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Shunt surgery is the primary treatment of pediatric 
and adult hydrocephalus,42 although shunt failure re-
quiring shunt revision is frequent.2,8,12,45 Shunt failure 

may be accompanied by over- or underdrainage of CSF. 
When the shunt is draining too much CSF (overdrainage), 
symptoms such as headache and dizziness may arise.9,37 
However, symptoms such as headache and dizziness may 
also be caused by CSF underdrainage, e.g., due to obstruc-
tion of the CSF catheter.10 The shunt valves with adjustable 

CSF opening pressure have been reported to reduce the 
occurrence of shunt failures.48 However, in a recent ran-
domized controlled dual-center trial,39 we found the same 
rate of shunt complications and overdrainage symptoms 
in patients with hydrocephalus receiving a shunt with a 
fixed valve setting of 13 cm H2O, as compared with those 
in whom gradual lowering of the valve setting to a mean 
of 7 cm H2O was performed. These results highlight the 
need for a better understanding of how shunts influence in-

abbreviatioNs  ICP = intracranial pressure; MWA = mean ICP wave amplitude; RT = mean wave rise time; RTC = mean wave rise time coefficient.
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obJect In patients with hydrocephalus and shunts, lasting symptoms such as headache and dizziness may be indica-
tive of shunt failure, which may necessitate shunt revision. In cases of doubt, the authors monitor intracranial pressure 
(ICP) to determine the presence of over- or underdrainage of CSF to tailor management. In this study, the authors re-
viewed their experience of ICP monitoring in shunt failure. The aims of the study were to identify the complications and 
impact of ICP monitoring, as well as to determine the mean ICP and characteristics of the cardiac-induced ICP waves in 
pediatric versus adult over- and underdrainage.
methods The study population included all pediatric and adult patients with hydrocephalus and shunts undergoing 
diagnostic ICP monitoring for tentative shunt failure during the 10-year period from 2002 to 2011. The patients were al-
located into 3 groups depending on how they were managed following ICP monitoring: no drainage failure, overdrainage, 
or underdrainage. While patients with no drainage failure were managed conservatively without further actions, over- or 
underdrainage cases were managed with shunt revision or shunt valve adjustment. The ICP and ICP wave scores were 
determined from the continuous ICP waveforms.
results The study population included 71 pediatric and 75 adult patients. There were no major complications related 
to ICP monitoring, but 1 patient was treated for a postoperative superficial wound infection and another experienced 
a minor bleed at the tip of the ICP sensor. Following ICP monitoring, shunt revision was performed in 74 (51%) of 146 
patients, while valve adjustment was conducted in 17 (12%) and conservative measures without any actions in 55 (38%). 
Overdrainage was characterized by a higher percentage of episodes with negative mean ICP less than −5 to −10 mm 
Hg. The ICP wave scores, in particular the mean ICP wave amplitude (MWA), best differentiated underdrainage. Neither 
mean ICP nor MWA levels showed any significant association with age.
coNclusioNs In this cohort of pediatric and adult patients with hydrocephalus and tentative shunt failure, the risk 
of ICP monitoring was very low, and helped the authors avoid shunt revision in 49% of the patients. Mean ICP best dif-
ferentiated overdrainage, which was characterized by a higher percentage of episodes with negative mean ICP less than 
−5 to −10 mm Hg. Underdrainage was best characterized by elevated MWA values, indicative of impaired intracranial 
compliance.
http://thejns.org/doi/abs/10.3171/2014.12.JNS141029
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tracranial pressure (ICP) dynamics during preferred CSF 
drainage, and in shunt failure–related overdrainage or un-
derdrainage.

To improve the management of patients with shunted 
hydrocephalus with lasting symptoms indicative of shunt 
failure, neurosurgeons have monitored the ICP.1,5,15,25,40,43,46 
The aim has been to pinpoint the type of shunt failure 
(over- or underdrainage, or no drainage failure), and to 
reduce the number of shunt revisions. The rationale has 
been that shunt surgery involves greater risks than ICP 
monitoring per se, given the fact that shunt surgery for hy-
drocephalus includes the risk of significant complications 
such as bleeds34 and infection,30,44 and the fact that shunt 
revisions increase the risk of infection.41

