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Abstract

Background: Children referred to a tertiary hospital for the indication, “rule out idiopathic intracranial hypertension
(IH)"may have an increased risk of raised venous sinus pressure. An increase in sinus pressure could be due to obesity,
venous outflow stenosis or cerebral hyperemia. The purpose of this paper is to define the incidence of each of these
variables in these children.

Methods: Following a data base review, 42 children between the ages of 3 and 15 years were found to have been
referred over a 10 year period. The body mass index was assessed. The cross sectional areas and circumferences of the
venous sinuses were measured at 4 levels to calculate the hydraulic and effective diameters. The arterial inflow, sagit-
tal and straight sinus outflows were measured. Automatic cerebral volumetry allowed the brain volume and cerebral
blood flow (CBF) to be calculated. The optic nerve sheath diameter was used as a surrogate marker of raised intrac-
ranial pressure (ICP). The sagittal sinus percentage venous return was used as a surrogate marker of elevated venous
pressure. Age and sex matched control groups were used for comparison.

Results: Compared to controls, the obesity rates were not significantly different in this cohort. Compared to con-
trols, those at risk for IIH had a 17% reduction in transverse sinus and 14% reduction in sigmoid sinus effective cross
sectional area (p=10.005 and 0.0009). Compared to controls, the patients at risk for [IH had an arterial inflow increased
by 34% (p < 0.0001) with a 9% larger brain volume (p=0.02) giving an increase in CBF of 22% (p=0.005). The sagit-

tal and straight sinus venous return were reduced by 11% and 4% respectively (p <0.0001 and 0.0009) suggesting
raised venous sinus pressure. Forty five percent of the patients were classified as hyperemic and these had optic nerve
sheath diameters 17% larger than controls (p < 0.0002) suggesting raised ICP.

Conclusion: In children with the chronic headache/ IIH spectrum, the highest associations were with cerebral
hyperemia and mild venous sinus stenosis. Obesity was not significantly different in this cohort. There is evidence to
suggest hyperemia increases the venous sinus pressure and ICP.
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Background

Idiopathic intracranial hypertension (IIH) is charac-
terized by increased intracranial pressure (ICP) in the
absence of parenchymal brain lesions, vascular malfor-
mations, hydrocephalus or CNS infection [1]. To diag-
nose IIH, an elevated opening pressure above 28 cmH,0O
is required in children, unless they are not sedated or
obese, then 25 cmH,O0 is the accepted level [2]. The ICP
depends on several factors and is modeled using Davson’s
equation:

ICP = FRcspxRoyut + SSSp (1)

where FR, is the CSF formation rate, R,,, is the CSF
outflow resistance and SSS,, is the superior sagittal sinus
pressure. The sagittal sinus pressure itself depends on
Ohm’s law, i.e. the product of the outflow resistance and
blood flow through the outflow plus the jugular bulb
pressure [3]. So Eq. (1) can be expanded to:

ICP = FRcspxRyyuy + TCBFxR ey, + CVP (2)

where TCBF is the total blood flow leaving the capil-
laries to enter the venous system, R,,, is the venous
outflow resistance from the sagittal sinus to the jugular
bulbs and CVP is the central venous pressure. Early the-
ories regarding the pathogenesis of IIH in the literature
have suggested an increase in the CSF formation rate,
an increase in the CSF outflow resistance or an increase
in the venous pressure [1]. However, the literature indi-
cates the first two variables in both equations are found
to be associated with active hydrocephalus rather than
ITH. In children, CSF formation rates have been noted to
be increased by 2-5 times in the hydrocephalus second-
ary to choroid plexus papilloma [4] and the CSF outflow
resistance is increased in hydrocephalus secondary to
acute hemorrhage and meningitis [5]. However, The CSF
formation rate in adults is normal in ITH and decreases as
the ICP increases [6]. Indeed, it has been found that the
pressure gradient between the CSF and sagittal sinus is
normal at 2.34 mmHg in adults with IIH [7]. Rearranging
Eq. (1) by subtraction, the ICP to sagittal sinus pressure
gradient is equal to the FR.,x R, and if this term is nor-
mal, then the elevation in ICP in IIH can only be due to
an elevated venous pressure. However paradoxically, it is
noted children with an elevated venous pressure can pre-
sent with either active hydrocephalus or ITH [8].

