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Abstract
Background Although measurement of intracranial pressure (ICP) has occasionally been utilized in children with craniosynos-
tosis (CSS), data on parameters of pulsatile ICP in CSS are still lacking, and the role of pulsatile ICP measurements in the
management of CSS is not well established.
Methods From our department’s database, we retrieved the data from children in whom the measurement of static and pulsatile
ICP was a part of the diagnostic work-up in different clinical situations related to CSS. Both clinical and ICP data were
retrospectively reviewed and analyzed.
Results We identified 49 children with CSS, median age 4.4 years (range 0.2–18.9), in whom a total of 67 diagnostic ICP
measurements were undertaken between 2002 and 2014. The CSS was syndromal in 23 cases. The rationale for ICP measure-
ment was a question of indication for cranial vault expansion surgery (CVES) in 12 patients (Group 1), of its timing in 10 patients
(Group 2), of suspected abnormally elevated ICP or hydrocephalus in 11 patients (Group 3), of indication for repeated CVES in
13 patients (Group 4), or shunt dysfunction in three patients (Group 5). The average mean ICP for the whole cohort was 15.1 ±
5.5 mmHg and mean wave amplitude (MWA) 5.3 ± 2.2 mmHg. There was no significant difference in ICP parameters when
compared between Groups 1–5. Fundoscopy revealed papilledema in five out of 32 children (15.6%). There were significantly
higher parameters of pulsatile ICP (MWA) in patients with papilledema, but no statistically significant difference in parameters of
static ICP.
Conclusions In this cohort of pediatric patients with CSS presenting with various diagnostic challenges, we found the diagnostic
measurement of static and pulsatile ICP useful in selecting the optimal treatment modality and timing of surgery. Papilledema
was associated with elevated pulsatile ICP, a parameter that in previous studies has been shown to correlate with impaired
intracranial compliance.
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Introduction

Craniosynostosis (CSS), a condition first described by
Sömmerring in 1791 [1], results from premature closure of

calvarial sutures and presents clinically most often in new-
borns and small infants. The most common forms of CSS
are the sagittal (scaphocephaly), coronal (plagiocephaly),
and metopic (trigonocephaly) single-suture synostoses, while
the complex cases of multiple-suture CSS are less common
and often associated with specific craniofacial conditions such
as Apert, Crouzon, and Pfeiffer syndromes [2].

CSS leads to the limitation of normal growth of the skull
and hence the restriction of the intracranial volume (ICV). In
healthy children, ICV doubles from birth by 9 months of age
and triples by 6 years of age [3], thus enabling normal devel-
opment of the brain. In untreated CSS and as ICV becomes
reduced, the brain growth is restricted and its development is
threatened by an increase of the intracranial pressure (ICP).
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This may result in delayed psychomotor development, visual
impairment, and ultimately severe brain damage. The combi-
nation of CSS and obstructive sleep apnea or hydrocephalus
[4], which also may contribute to pathologically increased
ICP, may be even more critical in preventing the brain from
normal development.

Cranial vault expansion surgery (CVES) is necessary if
normal brain growth is at risk. The goal of CVES is then to
expand the ICV in order to prevent damage to the growing
brain. The understanding of the association between ICV and
ICP in children with CSS is therefore of utmost clinical
importance.

In a recent study, we found no association between ICV
and ICP values prior to CVES, nor any association between
change in ICV and ICP values after CVES [5]. These results,
as well as the observations made by others [6, 7], suggest that
the ICV is no reliable predictor of the ICP, meaning that in-
tracranial hypertension in CSS may not be caused by reduced
ICV alone but rather by a distorted relationship between ICV
and the volume of intracranial contents (brain tissue, cerebro-
spinal fluid, and blood in intracranial vessels). Alterations of
static ICP in CSS have been described in several studies
[6–13], as well as their effect on cerebral perfusion pressure
[14]. However, several lines of evidence suggest that intracra-
nial compliance (ICC) is better predicted by the pulsatile ICP
[15–17], which alterations in the setting of CSS have been
explored in only a few studies so far [5, 18].