In our department, diagnostic ICP monitoring has been 
used for years in assessment of patients with shunted hy-
drocephalus with lasting symptoms and possible shunt 
failure, unless noninvasive methods have already clarified 
a probable diagnosis.15 Since 2002, we have incorporated 
monitoring of ICP waves to even better characterize the 
type of shunt failure. The ICP wave, particularly the ICP 
wave amplitude, is a substitute marker of the intracranial 
compliance (pressure-volume reserve capacity),20,28 which 
may play an important pathophysiological role in hydro-
cephalus.29 Thus, in experimental shunt failure in animals 
with hydrocephalus, alterations in intracranial compliance 
played an important role in determining the type of shunt 
failure.26 To further our understanding of this issue, we 
performed a retrospective and descriptive study to review 
our results of ICP monitoring in patients with shunted hy-
drocephalus and possible shunt failure.

methods
patients and study design

The patient population consisted of all pediatric and 
adult patients with shunted hydrocephalus who underwent 
continuous ICP wave and ICP monitoring for tentative 
shunt failure during the period from 2002 to 2011 within 
the Department of Neurosurgery at Oslo University Hos-
pital–Rikshospitalet. The study was approved by the Oslo 
University Hospital–Rikshospitalet as a quality study. The 
Regional Committee for Medical and Health Research 
Ethics of Health Region South-East, Norway, was in-
formed in writing and had no objections to the study.

The aim of the present work was to perform a retrospec-
tive descriptive study on all patients with shunts who had 
undergone continuous ICP wave and ICP monitoring for 
tentative shunt failure to establish information on: 1) the 
complication profile of ICP monitoring; 2) the frequency 
of when shunt revision was avoided; and 3) a profile of 
alterations in ICP waves and ICP depending on the type of 
shunt failure. The hypothesis was that ICP scores changed 
differently depending on the type of shunt failure.

algorithm for management of shunt Failure
Our department’s algorithm for management of shunt 

failure is illustrated in Fig. 1. In brief, the diagnosis of 
shunt failure is based on the patient’s history, as well as 
clinical and imaging findings. The likelihood for shunt 
failure depends on the available information. Evidence in 

favor of shunt failure may be clear when imaging shows 
disconnection of the shunt system, misplacement of cath-
eters, and growing ventricles. On the other hand, in pa-
tients with no obvious imaging findings, unclear clinical 
presentation, and absence of other probable causes of the 
patient’s symptoms, diagnostic ICP monitoring is used to 
aid management. Thus, the indication for diagnostic ICP 
monitoring in shunt failure is based on the following: 1) 
imaging of cerebral ventricles and the shunt system that 
provides no clear diagnosis of shunt failure or type of ten-
tative shunt failure; 2) the patient presents with symptoms 
that may indicate shunt failure, even though the history 
and symptoms are not clear for shunt failure; 3) the symp-
toms last for weeks or months, and are not responding to 
conservative measures such as medication or shunt-valve 
adjustment; and 4) noninvasive assessment has not re-
vealed other probable causes of the symptoms. Diagnostic 
ICP monitoring is then used to select management strat-
egy (Fig. 1). Because the type of shunt failure could not be 
determined from the imaging findings in these patients, it 
was beyond the scope of this study to explore how shunt 
failure relates to findings on CT scans and MR images.

shunt Failure management groups
We allocated the patients into 3 groups based on the 

conclusion about the type of shunt failure as diagnosed 
by the attending neurosurgeons and described in the 
discharge summary. The physician then made his or her 
conclusion about the type of shunt failure from the ICP 
scores, any effect of valve adjustments, perioperative find-
ings, and immediate postoperative clinical improvement 
of the patient. When the diagnosis of type of shunt failure 
was made, there was no awareness of a study on the topic. 

The first group was no drainage failure. Patients in this 
group were considered to have normal CSF drainage, and 
conservative follow-up without any action was advocated. 
Review of the patient records confirmed that none of the 
patients in this group underwent shunt revision within the 
following 30 days. The second group was the overdrain-
age group. Patients within the overdrainage group under-
went measures to reduce CSF overdrainage, including up-
ward adjustment of the valve setting or implantation of an 
antisiphon device. The final group was those patients with 
underdrainage. Patients within the underdrainage group 
underwent shunt revision or lowering of the opening pres-
sure of the shunt valve to prevent underdrainage.