We can see from Eq. (2) that the venous pressure
depends on the central venous pressure, venous out-
flow resistance and the total blood flow passing through
the venous system. The central venous pressure in IITH

has been found to be elevated due to obesity in adults
[9]. The venous outflow resistance can be increased by
venous sinus stenosis and the total cerebral blood flow
can be increased in cerebral hyperemia [8].

Thus, the purpose of the current study is to define the
incidence of obesity, venous sinus stenosis and/or cere-
bral hyperemia in a cohort of children referred for MRI
imaging with the indication “rule out IIH” at a tertiary
referral hospital over a 10 year period.

Methods

Subjects

An MRI with magnetic resonance venography (MRV)
and blood flow quantification has been performed over
a 10 year period as a comprehensive study into children
with suspected IIH. The radiology information system
at a tertiary referral hospital was retrospectively inter-
rogated to retrieve all data from children between birth
and 15 years of age who underwent an MRI with three
dimensional T1 (3DT1), MRV and flow quantification,
for the indication “rule out IIH” between September 2009
and September 2019. Forty two patients were found with
ages between 3—15 years. Patients were excluded if there
was evidence of hydrocephalus, active malignancy, active
infection or thrombosis of the venous system. Ninety two
control patients with MRV data between 3 and 15 years
of age were enrolled from a previously published bank
of patients undertaking MRI studies not related to head-
aches, large head or symptoms of raised intracranial
pressure, in whom the subsequent MRI was found to
be normal [8]. The control MRV patients consisted of
41 females and 51 males of average age 9.7+3.9 years.
From these controls 22 patients with flow quantifica-
tion studies were selected. These controls consisted of
10 males and 12 females of average age 9.2+4.1 years.
The 42 patients at risk for IIH consisted of 20 males and
22 females of average age 9.5+ 3.5 years. The ages were
not significantly different between the groups. The clini-
cal findings for the patients are listed in Additional file 1:
Table S1. The blood pressure was recorded if it was meas-
ured within a month of the MRI study. The blood pres-
sure was available in 64% of the blood flow controls and
averaged 105412 mmHg systolic and 58+12 mmHg
diastolic. In the 42 patients at risk of IIH the blood pres-
sure was available in 69% and averaged 100+ 12 mmHg,
56+ 13 mmHg and was not significantly different to con-
trols. The body mass index (BMI) was calculated for each
patient with the weight in kilograms being divided by the
height in meters squared. In the 92 controls the average
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BMI was 18.6+4.1, with 11 being overweight and 10
being obese when the BMI was reviewed with regards to
age and sex specific cut off points [10], the average per-
centile score was 50 &+ 34%. In those 42 patients at risk for
ITH, the BMIs were larger than the controls at 20.5+7.8
(p=0.05), with 7 overweight and 10 obese, the average
percentile score was 64+ 14% being larger than the con-
trols (p=0.03). The fronto-occipital head circumference
was measured. The average head circumference for the
22 controls was 51.943.1 ¢cm and in the patients at risk
for IIH it was 53.6+2.7 cm being 3% larger (p=0.02).
As is common in MRI of children, those aged between
3 and 7 years underwent a general anesthetic with both
pulse oximetry and capnography monitoring. Conscious
sedation is not utilized for children in our unit. The par-
tial pressure of carbon dioxide was maintained between
35-40 mmHg by the anesthetist. There were no differ-
ences between the treatment of the controls and IIH
patients.

