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Summary 
The interpretation of data from continuous monitoring of intra- 

cranial pressure (ICP) in patients with suspected normal pressure 
hydrocephalus (NPH) is the subject of controversy. Despite the fact 
that overnight ICP monitoring is widely used for the diagnosis of 
NPH, normative criteria are poorly defined. The present study de- 
monstrates that there is a relationship between the relative frequen- 
cy, the absolute amplitude, the wavelength and the morphology of 
B-waves and different sleep stages. 

Intraventricular intracranial pressure was recorded continuous- 
ly overnight in 16 patients with suspected normal pressure hydro- 
cephalus. Simultaneous polysomnography was performed to inves- 
tigate the relation of spontaneous ICP oscillations to different sleep 
stages. A correlative analysis was done with the data of 13 patients. 
Three patients were excluded, one who was awake throughout the 
night and two in whom polysomnography was incomplete due to 
technical reasons. The mean resting cerebrospinal fluid (CSF) pres- 
sure was I2.87 cm CSF. B-waves were observed in the ICP record- 
ings of all patients. They were present for a mean of 72% of the 
total recording time. The relative frequency of B-waves was higher 
during REM sleep and sleep stage 2 as compared to wakefulness 
(87.8% and 83.2% vs. 56, p < 0.05). The absolute amplitude was 
higher during REM sleep than in wakefulness (9.56 vs. 3.44 cm 
CSF, p < 0.05). Wavelengths were longer in REM sleep than in 
wakefulness and stages 1 and 2 (62.4 vs. 42, 40.7 and 44.8 sec, 
p < 0.05). The morphology of B-waves was also related to different 
sleep stages. Ramp-type B-waves were associated with REM sleep 
in six patients, however, were also present in sleep stage 2 in three 
of them. 

Knowledge of the relation of spontaneous ICP oscillations to 
different sleep stages may help to establish physiological founda- 
tions and alterations. Furthermore, polysomnography may be use- 
ful to avoid erroneous interpretation of ICP recordings due to sleep 
stage related variability. 

Keywords: B-waves; intracranial pressure; normal pressure 
hydrocephalus; sleep. 

Introduction 
The diagnosis  of  normal  pressure hydrocephalus  

(NPH) will be considered in patients with gait distur- 

bance  and/or incont inence and progressive dementia  

associated with ventricular enlargement.  Numerous  

reports have demonstra ted the beneficial  effects of  

cerebrospinal  fluid (CSF) shunting in this condit ion 

[1, 4, 7, 8, 36]. However ,  since postoperat ive success 

rates varied considerably in different series, various 

investigations were introduced to find more  reliable 

diagnostic criteria for N P H  and to select patients who  

will respond to subsequent  shunt surgery [4, 16, 36, 

41, 45]. Nevertheless,  to establish the diagnosis o f  

NPH continues to be a challenge for clinical neurology 
and neurosurgery [39, 47, 48]. 

Cont inuous recording of  intracranial pressure 

(ICP) is thought  to be one of  the most  reliable meth-  
ods for conf i rming the diagnosis  of  N P H  [6, 7, 16, 39, 

41, 44]. Cont inuous ICP recording provides  informa-  

t ion on the mean  resting ICP and reveals intermittent 

rises in ICR Spontaneous rhythmic  oscillations o f  the 

ICP ranging f rom 0 .5 -2 /min  with variable amplitudes 

were classified as B-waves  by Lundberg  [23]. A high 

relative f requency of  B-waves  was shown to be a 

good prognost ic  indicator for shunt responsiveness  

[4, 16]. However ,  it remains unclear, which percent-  

age of  time B-waves  are present,  should be consid-  
ered as pathological  [5, 7, 16, 36, 39, 41]. It has also 

been proposed  that B-waves  may  be physiological ,  
since they were found in apparently heal thy persons 

[27]. Furthermore,  spontaneous rhythmic  oscillations 

of  cerebral b lood f low veloci ty  resembling B-waves  

were detected in heal thy young  persons [11, 13, 28]. 
There is also disagreement  about the diagnostic value 

of  amplitude and morpho logy  [6, 7, 19, 36, 38]. 
Recently,  Raf topoulos  et al. suggested to shunt only 
those patients whose  ICP recordings show B-waves  

with an amplitude of  more  than 9 m m H g  [39]. B- 
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waves with an asymmetrical, gradually increasing 
and rapidly decreasing, high amplitude have been 
called ramp waves or intermediate waves and are 
thought to be of special significance in predicting out- 
come after CSF diversion [6, 38]. 