analysis of continuous icp wave and icp recordings
Our institutional routine for diagnostic ICP monitoring 

for tentative shunt failure is as follows. A small bur hole 
is made in the skull, and a minor opening is made in the 
dura. A Codman ICP Microsensor (Johnson and Johnson) 
is tunneled subcutaneously, zeroed against the atmospher-
ic pressure, and introduced 1–2 cm into the frontal brain 
parenchyma. The Codman ICP Microsensor is connected 
to the Codman ICP Express monitoring system (Johnson 
and Johnson), and then connected to an analog-digital 
converter (Sensometrics Pressure Logger, dPCom), which 
is connected to a computer with the Sensometrics Soft-
ware (dPCom) used for online recording of ICP signals 
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(sampling rate 200 Hz). The continuous ICP monitoring 
is conducted within the neurosurgical ward from one day 
to another. The continuous ICP raw signals were stored on 
the hospital server for retrospective analysis.

The continuous ICP waveforms of the included pa-
tients were analyzed using a previously published method 
for automatic cardiac-induced ICP waves,14 and imple-
mented in the Sensometrics software. The automatic ICP 
waveform analysis incorporates several automatic steps: 
1) identifying the cardiac-induced waves by their begin-
ning and ending diastolic minimum pressures and systolic 
maximum pressure; 2) determining the amplitude (pulse 
amplitude, dP), rise time (dT), and rise time coefficient 
(RTC, dP/dT) from the identified cardiac-beat–induced 
ICP waves; and 3) for each 6-second time window, com-
puting the ICP waveform indices mean ICP wave ampli-
tude (MWA), mean wave rise time (RT) and mean wave 
rise time coefficient (RTC); the static pressure (mean ICP) 
is also computed for each 6-second time window. Only 
6-second time windows containing a minimum of 4 cardi-
ac beat–induced waves are considered to be of good qual-
ity and were used for the present analysis. The automatic 
method also identifies artifact waves due to noise in the 
pressure signal, due to patient movement or sensor move-

ment or dysfunction, and thus artifact waves were omitted 
from the analysis.

A standardized recording time from 11 pm until 7 am 
was applied to compare the pressure scores between pa-
tients. The ICP scores were compared with another re-
cording time from 7 am until 10 am.

statistical analysis
Statistical analysis was performed using the program 

SPSS (version 20, IBM Corp.). Differences between groups 
were determined using 1-way ANOVA with Bonferroni 
corrected post hoc tests. Associations between observa-
tions were determined by the Pearson correlation coeffi-
cient. Differences between tabular categories were deter-
mined using the Pearson chi-square test. Significance was 
accepted at the 0.05 level of probability.

results
demographic and clinical data

During the period from 2002 to 2011, 71 pediatric and 
75 adult patients with shunted hydrocephalus underwent 
diagnostic ICP monitoring for tentative shunt failure. De-
mographic data are shown in Table 1. Following ICP moni-

Fig. 1. The algorithm for management of patients with hydrocephalus and tentative shunt failure. The diagnosis of shunt failure 
is based on the patient’s history, clinical findings, and imaging results. Depending on the clinical/radiological information, the 
probability of shunt failure is weak (left) or strong (right). The management of shunt failure ranges from conservative measures 
(observation, medication, etc.) to shunt revision depending on the probability for shunt failure. Diagnostic ICP monitoring is used to 
select management strategy.

table 1. demographic and clinical data of the management groups

Variable
Pediatric Hydrocephalus (n = 71) Adult Hydrocephalus (n = 75)

No Drainage Failure Overdrainage  Underdrainage  No Drainage Failure  Overdrainage Underdrainage

No. of patients (%) 25 (35) 9 (13) 37 (52) 30 (40) 22 (29) 23 (31)
Sex (F/M) 12/13 4/5 13/24 17/13 16/6 13/10
Mean age in yrs (range) 12 (3–18) 10 (8–12) 12 (3–18) 42 (19–79) 42 (20–78) 25 (19–64)*
Hydrocephalus type (%)
  Communicating 21 (84) 9 (100) 31 (84) 25 (83) 14 (64) 18 (78)
  Noncommunicating 4 (16) — 6 (16) 5 (17) 8 (36) 5 (22)
Management (%)
  Shunt revision — 6 (67) 37 (100) — 12 (55) 19 (83)
  Shunt valve adjustment — 3 (33) — — 10 (45) 4 (17)
  No actions 25 (100) — — 30 (100) — —

*  Significant age difference (p = 0.004) between underdrainage and overdrainage/no drainage failure groups in the adult cohort (1-way ANOVA with Bonferroni cor-
rected post hoc test).
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toring, complications were noted in 2 (1.4%) of the 146 pa-
tients, including 1 superficial wound infection (0.7%) and 
1 minor bleed (16 × 9 mm) at the tip of the sensor (0.7%).