While the surgical treatment of simple single-suture, non-
syndromic CSS in small infants is technically straightforward
and the results are generally favorable [19], some children
may develop a complex CSS condition requiring a more intri-
cate treatment strategy. In clinical practice, this latter subgroup
of patients has proven to be particularly challenging. Besides
CVES, other surgical interventions may be necessary: repeat-
ed CVES, decompressive subtemporal craniectomy, and also
diversional procedures of the cerebrospinal fluid (CSF) such
as ventriculo-peritoneal (or atrial) shunt, endoscopic third
ventriculostomy, or fenestration of lamina terminalis .

At our institution, we have for many years performed di-
agnostic overnight measurement of static and pulsatile ICP in
selected andmore complex cases of childrenwith CSS prior to
determining the indication for corrective surgery with CVES
or sometimes for repeated CVES. Furthermore, we have uti-
lized diagnostic ICP measurement in patients suffering from a
combination of CSS and underlying hydrocephalus and/or
suspected intracranial hypertension. The ultimate goal of uti-
lizing overnight ICP measurement in patients with CSS is to
either strengthen the indication for surgical treatment in doubt-
ful cases or—equally importantly—to prevent patients from
being exposed to unnecessary surgical procedures.

In this retrospective descriptive study, we conducted an
analysis of ICP measurements performed in patients with
CSS in these different clinical situations. The goal of the study

was to systematically review our experience and evaluate the
value ofmeasuring both static and pulsatile ICP in challenging
cases of CSS.

Methods

Approvals and ethical considerations

The study was approved by the Oslo University Hospital as a
quality control study (approval no. 2015/15993).

Patient sample

From the database of diagnostic ICPmeasurements performed
at the Department of Neurosurgery, Oslo University Hospital–
Rikshospitalet in the period from January 2002 to November
2014, we retrospectively identified all children with CSS who
had undergone diagnostic ICP measurement. Criteria for in-
clusion in the present study were as follows: all children under
19 years of age with clinically and radiologically verified CSS
who underwent diagnostic ICP measurement and whose raw-
data from ICP measurements were found digitally stored in
the department’s database. We also included children who
underwent surgery related to CSS prior to the first ICP mea-
surement. In all patients, the ICP scores were analyzed and
patient charts reviewed in order to obtain clinical details.

The children had undergone ICP measurement as a part of
diagnostic workup when the indication for treatment was con-
sidered. The patients could be divided into five groups accord-
ing to the indication for ICP measurement:

1) Those with evident CSS but an uncertain indication for
CVES and in whom abnormal ICP could potentially
strengthen the indication;

2) Those with CSS and relatively clear indication for surgi-
cal correction, but with the question of optimal timing of
CVES;

3) Those with clinical signs indicative of abnormal ICP and
in whom some form of CSS also was present;

4) Those with previously performed CVES but still persis-
tent or progressive clinical signs indicative of abnormal
ICP and hence the question of the need for repeated
CVES;

5) Those with previously performed CSF diversion and
present CSS condition, and in whom shunt dysfunction
could be clinically suspected.

Measurements of pulsatile and static ICP

ICP was measured invasively. Usually in general anesthesia, a
cranial burr hole was placed in front of the coronal suture,

2016 Acta Neurochir (2021) 163:2015–2023



most often on the right side. The ICP sensor (MicroSensor;
Codman, Johnson & Johnson) was calibrated in a standard
manner and placed 1–2 cm into the brain parenchyma. The
monitoring of ICP then continued overnight, lasting usually
for 16–24 h. After finishing the recording, the ICP sensor was
withdrawn.

Analysis of pressure measurements

The continuous ICP waveforms were sampled at 100–200 Hz
and stored on a hospital server. The automatic algorithm for
ICP analysis incorporated in the dedicated software
(Sensometrics Software; dPCom) was used. This software
identifies physiological waves in the continuous ICP wave-
form and ignores the artificial pressure waves caused by noise
in the signal. Each ICP wave accepted for further analysis is
characterized by the amplitude (pulse amplitude dP [pressure
difference between diastolic minimum pressure and systolic
maximum pressure]), rise time (dT [time interval from begin-
ning diastolic pressure to systolic pressure]), and rise time
coefficient (dP/dT). For ICP waves with multiple subpeaks,
the software selects the largest peak. For each consecutive 6-s
time window, the following ICP parameters are then deter-
mined: the mean ICP (averaged ICP over the 6-s time win-
dow, representing the static ICP), the mean ICP wave ampli-
tude (MWA; averaged ICP pulse amplitude [dP] over the 6-s
time window, representing the pulsatile ICP), the mean ICP
wave rise time (averaged pulse rise time (dT) over the 6-s time
window), and the mean ICP wave rise time coefficient (aver-
aged pulse rise time coefficient [dP/dT] over the 6-s time
window). For comparison of pressure values among individ-
uals, we selected a standardized recording time from 11 PM to
7 AM. During this time, the children were normally asleep.

