15 56
postop 262 6 63

5
preop 74 30 58
postop 253 8 63

6
preop 49 13 57
postop 323 6 60

7
preop 276 10 64
postop 541 0 62

8
preop 111 35 68
postop 701 11 78

9
preop 84 25 62
postop 255 16 63

10
preop 129 20 75
postop 419 10 67

11
preop 264 26 52
postop 503 7 50

12
preop 377 10 77
postop 519 3 73

13
preop 398 25 60
postop 599 2 67

14
preop 408 28 67
postop 533 10 53

15
preop 271 11 63
postop 649 5 48



In all patients the MABP was within physiological lim-
its pre- and postoperatively (mean 61.9 6 7.3 and 62.1 6
7.9 mm Hg, respectively)53 (Table 4).

Discussion

Measurement of CBF with the aid of MR angiography 
is feasible in infants with hydrocephalus. The technique is
noninvasive and can be performed during MR imaging that
is indicated for the clinical workup. The quantitative flow
measurement by MR angiography through the ICAs and the
BA reflects CBF well.61 To the best of our knowledge this is
the first study in which a significant decrease in CBF due to
progressive hydrocephalus is found in infants by measuring
CBF by using MR angiography. The CBF may improve to
values within the normal range after successful CSF diver-
sion.

Several studies have shown a low CBF in patients with
hydrocephalus.39,41,47,65 These studies were performed in
adult patients with NPH or chronic hydrocephalus.33,38,51 The
low CBF was explained by a disturbed cerebral autoregula-
tion.65 Other explanations were distortion of the periventric-
ular vessels caused by ventricular dilation and an increase in
blood flow resistance caused by compression of arterioles
and veins.22,51,59

In patients with hydrocephalus, disturbance of autoregu-
latory vasomotor capacity also may reduce the CPP, which
may lead to CBF reduction.45 Low CBF may also be caused
by a reduction in the number and caliber of capillaries as
observed in periventricular regions and cortical regions of
patients and animals with hydrocephalus.17,22,48 In animal
experiments reduction of CBF to the 40% threshold is usu-
ally well tolerated, and the affected tissue is not at risk of
ischemia under uncomplicated conditions.7 If CBF decreas-
es further, brain parenchyma can become irreversibly dam-
aged and will progress to infarction depending on the dura-
tion of ischemia. Selective neuronal death may also occur,
even with only mildly reduced CBF values.7,36

The increase of CBF after CSF diversion found in adult
patients with idiopathic chronic hydrocephalus was ~ 50%,39

whereas this increase was not significant in patients with
NPH.42,45 According to our study, progressive hydrocephalus
in infants leads to greater reduction in CBF than it does in
adults with idiopathic chronic hydrocephalus. This may be
caused by the shorter existence of the hydrocephalus, the
different consistency of the developing parenchyma in in-

fants, and the higher vulnerability of the maturing periven-
tricular white matter in infants. 

The CBF is the quotient of CPP 3 (MABP 2 ICP) and
the CVR.29 The CVR is probably higher in the presence of
raised ICP due to arteriolar and venular compression. The
MABP did not alter postoperatively in our study. This is in
accordance with the relationship we found between ICP
and CBF (Fig. 4). 

The CBF is known to increase from birth to a maximum
at 5 years and to decrease afterward to adult values. In a
SPECT study, CBF increased from 50 to 70 ml/min/100 g
brain (a 40% change) during the first 5 years of life.16 In our
patients CBF increased from 25.7 ml/100 cm3 brain/min to
50.1 ml/100 cm3 brain/min after correction of the patho-
physiological state of progressive hydrocephalus. More-
over, postoperative CBF values were within the normal
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FIG. 3. Bar graph showing pre- and postoperative CBF values.