Shunt revision was performed in 74 (51%) of the 146 
patients subsequent to ICP monitoring. Short-term com-
plications with shunt revision were noted in 6 (8.1%) of 74 
patients, including 4 shunt infections (5.4%) and 2 cerebral 
bleeds from the ventricular catheter (2.7%). The median 
follow-up durations were 18 and 26 months in the pedi-
atric and adult cohorts, respectively. During the period 
of 2002–2011, approximately 1174 shunt revisions were 
completed in our department. The present cohort of 146 
patients constituted 12% of this cohort.

shunt Failure management groups
Figure 2 presents the proportion of patients within the 

3 management groups (no drainage failure, overdrainage, 
and underdrainage). While underdrainage was the pre-
dominant group in the children (Fig. 2 upper), the distribu-
tion of over- and underdrainage was similar in the adults 
(Fig. 2 lower). No drainage failure, i.e., cases not neces-
sitating further actions, were diagnosed in 25 (35%) of 71 
children (Fig. 2 upper) and 30 (40%) of 75 adults (Fig. 2 
lower). Moreover, shunt valve adjustment was performed 
in 17 patients, including 4% of the children (3/71) and 19% 
of the adults (14/75; Table 1). Thus, in this cohort of 146 
patients, shunt revision was avoided in 72 patients (49%).

symptoms
In both patient cohorts, symptoms had lasted for weeks 

or months prior to diagnostic ICP monitoring. In the pedi-
atric cohort, the frequency and distribution of symptoms 
compared between all management groups was led by 
headache, followed by lethargy, irritability, anorexia/nau-
sea, and dizziness (Table 2). Likewise, headache was the 
most frequent complaint in all management groups in the 
adult cohort, followed by lethargy, anorexia/nausea, and 
dizziness (Table 2). We found no significant differences 
regarding distribution of symptoms between management 
groups. Neither did we find a systematic effect regarding 
body position and symptoms (data not shown). These ob-
servations confirm that type of shunt failure could not be 
determined based solely on clinical symptoms at the time 
of ICP monitoring.

icp scores of the management groups
Mean ICP Scores

The mean ICP scores are presented in Table 3 and Fig. 
3. Mean ICP was significantly increased in the under-
drainage group in both adults and children. However, the 
management groups were not very well differentiated by 
mean ICP (Table 3, Fig. 3). Accordingly, mean ICP ≥ 15 
mm Hg in ≥ 20% of the recording time was observed in 0 
of 55 of patients in the no drainage failure group, 0 of 31 
patients in the overdrainage group, and 3 (5%) of 60 in the 
underdrainage group (Fig. 3C and D). A higher percent-
age of negative mean ICP values (< -5 to −10 mm Hg) 
measured in the supine position overnight characterized 
the overdrainage group. This observation was significant 
in the pediatric but not the adult cohort (Table 3).

ICP Wave Scores
The ICP wave parameters are presented in Table 4. The 

most important observations were significantly increased 
MWA and RTC values in the underdrainage group, both 
in the pediatric and adult cohorts. The differentiation of 
the management groups was more evident on the basis of 
MWA values (Fig. 4) than mean ICP (Fig. 3). Thus, when 
considering the total cohort, MWA ≥ 5 mm Hg in ≥ 20% 
of recording time was noted in 6 (11%) of 55 patients in the 
no drainage failure group, 3 (10%) of 31 in the overdrain-
age group, and 51 (85%) of 60 in the underdrainage group 
(Fig. 4C and D).

Time of Monitoring
The ICP scores referred to in Tables 3 and 4 and Figs. 

3 and 4 refer to the recording period from 11 pm to 7 am. 

Fig. 2. Percentage of patients within the management groups denoted 
as no drainage failure, overdrainage, and underdrainage in the pediatric 
(upper) and adult (lower) patient cohorts. The proportion within each 
group differed between the two cohorts (p = 0.01, Pearson chi-square 
test).
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We compared ICP scores during this period with results 
during the recording period from 7 am to 10 am. During 
the latter period, the patients were sitting in bed or even 
standing up, while during the night period (11 pm to 7 am) 
the patients were remaining supine in bed. While mean 
ICP values were significantly lower during the recording 
period from 7 am to 10 am in all management groups, no 
significant differences in ICP wave parameters during the 
two time periods were observed (data not shown).