Threshold levels for pulsatile and static ICP scores

As ICP measurement requires an invasive procedure, data
from ICP measurements in healthy individuals cannot be ob-
tained. Based on our own experience with monitoring pulsa-
tile and static ICP in populations of patients of different age
and various conditions affecting the central nervous system
[16–18, 20], we therefore use the following thresholds when
considering averaged overnight recordings: MWA< 4 mmHg
(below threshold), 4–5 mmHg (borderline threshold), and >
5 mmHg (above threshold); mean ICP < 10 mmHg (below
threshold), 10–15 mmHg (borderline threshold), and >
15 mmHg (above threshold).

Statistical analysis

Statistical analyses were performed using the SPSS software
(version 20.0 for Windows; IBM Corp.). Differences between
continuous data were determined using independent-sample t

tests, or by ANOVA with Bonferroni corrected post hoc tests
whenmultiple comparisons were performed. Statistical signif-
icance was accepted at the 0.05 level (two-tailed).

Results

Forty-nine patients met the inclusion criteria. There were 34
boys and 15 girls (ratio 2.3:1), and the median age at the time
of the first ICP measurement was 4.4 years (range 0.2–
18.9 years). Head circumference at the time of the first ICP
measurement was median 49.4 cm (range 39–58.5 cm), i.e.,
median 10-percentile (range from 4.5 cm below 2.5-percentile
to 3.5 cm over 97.5-percentile).

Craniosynostosis was non-syndromal in 26 cases (53%),
involving simple (n = 19: sagittal in 14, metopic in three,
and coronar in two cases, respectively) or multiple sutures
(n = 7). In 23 cases (47%), the craniosynostosis was
syndromal in association with genetically verified Apert
(n = 5), Crouzon (n = 6, one of which combined with
Marfan), Pfeiffer (n = 3), and CHARGE (n = 1) syndromes,
while syndrome could not be specified in another eight cases.

Reliable data on clinical signs of symptoms were available
from 42 out of 49 patients and are listed in Table 1. The most
frequent symptoms at the time of the first ICPmeasurement were
delayed psychomotor development in 26 (62%), headache in 21
(50%), and sleep disturbance in 19 (45%) patients, respectively.

According to CT orMRI, the median value of Evans’ index
(images available for measuring in 45 out of 49 patients) was
0.28 (range 0.18–0.50).

Twenty-six (53%) of patients had already undergone at
least one surgery before the first ICP measurement: CVES in
25 patients and CSF diversion (VP-shunt) in four patients,
respectively.

The rationale for diagnostic ICP measurement was as fol-
lows: the question of indication for CVES in 12 patients (25%;
Group 1 in Table 2), of its timing in 10 patients (20%, Group
2), of suspected abnormally elevated ICP or hydrocephalus in
11 patients (22%, Group 3), of indication for repeated CVES
in 13 patients (n = 27%, Group 4), or shunt dysfunction in
three patients (6%, Group 5).

As ICP data from four patients were not digitally stored,
recording data from only 45 patients were analyzed. The find-
ings from ICP measurements are listed in Table 2. The aver-
age mean ICP for the whole cohort was 15.1 ± 5.5 mmHg and
MWA 5.3 ± 2.2 mmHg. There was no significant difference in
ICP parameters when compared between Groups 1–5.

Based on finding from the first ICP measurement, a con-
servative strategy was chosen in 24 patients (49%) while an
indication for CVES was found in another 19 patients (39%).
Three pa t ien ts (6%) underwent CSF dive rs ion :
ventriculoperitoneal (VP) shunt in two and endoscopic third
ventriculostomy (ETV) in one patient. Two patients (4%)
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were treated with CVES along with CSF diversion (VP
shunt), and one patient (2%) with pre-existing VP shunt
underwent shunt revision (Fig. 1).