Sleep has been repeatedly reported to induce ICP 
alterations [9, 34]. Differences in mean ICE the 
appearance of plateaus and also of B-waves were 
found to be associated with different sleep stages in 
various clinical conditions including NPH [3, 10, 15, 
22, 25, 30, 31, 35, 37, 45]. B-waves were shown to 
occur more frequently in REM sleep [49]. However, 
to our knowledge no previous study has quantified the 
variations of B-waves related to different sleep stages. 
The knowledge of these proportional assessments 
may be helpful for understanding and interpreting 
data from continuous ICP monitoring. The present 
study was designed to investigate the relation of rela- 
tive frequency, amplitude, wavelength, and morphol- 
ogy of B-waves to different stages of sleep using con- 
comitant ICP monitoring and polysomnography. 

Patients and Methods 
Patient Selection for ICP Recording and for Shunt Surgery 

Several diagnostic tests are performed in our hospital to select 
patients with a diagnosis of suspected NPH for shunt operations. 
The patients are referred either from the department of neurology 
off from neurologists in private practice. Those patients from the 
department of neurology who have shown unequivocal and repeat- 
ed improvement of clinical symptoms after removal of 30-50 ml 
CSF after lumbar puncture on several occasions will be scheduled 
for shunt surgery without pre-operative ICP monitoring. Ancillary 
investigations include non-invasive techniques like dynamic 
magnetic resonance imaging and transcranial Doppler monitoring. 
All other patients who are assumed to be possible candidates for a 
shunt procedure according to their clinical presentation and neuro- 
radiological findings will undergo continuous ICP monitoring. The 
ICP recording is thought to be compatible with the diagnosis NPH 
when the base line ICP is in the upper normal range, B-waves are 
present throughout most of the recording time (70-100%) and B- 
waves with an amplitude of 10 cm H20 are observed at least during 
5-10% of the recording time. However, the decision making to 
schedule a patient for a shunt operation also considers the results of 
hydrodynamic studies (pressure-volume-index and resistance to 
outflow) as well as the effect of intraventricular removal of CSF on 
clinical symptoms. We do not primarily exclude patients with con- 
comitant vascular encephalopathy. 

Patient Population 

All patients were videotaped at the time of admission. For each 
of the cardinal symptoms the severity was assessed on a four-point 
scale. Sixteen consecutive patients with suspected NPH according 
to clinical symptoms and neuroradiological demonstration of 
hydrocephalus were examined by simultaneous continuous over- 
night ICP monitoring and polysomnography. Computed tomogra- 

phy was performed in all patients and magnetic resonance (MR) 
imaging in thirteen. 

No changes in the routinely administered medication were 
made prior and during ICP monitoring. Additional sedation or 
sleep inducing drugs were given in only one instance. 

ICP Monitoring and Polysomnography 

The study was approved by the local clinical ethics committee. 
All patients and/or their relatives gave informed consent. ICP 
recordings were performed for at least twelve hours overnight 
using a polyethylene catheter of 2 mm diameter. The tip of the 
catheter was placed into the frontal horn of the left lateral ventricle 
under local anaesthesia via a hand-drilled 2 mm burr hole located 
2 cm lateral to the midline and 2 cm rostral to the coronal suture. 
The catheter was secured to the scalp with sutures and directly con- 
nected to a pressure transducer (Braun, Germany) fixed over the 
bregma. The transducer was coupled to an amplifier (Servomed, 
Hellige, Germany) and a plotter (Recomed, Hellige, Germany), 
which was operated on line at a paper speed of 30 cm/h. The trans- 
ducer was calibrated without loss of CSF in each patient. The fora- 
mina of Monro were considered to be at 0 cm CSF when the patient 
was in a supine position with the head horizontal. An observer was 
present throughout the recording time and noted any movements of 
the patient. In two patients the monitoring included simultaneous 
continuous transcranial Doppler (TCD) measurements of middle 
cerebral artery blood flow velocity as described in detail elsewhere 
[11-13, 21]. At the end of the night hydrodynamic studies were 
performed. Before the ventricular catheter was taken out, 20 ml of 
intraventricular CSF were removed. One patient developed menin- 
gitis two days after ICP monitoring, which was treated by antibio- 
tics without residual symptoms. There were no further adverse 
effects. 