ICP Scores and Age
When determining how the ICP scores related to age 

for each management group separately, we found no sig-
nificant association between mean ICP and age (Fig. 5A–
C) or between MWA and age (Fig. 5D–F). On the other 
hand, the ICP wave parameter RT was highly age-depen-
dent (Fig. 5G–I), with increased values in older patients. 
Consequently, the RTC became lower with increasing age 
(Fig. 5J–L).

discussion
In the present cohort of patients with shunted hydro-

cephalus undergoing ICP monitoring for tentative shunt 
failure, shunt revision was avoided in 49% of the patients. 
Mean ICP best differentiated overdrainage, which was 

characterized by increased frequency of mean ICP less 
than -5 to -10 mm Hg, whereas the ICP wave amplitude 
best differentiated underdrainage.

shunt Failure management groups
The clinical picture and severity of shunt failure in 

pediatric and adult hydrocephalus ranges from the acute 
situation with life-threatening symptoms requiring imme-
diate surgery, to a chronic situation with symptoms last-
ing from weeks to months, and a questionable presence 
of shunt failure. The present study investigated this latter 
type of shunt failure with possible over- or underdrainage.

Patients were allocated into management groups (no 
drainage failure, overdrainage, or underdrainage) based on 
the conclusion made about the type of shunt failure when 
there was no awareness about a study on the topic. The 
basis for the diagnosis was a combination of the measured 
ICP scores, any effect of valve adjustment, perioperative 
findings, and any presence of immediate postoperative 
clinical improvement of the patient. In the no drainage 
failure group, no 30-day shunt surgery was recorded.

The distribution of symptoms was comparable between 
the different shunt failure management groups. Thus, 
symptoms such as headache, lethargy, dizziness, anorexia, 
and nausea were not more or less common depending on 

table 2. symptoms indicative of shunt failure in the management groups*

Symptom

Pediatric Hydrocephalus (n = 71) Adult Hydrocephalus (n = 75)
No Drainage Failure

 (n = 25)
Overdrainage

 (n = 9)
Underdrainage

 (n = 37)
No Drainage Failure

 (n = 30)
Overdrainage

(n = 22)
Underdrainage

(n = 23)

Headache 18 (72) 9 (100) 28 (76) 20 (67) 17 (77) 21 (91)
Dizziness 3 (12) 2 (22) 3 (8) 7 (23) 5 (23) 7 (30)
Irritability 6 (24) 2 (22) 6 (16) 2 (7) 1 (5) —
Anorexia/nausea 5 (20) 1 (11) 6 (16) 9 (30) 2 (9) 9 (39)
Lethargy 7 (28) 2 (22) 15 (41) 10 (33) 6 (27) 9 (39)
Unsteady gait — — 1 (3) 6 (20) 7 (32) 1 (4)
Urinary incontinence — — 1 (3) 2 (7) 3 (14) —
Cognitive impairment 1 (4) — 3 (8) 11 (37) 3 (14) 4 (17)

*  Data given as number of patients (%).

table 3. mean icp scores of the management groups*

Mean ICP   
(mm Hg)

Pediatric Hydrocephalus (n = 71) Adult Hydrocephalus (n = 75)
No Drainage Failure

(n = 25)
Overdrainage

 (n = 9)
Underdrainage

 (n = 37)
No Drainage Failure

 (n = 30)
Overdrainage

(n = 22)
Underdrainage

(n = 23)

Average 9.1 (−1.6 to 16.9) 3.5 (−8.8 to 12.5) 14.4 (4.8–42.6)† 5.4 (−3.6 to 18.6) 1.7 (−9.5 to 9.7) 10.4 (3.8–66.8)‡
% ≤ −10 0 (0–1) 0 (0–5)§ — 0 (0–5) 0 (0–6) 0
% ≤ −5 0 (0–8) 0 (0–17)‡ — 0 (0–6) 0 (0–20) 0
% ≥ 15 0 (0–11) 0 (0–3) 5 (0–20)† 0 (0–17) 0 (0–1) 1 (0–20)‡
% ≥ 20 0 (0–2) 0 (0–1) 2 (0–18)‡ 0 (0–3) 0 0 (0–20)§