Eleven patients (22.5%) underwent second ICP measure-
ments after initial treatment or expectancy. As a result of repeated
ICP measurement, another two patients received VP shunt and
three patients were operated on with CVES (which was a

repeated procedure in two of these cases). The third ICP mea-
surement was undertaken in five patients (10%), the fourth in
two (4%), while one patient (2%) underwent six ICP measure-
ments, respectively. The rationale for and clinical impact of these
measurements is schematically showed in Fig. 1 for illustration.

Thus, a total of 67 diagnostic ICP measurements were un-
dertaken. We experienced complications related to invasive
ICP measurement in two (4%) patients (i.e., in 3% of all pro-
cedures): a CSF leakage in one and meningitis with encepha-
litis and sepsis due to multiresistant Streptococcus
pneumoniae in another patient. In the latter case, the infection
occurred 15 days after the procedure.

Fundoscopy prior to the first ICP measurement was
undertaken by an ophthalmologist in 32 patients (65%),
and papilledema was found in five of them (16%). In
31 of these patients, in whom ICP data were available,
there were significantly higher parameters of pulsatile
ICP (average MWA or percentage of MWA above
5 mmHg) in patients with papilledema, but no statisti-
cally significant difference in parameters of static ICP
(Fig. 2).

Discussion

The main finding from this study was that in this cohort of
CSS patients with various diagnostic challenges, the measure-
ment of static and pulsatile ICP added diagnostic information
that was useful in the clinical decision making. Notably,
papilledema was not associated with increased static ICP,
but with increased pulsatile ICP.

It is important to stress that the present patient cohort does
not represent a CSS population in general, but only a minor
part—below 20%—of approximately three hundred patients
treated at our department for CSS in the same period. The
majority of children with CSS would never require ICP mea-
surement as the indication for CVES may be based on the
clinical assessment alone. The present patient cohort is there-
fore a selected group of patients, in whom the indication for
CVES (or repeated CVES) was doubtful, and/or in whom a
component of underlying hydrocephalus and/or abnormal ICP
might be suspected.

The main rationale for evaluation of ICP in these cases was
to obtain an optimal basis in the decision making regarding
indication and timing for surgery, i.e., to ensure that the child
does not need CVES or CSF diversion or— equally
importantly—that the patient would not be exposed to the risk
of unnecessary surgical procedures when the indication was
uncertain. This rationale also justified a risk of complications
potentially related to invasive ICP measurement, which was
quite low in our series (3% of all procedures).

As shown in Fig. 1, the children undergoing the first ICP
measurement with the question of “need for CVES” (Group 1

Table 1 Demographic, clinical, and management data from the present
patient cohort

Variable

Sex (M/F) 34/15 (2.3 : 1)

Age (years; median, range)1 4.4 (0.2–18.9)

Head circumference (cm; median,
range)1,2

49.4 (39–58.5)

Head circumference (percentile;
median, range)1,2

10 (4.5cm < 2.5% – 3.5cm > 97.5%)

Rationale for the 1st ICP measurement

Indication for CVES? 12 (25%)

Timing of CVES? 10 (20%)

Indication for repeated CVES? 13 (27%)

Hydrocephalus / abnormally ↑
ICP

11 (22%)

Shunt dysfunction? 3 (6%)

Type of craniosynostosis

Non-syndromal 26 (53%)

Simple 19 (39%)

Multiple 7 (14%)

Syndromal 23 (47%)

Crouzon 6 (26%)

Apert 5 (22%)

Pfeiffer 3 (13%)

CHARGE 1 (4%)

unspecified 8 (35%)

Clinical symptoms1,3

Headache 21 (50%)

Nausea 9 (21%)

Irritability 12 (29%)

Delayed psychomotor
development

26 (62%)

Papilledema 5 (16%)4

Fatigue 10 (24%)

Anorexia 6 (14%)

Sleep disturbances 19 (45%)

OSA 12 (29%)

CVES cranial vault expansion surgery; ICP intracranial pressure; OSA
obstructive sleep apnea; VP ventriculo-peritoneal; ETV endoscopic third
ventriculostomy. Categorical variables are presented as the number (%)
1 at the time of the 1st ICP measurement; 2 data available from only 48
patients; 3 reliable clinical data available from only 42 patients; 4 fundos-
copy prior to the first ICP measurement performed in only 32 patients
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in Table 2) ended up with conservative strategy equally often
as with surgery (6:6), while in those with the question of the
need for “repeated CVES” (Group 4), we tended to choose
more often the conservative strategy (8:5). On the other hand,
there was a clear majority of patients with the question of
“timing of CVES” (Group 2) who proceeded to surgical treat-
ment (9:1) after their diagnostic ICP measurement. These
numbers point at valuable diagnostic information retrieved
from ICP measurements, including analysis of the pulsatile
ICP.