Polysomnography was performed with an ambulant monitoring 
device (Walter, Germany) which allows recording of 8 channels. 
The recordings included registration of electroencephalogram 
(C3-A2 and C4-A1), horizontal electro-oculogram (two channels), 
submental electromyogram (two channels), electrocardiogram and 
respirogram. The following filter settings were used: electroence- 
phalogram - sensitivity 7 ~aV/mm, time constant (TC) 0.3 sec, high 
frequency filter (HI) 70Hz; electro-oculogram - sensitivity 
30 pV/mm, TC 1.0 sec, HI 35 Hz; electromyogram - sensitivity 
5 gin/ram, TC 0.03 sec, HI 500 Hz. The data were stored on a cas- 
sette recorder. Lights out time ranged from 21 : 30 - 23 : 00 and 
lights on time from 6 : 30 - 7 : 00. 

Temporal compatibility of the sleep recording and the ICP moni- 
toring was obtained by adjusting the exact time of the recordings at 
the beginning of the measurements. 

Evaluation of Dam and Statistical Analysis 

Sleep recordings were scored by experienced raters not privy to 
the findings of the ICP recordings according to standard criteria 
[40]. Assessment of the ICP recordings were also done without 
knowledge of the sleep stage and the clinical features of the patient. 
The mean resting ICP in the absence of spontaneous oscillations 
was measured at the beginning of the night. The relative frequency 
of B-waves (%) in the overnight ICP recording was assessed off 
line according to the definition by Lundberg (spontaneous ICP 
oscillations with a wavelength between 0.5 and 2 rain clearly dis- 
cernible from the baseline recording). To evaluate the proportion of 
B-waves with respect to different sleep stages the relative frequen- 
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cy (%) of these oscillations was assessed in the two longest periods 
of each sleep stage in the individual recordings. Furthermore, in 
each recording the wavelength (sec) and the amplitude (cm CSF) of 
two B-waves per sleep stage were determined. For these measure- 
ments the first visible oscillations with a wavelength between 0.5 
and 2 rain next to the centre of the two longest sleep stages were 
used. For further analysis we connected the corresponding values 
for absolute amplitude, wavelength and relative frequency of B- 
waves of identical sleep stages. Furthermore, the complete ICP 
recordings were reviewed for the presence of ramp-type B-waves 
again without knowledge of the sleep stage. In the absence of an 
unanimous definition of what exactly constitutes a ramp-type we 
used the following criteria: 1. the apex of the oscillation amounts to 
at least twice as much as the baseline ICP, however, at least 30 cm 
CSF, and 2. the increase in the ascending slope is slow and the sub- 
sequent decrease rapid with the apex located in the last fifth of the 
wavelength. The presence of ramp-type B~waves was then correlat- 
ed with the sleep stage. 

Differences between the samples with respect to different sleep 
stages were assessed using Bonferroni-adjusted-t-tests. Statistical 
significance was declared at the p < 0.05 level. To avoid repeated 
measures we took the mean values of the two longest periods of 
each sleep stage for the Bonferroni-adjusted t-tests. 

Results 

Clinical  Fea tures  

Ten patients were male and six were female. The 

demographic  and clinical data are summar ized  in 

Table 1. Gait  dis turbance had been the pr imary symp-  

tom in nine patients. In  all patients but two gait distur- 

bance  was the leading symptom at the time of  the 

pressure recording.  Signs of  vascular  encephalopathy 

were present in the M R  scans o f  9/13 patients. 

The patients were under  treatment with a variety o f  

drugs including inotropic,  anti-arrhythmic,  ant ihyper-  

Table 1. Clinical and Demographic Data of 16 Patients with Sus- 
pected Normal Pressure Hydrocephalus 

Age atinvestigation (years) 

Mean 63 
Range 23-80 
Mode (decade) 70-80 

Aetiology of suspected NPH 

Idiopathic 13/16 (81%) 
Meningitis 1/16 (6%) 
Head trauma 1/16 (6%) 
Cerebral radiation therapy 1/16 (6%) 

Clinical symptoms 

Gait disturbance 16/16 (100%) 
Urinary incontinence 13/16 (81%) 
Cognitive deficits 15/16 (94%) 
Complete triad 12/16 (75%) 
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Fig, 1, Sectors of simultaneous ICP and TCD recordings during 
different sleep stages (top) and sleep stage diagram (bottom) of a 
73-year-old male patient with suspected NPH. a wakefulness, b 
REM, c sleep stage 1, d sleep stage 2. EM eye movements 

tensive, diuretic, antiplatelet, antithyroid, hypol ip-  

aemic and h y p o g l y c a e m i c  agents,  antacids,  ant ico- 
agulants,  anticonvulsants and muscle  relaxants. 