*  ICP parameters recorded from 11 pm to 7 am. Data given as value (range). Within each patient cohort, significant differences between the normal-drainage group 
compared with the over- or underdrainage groups were determined (1-way ANOVA with Bonferroni-corrected post hoc test). 
†  p < 0.001. 
‡  p < 0.01. 
§  p < 0.05. 
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the type of shunt failure. We found no systematic pattern 
regarding aggravation when the patient was standing (in 
the overdrainage group) or worsening in the supine posi-
tion (in the underdrainage group). These observations con-
firm that in this particular group of patients with tentative 
shunt failure, symptoms and position dependence could 
not differentiate type of shunt failure. Even in patients 
with shunted hydrocephalus, headache may be caused by 
another condition other than shunt failure.38

In the patients presented here, shunt revision or conser-
vative management was the alternative to ICP monitoring. 
The rational for the approach described in this work is that 
invasive ICP monitoring can result in avoidance of shunt 
revision and also carries a lower risk for severe complica-
tions,6,22,27,31 than do shunt surgery and shunt revision.30,34,41

It was beyond the scope of this work to determine the 
rate of shunt failure depending on type of shunt. Neither 
did we explore how shunt valve adjustment could be used 
to modify over- or underdrainage. There is limited scien-
tific evidence to argue that one shunt type is superior to an-
other.3,12,13 Finally, it was beyond the scope of this study to 
explore how radiological measures identify causes of shunt 

failure. In the present cases, assessment of ventricular size 
and change in size over time had been investigated and 
considered inconclusive regarding the presence or absence 
of shunt failure. Other authors have previously reported 
that MRI findings aid in determining optimal shunt-valve 
opening pressure.35

icp scores and type of shunt Failure
Among the present patients with underdrainage, only 

modest elevations in mean ICP were noted. Hence, we 
found mean ICP ≥ 15 mm Hg in ≥ 20% of the recording 
time (i.e., mean ICP ≥ 15 mm Hg during 12 minutes of a 
1-hour recording) in only 1 (3%) of 37 pediatric patients 
(Fig. 3C) and 2 (9%) of 23 adult patients (Fig. 3D). While 
shunt failure may cause impaired perfusion pressure, it 
is difficult to imagine how the present mean ICP values 
might impair cerebral perfusion pressure. On the other 
hand, in other situations with shunt failure accompanied 
by higher mean ICP, the cerebral perfusion pressure might 
be impaired.

While mean ICP was only marginally increased and less 

Fig. 3. Average values of mean ICP for the no drainage failure, overdrainage, and underdrainage management groups are shown 
in pediatric (a) and adult (b) patient cohorts, and the percentage of recording time with mean ICP ≥ 15 mm Hg in pediatric (c) and 
adult (d) cohorts. Each dot represents the average value for 1 patient monitored from 11 pm to 7 am. Boxes with dashed lines refer 
to a range of upper normal thresholds. Significant differences were determined by ANOVA with Bonferroni-corrected post hoc 
testing.
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definitive in the majority of patients in the underdrainage 
group, the most evident observation in patients within the 
overdrainage group was more negative mean ICP than that 
observed in the other management groups. The percentage 
of time with mean ICP less than −5 to −10 mm Hg was 
higher in these patients, which was significant in the pedi-
atric cohort. Negative mean ICP in overdrainage has been 
shown before.15,24,37 We have previously shown that with 
very negative mean ICP less than −5 mm Hg, MWA may 
increase,23 indicative of impaired compliance. It is thus in-
teresting to note that in the overdrainage group, 1 (11%) of 
9 pediatric patients presented with MWA ≥ 5 mm Hg in ≥ 
20% of the recording time (Fig. 4C). In this patient, the ele-
vated MWA was accompanied by mean ICP ≤ −10 mm Hg 
in 5% of the recording time and mean ICP ≤ −5 mm Hg in 
17% of the recording time, despite the fact that the patient 
was supine (average mean ICP = −8.8 mm Hg). Therefore, 
in cases with very low mean ICP, the MWA may increase.