Themain goal of the treatment of CSS is to prevent damage
to the developing brain potentially caused by suspended skull
growth and compromised ICV. Since ICV may not reliably
predict the ICP [5–7], the measurement of ICP may be bene-
ficial in selected cases. In contrary to the measurement of
static ICP (i.e., the mean ICP) [6–14], the analysis of pulsatile
ICP (i.e., the mean wave amplitude, MWA) has proven to
better indicate the intracranial compliance (ICC) [15–17] in
different neurosurgical conditions. Alterations of pulsatile ICP
in the setting of CSS, however, have previously been explored
in only a few studies [5, 18]. As illustrated in Table 3, the
parameters of pulsatile ICP are abnormally elevated despite
normal static ICP in most of the other non-acute neurosurgical

conditions. However, in patients with CSS as well as in those
with idiopathic intracranial hypertension (IIH), also static ICP
usually tends to be higher, illustrating a more dramatic impact
of reduced ICV (in CSS) or engorged brain (in IIH).

Radiologically definable hydrocephalus is only rarely ob-
served in patients with non-syndromic CSS, in whom it usu-
ally is a coincidental condition, while it is more common in
syndromic CSS [4]. Furthermore, it has been shown that pa-
rameters of neither static nor pulsatile ICP correlate with linear
measures of ventricular size [18]. Fundoscopy with the assess-
ment of papilledema has therefore traditionally been used in
order to indirectly confirm or rule out abnormally elevated
ICP. It was performed in only two thirds (65%) of patients
in our series, and papilledema suggesting elevated ICP was
found in 16% of them, similar to the finding of Tuite et al. [13]
(12%). Important to note from the latter study, however, is that
although papilledema was a highly specific indicator of ele-
vated ICP, its sensitivity was age-dependent: while it was
100% sensitive in children older than 8 years, it indicated
elevated (static) ICP in only 22% of younger children. Thus,
the presence of papilledema reliably indicates elevated ICP
but its absence does not rule out elevated ICP. Therefore,
diagnostic ICP measurement has a role in demonstrating

Table 2 The ICP values from the 1st ICP measurement in the present cohort (45 of 49 cases)1. There was found no significant difference in ICP
parameters between groups

All patients
(n = 45)

Group 1 Group 2 Group 3 Group 4 Group 5
Need for
CVES?
(n = 11)

Timing of
CVES? (n = 10)

Hydrocephalus/
abnormally ↑ICP?
(n = 10)

Indication for repeated
CVES? (n = 12)

Shunt
dysfunction?
(n = 2)

Static ICP

Mean ICP

Average (mm Hg) 15.1 ± 5.5 17.6 ± 6.8 15.7 ± 5.3 14.5 ± 3.8 12.7 ± 3.4 16.9 ± 14.1

Percentage ≥ 15 mmHg 44 ± 30 55 ± 35 46 ± 30 41 ± 24 33 ± 23 50 ± 68

Percentage ≥ 20 mmHg 22 ± 26 31 ± 31 22 ± 24 18 ± 28 11 ± 9 47 ± 66

Pulsatile ICP

MWA

Average (mm Hg) 5.3 ± 2.2 6.4 ± 3.1 5.2 ± 2.1 4.4 ± 1.3 5.2 ± 1.8 4.9. ± 0.4

Percentage ≥ 5 mmHg 40 ± 29 50 ± 34 41 ± 33 26 ± 19 46 ± 28 28 ± 6

Percentage ≥ 6 mmHg 28 ± 26 37 ± 33 29 ± 29 14 ± 12 32 ± 22 14 ± 6

Mean wave rise time (MWRT)

Average (s) 0.18 ± 0.04 0.19 ± 0.05 0.17 ± 0.03 0.19 ± 0.04 0.18 ± 0.05 0.21 ± 0.01