Three patients were under  treatment with psychother-  

apeutic drugs; one each received flunitrazepame, ami- 

triptyline, and dibenzepine and pipamperone.  One 

patient who became anxious and restless during the 

recording was sedated with promethazine  and levom- 

epromazine.  

After  complet ing the investigations the diagnosis 

was conf i rmed in ten patients. Seven patients were 

submitted to subsequent  shunt operations. One patient 

refused shunt surgery. Ventr iculo-peri toneal  or ven- 

triculo-atrial shunts were used, Clinical symptoms 

were improved  in all patients except  one on postoper-  

ative fo l low-up examinat ions ranging f rom four  to six 

months.  No  complicat ions occurred. 

PoIysomnography  

Complete  po lysomnograph ic  recordings were 

obtained in 14 patients. Examples  are demonstra ted in 

Figs. 1 and 2. The recordings of  two patients were 

incomplete  due to technical problems during the 
recording period and their data were excluded f rom 

further analysis. One patient was awake throughout  
the recording time. Thus, thirteen po lysomnograph ic  

recordings were available for correlative analysis 
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Fig. 2. Sectors of ICP recordings during different sleep stages (top) 
and sleep stage diagram (bottom) of a 74-year-old male patient 
with suspected NPH. a wakefulness, b REM, c sleep stage 2. E M  

eye movements 
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Fig. 3. Sector of the ICP recording of a 79-year-old male patient 
with suspected NPH. The trace shows the transition from sleep 
stage 2 to REM which is followed by the awakening of the patient. 
The large ramp-type B-waves are related to REM sleep. The mor- 
phology of the B-waves of sleep stage 2 (on the left side) is differ- 
ent from that of the waking state (on the right side) 

with the data of the ICP measurements. All these 
patients had episodes of varying time of sleep stages 
1 and 2. Short intervals of sleep stage 3 were present 
in six patients, however, sleep stage 4 in only two. 
These two patients were 28 and 44 years old, respec- 
tively. REM sleep appeared in nine patients with one 
to five episodes per person. Episodes of REM sleep 
varied from 1 to 30 minutes. 

1CP Recordings 

The mean baseline resting pressure was 
12.87 +/-4.48 cm CSF during wakefulness with a 
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Fig. 4. Relative frequency of B-waves in different sleep stages. 
Mean values and standard deviations. * Indicates a statistically sig- 
nificant difference (p < 0.05) 

range from 9 to 18 cm CSF. B-waves were present in 
the recordings of all patients (Figs. 1-3). Sleep relat- 
ed variations of B-waves were observed in all record- 
ings, both in patients in whom the diagnosis of NPH 
was confirmed and in patients in whom it was not. 
The ICP pulsatility index and the sleep related vari- 
ations of the amplitudes of B-waves tended to be 
higher in those patients who were scheduled for shunt 
operations. The relative frequency of B-waves of the 
total recording time varied from 20% to 96%, with a 
mean of 72%. Only one patient had less than 50% 
B-waves. The mean ICP in different sleep stages in 
the absence of spontaneous oscillations was 
13.31 + 4.44 cm CSF in sleep stage 1, 12.64 + 3.71 cm 
CSF in sleep stage 2, 13.25 + 3.18 cm CSF in sleep 
stage 3, 10.75 + 3.18 cm CSF in sleep stage 4, and 
12.56 + 2.89 cm CSF during REM sleep. These dif- 
ferences were not significant (p > 0.05). 
Relative Frequency orB-Waves in Sleep Stages 