One methodological weakness with the parameter of 
mean ICP is that it is sensitive to baseline pressure er-
rors.18,19 Mean ICP refers to the static pressure relative to a 
baseline pressure level. Baseline pressure errors may cause 
an erroneous mean ICP value. The ICP wave parameters 
are not affected by baseline pressure errors. Moreover, the 
mean ICP is dependent on the position of the patient. How 
ICP changes when the patient moves from sitting to lying 
and vice versa is different in patients with shunts.7,24 The 
ICP wave and ICP values referred to in this present work 
were monitored during the time period from 11 pm to 7 
am when the patient was supine and asleep. We also com-
pared these values with results of monitoring from 7 am 
to 10 am when the patient was awake, and sitting in bed. 
The latter measurements showed significantly lower mean 

ICP values, but no significant alterations in the ICP wave 
parameters.

Underdrainage was best differentiated by the MWA 
values. The MWA values of the underdrainage cases were 
comparable to values noted in nontreated shunt-dependent 
hydrocephalus cases.17,21,22 Accordingly, the treatment goal 
of normalizing ICP dynamics by shunt placement was not 
achieved in these patients. On the other hand, the MWA 
scores observed in the overdrainage or no drainage failure 
groups were comparable to values noted in patients with 
hydrocephalus who did not respond to shunt treatment.22 
Identifying patients with underdrainage is most important 
because this implies that the treatment goals have not been 
achieved.

In the underdrainage group, MWA ≥ 5 mm Hg in > 
10% of the recording time was observed in all 60 patients, 
and in > 20% of the recording time in 29 (78%) of 37 pe-
diatric patients (Fig. 4C) and 22 (96%) of 23 adult patients 
(Fig. 4D). We have previously shown that increasing MWA 
is accompanied by impaired intracranial compliance (in-
tracranial pressure-volume reserve capacity).20 From our 
clinical studies, we have defined the upper threshold of 
MWA as 4–5 mm Hg, and percentage of MWA > 5 mm 
Hg in > 10% of the recording time as indicative of im-
paired intracranial compliance.16,22 Therefore, we consider 
the elevated MWA values in the underdrainage group as 
an indicator of impaired intracranial compliance. A key 
mechanism behind the effect of shunt placement may be 
improvement of impaired intracranial compliance. Shunt 
failure may, in turn, be accompanied by impaired intra-
cranial compliance. Observations in experimental shunt 
failure in animals support this assumption.26

The term intracranial compliance refers to the relation-

table 4. mean icp wave scores of the management groups*

ICP Variable

Pediatric Hydrocephalus (n = 71) Adult Hydrocephalus (n = 75)
No Drainage Failure

 (n = 25)
Overdrainage

(n = 9)
Underdrainage

(n = 37)
No Drainage Failure

(n = 30)
Overdrainage

(n = 22)
Underdrainage

(n = 23)

MWA (mm Hg)
  Average 3.2 (1.4–5.5) 3.3 (2.0–4.6) 5.0 (3.9–10.5)† 2.8 (1.6–4.5) 2.9 (1.4–4.6) 5.7 (4.3 – 9.2)†
  % ≥ 5 1 (0–68) 1 (0–29) 38 (11–99)† 1 (0–33) 1 (0–28) 61 (19–98)†
  % ≥ 6 0 (0–25) 0 (0–12) 20 (1–92)† 0 (0–9) 0 (0–15) 35 (5–91)†
Mean RT (sec)
  Average 0.13 (0.10–0.26) 0.12 (0.10–0.20) 0.15 (0.10–0.26) 0.20 (0.09–0.27) 0.20 (0.11–0.30) 0.20 (0.11–0.30)
  % ≥ 0.20 5 (0–99) 1 (0–49) 8 (0–95) 50 (0–100) 50 (0–97) 51 (0–99)
  % ≥ 0.25 1 (0–70) 0 (0–34) 2 (0–76) 18 (0–89) 15 (0–86) 9 (0–88)
Mean RTC (mm Hg/sec)
  Average 27.0 (8.5–47.2) 27.9 (17.1–44.3) 37.7 (20.4–78.4)† 16.4 (5.1–46.2) 20.0 (5.8–35.6) 32.8 (19.5–78.3)†
  % ≥ 30 30 (0–98) 30 (0–97) 81 (12–100)† 1 (0–99) 5 (0–89) 62 (5–100)‡
  % ≥ 40 2 (0–80) 1 (0–61) 42 (3–100)† 0 (0–71) 0 (0–18) 16 (1–98)‡
Quality of recording
  % of accepted 6-sec  
    time windows

98 (1–100) 99 (89–100) 94 (32–100) 95 (11–100) 96 (33–100) 96 (9–100)