TABLE 3
Volumetric measurement leading to CBF 

Ventricle CBF (ml/100 cm3

Case No. Vol (cm3) Brain Vol (cm3) CBF (ml/min) brain/min)

1
preop 180.20 566.16 154 27.20
postop 22.13 652.01 390 59.83

2
preop 480.02 467.63 101 21.60
postop 79.81 729.67 226 30.97

3
preop 155.22 486.31 62 12.76
postop 256.63 803.45 317 39.45

4
preop 583.66 472.37 59 12.49
postop 535.52 498.61 262 52.55

5
preop 90.13 439.18 74 16.85
postop 17.32 762.75 253 33.17

6
preop 610.49 439.66 49 11.14
postop 713.90 601.15 323 53.73

7
preop 88.12 716.71 276 38.51
postop 81.34 1004.17 541 58.88

8
preop 890.01 681.49 111 16.29
postop 1144.53 1090.25 701 64.30

9
preop 819.66 467.39 84 17.97
postop 953.34 891.34 255 28.61

10
preop 685.56 489.47 129 26.36
postop 1056.12 639.13 419 65.56

11
preop 976.12 886.73 264 29.77
postop 990.82 924.82 503 54.39

12
preop 149.44 865.42 377 43.56
postop 88.42 1112.60 519 46.65

13
preop 504.68 1028.09 398 38.71
postop 291.41 1137.16 599 52.68

14
preop 1222.13 971.25 408 42.01
postop 1255.69 1105.55 533 48.21

15
preop 275.54 839.60 271 32.27
postop 104.15 1045.29 649 62.09



range.10,20,43 This illustrates that the increase in CBF is prob-
ably not caused by aging. 

In NPH a loss of vascular response is observed, whereas
it is well known that the CBF remains constant over a wide
range of ICP values, usually ranging between 0 and 50 mm

Hg because of CBF-CSF autoregulation.65 Thus, an in-
crease in CBF resulting from relief of CSF pressure is con-
sidered to indicate impaired autoregulation of the cerebral
microcirculation.65 The impairment may be caused by an
increased tissue pressure in the periventricular white matter,
due to diffusion of the CSF from the ventricles. Impairment
of the cerebral microcirculation was also substantiated by a
study in which the capillaries collapsed and ultimately de-
creased in number in the periventricular tissue of experi-
mental hydrocephalus in animals.23 The experiment also
found that CSF shunting rapidly reverses the capillary col-
lapse. Therefore, the results in our study, such as the post-
operative normalization of CBF, may indicate that the pre-
operative CBF reduction in the white matter was related to
ischemia. The CBF normalization in parallel with clinical
improvement suggests that CSF drainage relieved CSF dif-
fusion and the resulting ischemia from the periventricular
white matter. Further investigation is necessary to gain bet-
ter insights in this pathological mechanism.

This study demonstrates that CBF measurement by MR
angiography can noninvasively contribute to the detection
of risk factors in progressive hydrocephalus in infants, thus
contributing to the detection of patients at risk of cerebral
damage due to ischemia. Our data suggest that CBF increas-
es to normal values after CSF diversion. 

Conclusions

Quantitative measurement of CBF with MR angiogra-
phy is a useful noninvasive method in infants with pro-
gressive hydrocephalus and can detect a decrease in CBF
that ultimately can cause ischemia of the brain resulting in
cerebral damage. Diversion of CSF leads to a significant
increase in CBF, restoring the pathophysiological situation.
This increase is probably not only caused by a decrease in
ICP, but also by reduction of CVR. The CVR reduction can
be explained by vasogenic, interstitial, or cytotoxic edema.
Further investigation will be necessary to distinguish be-
tween the different types of brain edema, thus classifying
the risk or degree of brain ischemia. 
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FIG. 4. Scatterplot showing the linear relation between ICP and
CBF.

FIG. 5. Scatterplot showing the linear correlation between CBF
and CPP.

TABLE 4
Mean CBF, ICP, and MABP values
in 15 infants with hydrocephalus* 

Value Preop Postop

mean CBF (ml/100 cm3 brain/min) 25.7 6 11.3 50.1 6 12.1
mean ICP (cm H2O) 19.1 6 8.4 6.7 6 4.0
MABP (mm Hg) 61.9 6 7.3 62.1 6 7.9

* Values are recorded as the mean 6 standard deviation.
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