The relative frequency of B-waves was related to 
different sleep stages. Figure 4 shows the connected 
mean values and standard deviations in different sleep 
stages. The relative frequency of B-waves was signif- 
icantly higher during REM sleep (87.8%) and sleep 
stage 2 (83.2%) as compared to wakefulness (56%) 
according to Bonferroni-adjusted t-tests (p < 0.05). 
The greatest fluctuations of the relative frequency 
from patient to patient were found during wakeful- 
ness and sleep stage 1 varying from 24% to 90% and 
from 26% to 100%, respectively. The relative fre- 
quency ranged from 50% to 100% in sleep stage 2, 
and from 48% to 100% in REM sleep. 
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Fig. 5. Absolute amplitude of B-waves in different sleep stages. 
Mean values and standard deviations. * Indicates a statistically sig- 
nificant difference (p < 0.05) 

of the absolute amplitude ranging from 3 to 41 cm 
CSF were found in REM sleep. This is explained by 
different heights of amplitudes from patient to 
patient, as well as by the finding that both high and 
low amplitude B-waves could be present in the indi- 
vidual patient during REM sleep. 

The wavelength of B-waves was also related to dif- 
ferent sleep stages. Figure 6 demonstrates the con- 
nected mean values and standard deviations of the 
wavelength in different sleep stages. B-waves were 
significantly longer during REM sleep (62.4 sec) than 
during wakefulness (42 sec) and sleep stages 1 
(40.7 sec) and 2 (44.8 sec) according to the Bonferro- 
ni-adjusted t-tests (p < 0.05). Wavelength varied from 
32 to 55 sec during wakefulness. Again, as with the 
absolute amplitude the greatest differences of wave- 
length were seen in REM sleep with a range from 33 
to 100 sec. 
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Fig. 6. Wavelength of B-waves in different sleep stages. Mean val- 
ues and standard deviations. * Indicates a statistically significant 
difference (p < 0.05) 

Absolute Amplitude and Wavelength of B-Waves in 
Sleep Stages 

The height of the absolute amplitude differed with 
sleep stages. Figure 5 shows the connected mean val- 
ues and standard deviations for the absolute ampli- 
tude in different sleep stages. Amplitudes of B-waves 
were significantly higher during REM sleep (9.56 cm 
CSF) as compared to wakefulness (3.44 cm CSF) 
according to the Bonferroni-adjusted t-tests 
(p < 0.05). Absolute amplitudes during wakefulness 
varied from 1 to 12 cm CSF. The greatest variations 

Morphology orB-Waves in Sleep Stages 

Sleep stage had an effect on the morphology of B- 
waves (Figs. 1-3). There was a marked difference of 
the morphology of B-waves in different sleep stages 
in individual patients. In many instances transition 
from one sleep stage to another resulted in prompt 
changes in the appearance of B-waves (Fig. 3). While 
the absolute amplitude could not be predicted from 
the parallel TCD recordings, the ramp-type B-wave 
equivalents could be easily identified (Fig. 1). Ramp- 
type B-waves were present in six patients associated 
with REM sleep. They were present at the start of 
REM sleep in three patients, while they appeared 
after a delay of several seconds in two patients and 
after a delay of 60 sec in one. During REM sleep, 
ramp-type B-waves occurred in sequences consisting 
of two to ten waves, which were occasionally inter- 
rupted, however, by smaller, more symmetrical 
waves. Four patients had runs of ramp-type B-waves 
during REM sleep with a build-up of subsequent 
increasing amplitudes (Fig. 2 b). Two patients had 
single, interspersed ramp-type B-waves during sleep 
stage 2. Another patient had episodic groups of subse- 
quent ramp-type B-waves while sleep fluctuated 
between sleep stage 1 and 2, however, without a 
build-up phenomenon of the amplitude. In those 
patients who had ramp-type B-waves during REM 
sleep and during stage 2 as well the maximal ampli- 
tude of ramp-type B-waves was lower in sleep stage 2 
as compared with REM sleep with ratios (REM/stage 
2) of 2.2, 1.6, and 1.2 for the relative amplitude. 



200 J.K. Krauss et al.: Relation of Intracranial Pressure B-Waves 

Discussion 

Optimistic views on the outcome of patients with 
suspected NPH after shunting operations have been 
challenged by the recent reports of Vanneste and col- 
leagues [47, 48]. On the other hand it has been shown 
repeatedly that a high clinical improvement rate can 
be expected with adequate pre-operative selection of 
these patients [4, 7, 16, 38]. The need to improve the 
pre-operative assessment of these patients has led to a 
"reappraisal" of continuous ICP monitoring [39, 41]. 
Although the method is widely accepted as a valuable 
tool in selecting patients suitable for shunt operations, 
knowledge about the physiological mechanisms 
which are involved in the generation of spontaneous 
ICP oscillations is limited and normative criteria still 
remain to be defined. 