*  ICP parameters recorded from 11 pm to 7 am. Data given as value (range). Within each patient cohort, significant differences between the normal-drainage group 
compared with the over- or underdrainage groups were determined (1-way ANOVA with Bonferroni-corrected post hoc test).
†  p < 0.001 
‡  p < 0.01. 
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ship between intracranial volume change and pressure 
change (dV/dP). This relationship is assessed as changes 
in ICP following addition or removal of various volumes, 
and expressed in the pressure volume curve.32,33 During 
each cardiac contraction, the intracranial volume chang-
es slightly and is accompanied by a change in pressure 
over the cardiac cycle. While the net intracranial volume 
(dV) change during each cardiac contraction is about 1 
ml,4,47 the amplitude of the single ICP wave is less than 4 
mm Hg. Thus, we have previously shown that the MWA, 
which refers to the amplitude (dP) of the single pressure 
waves, is inversely associated with the intracranial com-
pliance measured by the Spiegelberg compliance moni-
tor.20 Impaired intracranial compliance and elevated ICP 
wave amplitudes can also be associated with reduced 
function of intracranial absorber mechanisms.36

Prior to shunting of hydrocephalus, the ICP wave am-
plitudes in patients are elevated, indicative of impaired 
intracranial compliance.22 Moreover, shunting normal-
izes the ICP waves, and adjustment of opening pressure 
can tailor levels of ICP waves.21 The literature is, however, 
scarce as to how shunt failure alters the ICP waves.23,40

The validity of ICP measurements in this study is lim-
ited by the descriptive and retrospective study design. The 
ICP scores were part of the basis for the diagnosis and will 

therefore influence the interpretation of the significance of 
the measurements in this cohort. However, the validity is 
to some extent supported by the diagnostic contribution of 
other factors such as the effect of valve adjustment, peri-
operative findings, and immediate postoperative clinical 
improvement, as well as the lack of readmission for shunt 
revision the following 30 days. In addition, the elevated 
ICP wave amplitudes were comparable with the abnormal 
levels previously reported in other studies.16,22 However, in 
this retrospective study, we have primarily described our 
results of monitoring ICP in patients with tentative shunt 
failure. A randomized study design is required to deter-
mine how ICP scores predict type of shunt failure.

icp waves and icp as related to age
There are limited data in the literature as to how ICP 

dynamics relate to age and differ between pediatric and 
adult patients. One study reporting 46 patients between 
17 and 86 years of age found a significantly positive as-
sociation between age and resistance to CSF outflow, age 
and amplitude of ICP waves, and between age and slope 
of amplitude-pressure regression.11 Compared to the pre-
vious report,11 we found no correlation between age and 
mean ICP (0–80 years), and no significant association be-

Fig. 4. Average values of MWA for the no drainage failure, overdrainage, and underdrainage management groups are shown in 
pediatric (a) and adult (b) patient cohorts, and the percentage of recording time with MWA ≥ 5 mm Hg in pediatric (c) and adult 
(d) cohorts. Each dot represents the average value for 1 patient monitored from 11 pm to 7 am. Boxes with dashed lines refer to a 
range of upper normal thresholds. Significant differences were determined by ANOVA with Bonferroni-corrected post hoc testing.
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tween age and MWA over the decades of life. On the other 
hand, a highly significant positive correlation between RT 
and age was found, which was accompanied by a negative 
association between age and RTC. This latter finding is 
related to the fact that RTC is determined by the relation-
ship between amplitude and RT of the individual single 

pressure waves; accordingly, the RTC appears to be age-
dependent.

conclusions
In this cohort of pediatric and adult patients with hydro-

cephalus and tentative shunt failure, the risk of ICP moni-

Fig. 5. Scatterplots showing the association between age and mean ICP (a–c), MWA (d–F), RT (g–i), and RTC (J–l) for 
patients in the no drainage failure, overdrainage, and underdrainage management groups. For each scatterplot the Pearson cor-
relation coefficient with significance levels is shown.
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toring was very low, and helped us avoid shunt revision 
in 49% of the patients with tentative shunt failure. Mean 
ICP best differentiated overdrainage, which was charac-
terized by a higher percentage of episodes with negative 
mean ICP less than -5 to -10 mm Hg. Underdrainage was 
best characterized by elevated MWA values, indicative of 
impaired intracranial compliance. 
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