Percentage ≥ 0.15 s 65 ± 30 68 ± 35 68 ± 31 61 ± 27 62 ± 33 85 ± 4

Percentage ≥ 0.20 s 38 ± 29 45 ± 33 20 ± 25 42 ± 26 39 ± 30 57 ± 2

MWRT coeff (MWRTC)

Average (mm Hg/s) 31.8 ± 11 36 ± 12 31.8 ± 10 26.9 ± 7.5 33 ± 13.4 26.3 ± 1.6

Percentage ≥ 30 mmHg/s 47 ± 30 55 ± 33 48 ± 32 35 ± 23 53 ± 33 26 ± 2

Percentage ≥ 40 mmHg/s 24 ± 26 32 ± 28 21 ± 22 12 ± 14 30 ± 33 7 ± 3

Recording time from 11 PM to 7AM. Data presented as means ± standard deviation. Significance between groupswas determined using 1-way ANOVA
with Bonferroni-corrected post hoc tests
1 Digitally stored ICP data available from only 45 out of 49 patients

CVES cranial vault expansion surgery, ICP intracranial pressure, MWA mean wave amplitude, MWRT mean wave rise time
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elevated ICP when it is clinically suspected, but not confirmed
by fundoscopy. Furthermore and as observed in patients with
idiopathic intracranial hypertension (IIH) [16] as well as in our
previous study on pediatric patients [18], all patients with
papilledema had abnormally elevated MWA, while some of
them could have normal mean ICP. This is again confirmed in
the present study, as there was no significant difference in
parameters of static ICP between those with and without
papilledema, but significantly higher parameters of pulsatile
MWA (Fig. 2) in patients with papilledema.

Some limitations of the present study should be noted. The
study design is retrospective with its inherent limitations.
Moreover, the use of diagnostic ICP measurement in the
work-up of children with CSS as presented here relied on
individual considerations in each patient. Furthermore, the
role of disturbed CSF circulation and its relation to CSS may
be discussed. Four patients from the present cohort had a pre-
existing CSF diversion (i.e., a ventriculoperitoneal shunt) at
the time of the first ICP measurement, which was undertaken
because of suspected shunt dysfunction in three and to assess
the need for CVES in one patient, respectively. The inclusion
of these patients in the whole cohort may appear controversial
as CSF diversion could potentially have an impact on ICP
values measured.

Finally, the present age distribution of CSS patients is not
representative of today’s surgical management of CSS.
During the study period (2002–2014), most of the typical

�Fig. 1 A flow-chart schematically illustrating the rationale for diagnostic
ICP measurement (red squares) as well as its clinical consequences (blue
squares) in the present cohort of patients. The thickness of arrows corre-
sponds graphically with the number of patients in each subgroup. One
patient had a total of six ICP measurements (only four of them are pre-
sented in this figure)

Fig. 2 For individuals without
(No, n = 31) or with (Yes, n = 5)
papilledema, the differences in a
average ofMWA, b percentage of
MWA> 5 mmHg, c average of
mean ICP, and d percentage of
mean ICP > 15 mmHg are
presented. Error bars with 95%
confidence intervals are
presented, including significance
levels as determined by
independent samples t test
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CSS cases were operated around 7–12 months of age at the
earliest, as CVES still was considered a demanding procedure
not very well suitable for the youngest children due to expect-
ed blood loss and other specific risks. Hence, the median age
of the present cohort was 4.4 years. Since 2013, we have
utilized a technique of minimal invasive CVES with subse-
quent treatment with head orthosis [19, 24], which has
allowed for CVES being performed in children just a few
weeks or months old, before the issue of abnormally elevated
ICP becomes clinically relevant. For this reason, the need for
diagnostic ICP measurements in non-syndromic CSS has fall-
en significantly over the last few years and is now used only in
specific, mostly syndromic cases.

Conclusion

In this cohort of pediatric patients with CSS presenting vari-
ous diagnostic challenges, we found the diagnostic measure-
ment of pulsatile and static ICP useful in selecting the optimal
treatment modality and timing of surgery. Papilledema was
associated with elevated pulsatile ICP, a parameter that in
previous studies has been shown to correlate with impaired
intracranial compliance.
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