Our study demonstrates that there is a relationship 
between the relative frequency, the amplitude, the 
wavelength and the morphology of B-waves and dif- 
ferent sleep stages. The relative frequency of B- 
waves is clearly higher in REM sleep, and to a lesser 
degree in sleep stage 2, than during wakefulness. The 
amplitudes are significantly higher in REM sleep than 
during wakefulness, and the oscillations have a longer 
wavelength during REM than during wakefulness and 
sleep stages 1 and 2. However, we did not detect sig- 
nificant changes in the baseline ICP during different 
sleep stages. 

It is not known whether and to what extent sleep in 
patients with suspected NPH is disturbed or not. There 
are conflicting data concerning sleep patterns. Muna- 
ri and Calbucci also observed that slow wave sleep 
was almost absent [31]. Furthermore, periods of REM 
sleep were extremely rare in their series of 14 
patients. Paucity of REM sleep was also found by 
Ogashiwa and Takeuchi, who did not detect episodes 
of REM sleep in five out of seven patients with sus- 
pected NPH [35]. In contrast, Yokota et  al.  reported 
an average of four episodes of REM sleep per patient 
[49]. Kuchiwaki and colleagues on the other hand, 
described that sleep stage 2 was extremely rare in 
their patients [22]. Our data show that sleep stages 3 
and 4 are rare in the majority of patients. This, how- 
ever, may not be specific for NPH, since sleep stages 
3 and 4 are generally reduced in elderly people [29]. 
Furthermore, the disturbance caused by the recording 
itself has to be taken into account in these patients 
who are investigated with concomittant ICP record- 
ing. Further studies are needed to evaluate characteris- 
tics of sleep profiles in patients with suspected NPH. 

Raised ICP during REM sleep was detected in 
experimental animals [17]. Changes in ICP related to 
sleep have also been described in various clinical set- 
tings since Cooper and Hulme demonstrated intermit- 
tent ICP rises in REM and sleep stage 2 by polysom- 
nograpby in 1966 [9]. They showed that plateau 
waves occurred most frequently during REM sleep 
and to a lesser degree in sleep stage 2 in patients with 
intracranial hypertension mainly due to cerebral 
tumours. Intermittent rises of ICP during REM sleep 
were also described in hydrocephalic children [10, 
371. 

After Symon and Dorsch had demonstrated sponta- 
neous oscillations in overnight ICP recordings of 
patients with suspected NPH in 1972, ICP recordings 
during sleep were introduced in routine clinical prac- 
tice [43]. However, concomitant polysomnography 
was performed only rarely in these patients. As in 
other clinical conditions intermittent rises in ICP were 
described in patients with suspected NPH during 
REM sleep [3, 25, 31, 35] and sleep stage 2 [31]. 
These studies, however, did not evaluate the appear- 
ance of B-waves. Yokota et  al.  demonstrated that the 
elevation of ICP during REM sleep is due to the fre- 
quent appearance of spontaneous oscillations rather 
than to gradual elevation of the baseline ICP [49]. 
These authors also investigated the correlation of B- 
waves and sleep in a heterogeneous group of patients 
with brain turnouts, communicating hydrocephalus 
and Chiari malformation. They reported that 95.1% of 
B-waves occurred during REM sleep and 4.9% during 
sleep stage 2 and wakefulness. However, they con- 
ceivably concentrated their analysis to B-waves with 
higher amplitudes. Such B-waves accompanied 75% 
of the time during REM sleep. 

Frequent B-waves in overnight ICP recordings are 
thought to indicate the diagnosis of NPH. However, in 
the absence of normative criteria and the lack of stan- 
dardized evaluation the interpretation of the occur- 
rence of B-waves in ICP recordings is controversial. 
The original description of Lundberg defined B- 
waves as "smaller, sharper waves (usual ranges: fre- 
quency 1/2-2 minutes, amplitude: from discernibility 
to 50 mm Hg)" [23]. According to this definition, 
spontaneous ICP oscillations with different ampli- 
tudes, wavelengths and morphology will constitute B- 
waves. However, it seems that not all authors strictly 
adhere to Lundberg's original definition of what 
should be considered to represent a B-wave. This ren- 
ders interpretation and comparison of data from dif- 
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ferent reports even more difficult. Suggestions as to 
which proportional frequency of B-waves should be 
regarded as a pathological finding differ widely. 
Occasional B-wave activity has been thought to be 
not necessarily indicative of pathological CSF 
absorption [45]. Opinions are also divided as regards 
the amplitude and morphology of B-waves [38, 39]. 
Some authors have suggested that particularly ramp- 
type B-waves indicate NPH [6]. 

As demonstrated in our study, different types of B- 
waves occur in the same patient, dependent on the 
stage of sleep. The morphology of these oscillations 
is, at least partially, a function of amplitude and wave- 
length. Furthermore, ramp-type B-waves are largely 
associated with REM sleep. 

The clinical relevance of these findings is evident. 
Despite the uncertainty as to what should be consid- 
ered pathological or not, knowledge of the relations 
of ICP oscillations to different sleep stages may help 
to avoid erroneous or misleading interpretations of 
ICP recordings. Intra-individual and interindividual 
variability of the sleep pattern may result in quite dis- 
tinct ICP recordings with other proportions and char- 
acteristics of B-waves. Disregarding these aspects, 
some patients who might benefit from a shunt opera- 
tion will not be offered surgery. Ramp-type and other 
high amplitude B-waves, for example, may not be 
seen in patients without REM sleep during the inves- 
tigation. Furthermore, patients with NPH might not 
be shunted because they have a "sound" sleep with 
predominant sleep stages 3 and 4 or because they did 
not sleep at all during the ICP monitoring. On the other 
hand, the investigator will be re-assured in his deci- 
sion to refuse shunt surgery to a patient who did not 
show a high relative frequency of B-waves or high 
amplitude B-waves despite the fact he or she had an 
unremarkable sleep pattern with several cycles of 
REM sleep. 

B-waves most probably are secondary to rhythmic 
alterations of cerebral blood flow [2, 12, 32]. Relative 
changes in cerebral blood flow velocities as measured 
by TCD are considered to reflect cerebral perfusion 
[19]. We have shown previously that B-waves are 
accompanied by spontaneous rhythmic oscillations of 
blood flow velocity in the middle cerebral artery in 
TCD recordings in patients with suspected NPH (B- 
wave equivalents) [12, 13, 21]. A nonlinear relation- 
ship between ICP and blood flow velocity is found 
[13]. As demonstrated in Fig. 1 of the present study, 
the morphology of tCP B-waves of different sleep 

stages can be mirrored in the TCD recordings. We 
have demonstrated the occurrence of B-wave equiva- 
lents also in healthy young adults [11]. It is remark- 
able that B-wave equivalents in healthy young adults 
are more frequent, are higher and longer during REM 
sleep [13]. However, it remains unclear whether B- 
wave equivalents in healthy persons are accompanied 
by concomitant ICP oscillations and whether there 
might also be alterations of amplitudes in different 
sleep stages. At least, it is conceivable that in patients 
with NPH reduced compliance may amplify transmis- 
sion of periodic changes in cerebral blood flow into 
more marked ICP oscillations. 

Nocturnal increase in B-waves and B-wave equi- 
valents might be linked to altered cerebral blood flow 
and metabolism during sleep. Cerebral blood flow, 
cerebral glucose metabolism and the average cerebral 
metabolic rate based on oxygen uptake are reduced in 
synchronized sleep, while they increase during REM 
sleep [14, 20, 24, 26, 42, 46]. Furthermore, it has been 
demonstrated by MR with interleaved gradient-echo 
pulse sequences that the net flow of CSF through tile 
cerebral aqueduct is higher at night in normal volun- 
teers [33]. This probably indicates increased noctur- 
nal production of CSF, which also may be associated 
with spontaneous oscillations of cerebral blood flow. 

More studies are required to approach normative 
criteria for the interpretation of ICP recordings. Fur- 
ther studies should also evaluate the relationship 
between the sleep-ICP interaction and the outcome of 
surgery. Polysomnography may prove to be a useful 
tool to ascertain the interpretation of overnight ICP 
recordings. Knowledge of the relationships of sleep 
related ICP variations may help to avoid faulty analy- 
sis of ICP tracings secondary to disturbed sleep or 
variabilities in sleep patterns. We suggest that future 
ICP recordings should be accompanied by polysom- 
nography. 
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