MR and analysis

All patients were imaged on a 3.0 T superconducting
magnet (Avanto; Seimens, Erlangen Germany). In all
patients, a standard brain MRI consisting of 3DT1 sagit-
tal (field of view 220 mm and matrix size 256 x 256), T2
axial, FLAIR axial and diffusion weighted axial images
was performed, (see Fig. 1a). An MR phase contrast flow
quantification sequence was acquired with retrospective
cardiac gating. The TR was 26.5 ms, TE 6.9 ms, flip angle
15°, slice thickness 5 mm, matrix 192 x 512, FOV 150 and
a single excitation. Two velocity encoding values were
used. The first venc (velocity encoding) value was 40 cm/
sec with the plane selected to pass through the sagittal
sinus 3 cm above the torcular and through the mid part
of the straight sinus (see Fig. 1b). The second venc value
was 150 cm/sec with the plane set to pass through the
skull base and cross the carotid and basilar arteries (see
Fig. 1c). More information on the technique is available
in a previous paper [3]. A time of flight MRV acquisition
was performed in the off sagittal plane. This sequence
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does not require contrast and covered the entire head
region (Fig. 1b). The MRI imaging was sourced from the
hospital picture archiving and communication system
(PACS) and therefore all measurements were performed
on the original data.

Areas of interest were placed around the sagittal and
straight sinuses to give the outflow for each, (see Fig. le).
Areas of interest were placed around the carotid and basi-
lar arteries for all patients, to give the total arterial inflow
at the skull base by summing the individual flows (see
Fig. 1f). Background subtraction was used to remove the
effect of eddy currents. An arterial inflow of greater than
1410 ml/min was used to define cerebral hyperemia and
a blood flow less than this figure defined normal blood
flow. The percentage of the total blood inflow drained
by each sinus was estimated by calculating the fraction
each represented compared to the total inflow for each
patient (see Fig. 1 g). The brain volume was calculated by
anonymizing the 3DT1 data and uploading it to the Vol-
brain website [11]. The cerebral blood flow (CBF) was
estimated in ml/100cm?®/min by dividing the total arte-
rial inflow by the brain volume. The MRV data was refor-
matted to display the cross-section of the sinuses at the
midpoints of the distal half of the sagittal sinus, the trans-
verse sinuses, the vertical segment of the sigmoid sinuses
and the horizontal portion of the sigmoid sinuses as per
the previous paper (see Fig. 1b) [8]. If an accessory occip-
ital sinus was found this was also measured. At each site,
the cross-sectional area of the sinus and the wetted cir-
cumference was measured using the scanners measure-
ment tool. The hydraulic diameter of each cross-section
was calculated using the formula:

Hd = 4A/Circ (3)

where Hd is the hydraulic diameter, A is the cross-sec-
tional area of the sinus and Circ is the wetted circumfer-
ence of the sinus. In the areas below the Torcular, there
was more than one parallel pathway for blood to flow, the
effective diameter of each segment was calculated using
the formula:

(See figure on next page.)

min or 39% of the inflow which is below normal

Fig. 1 a AT2 sagittal image of patient 2, a child with chronic daily headaches and papilledema classified as not IIH showing no ventricular
dilatation. b The MRV image for this patient with no outflow stenosis. The short lines show the site of the sinus area and circumference
measurements. The large line shows the site of the venous flow quantification sequence. ¢ An MR angiogram image of patient 2 with the line
showing the site of the arterial acquisition for measuring arterial inflow. d A reconstruction of the 3DT1 data along the optic nerves with the lines
showing the site of optic nerve sheath diameter measurement. e A phase image from the venous blood flow quantification acquisition in mid
systole. The short arrow shows the straight sinus. The long arrow depicts the sagittal sinus. The apparent septum in the sagittal sinus is due to

an early bifurcation of the sinus into the transverse sinuses which is a normal variant. The flow in the sinuses should be all black: the white areas
indicate aliasing due to the peak flow rate being above 40 cm/sec so the baseline was changed from £40 cm/sec to — 51/+ 29 cm/sec. f A phase
image from the arterial blood flow acquisition in mid systole. The short arrows indicate the two carotid arteries and the long arrow the basilar. There
is no aliasing. g The flow results for the arterial and superior sagittal sinus flow. The arterial flow totaled 1960 ml/min with the sagittal sinus 770 ml/
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where D, is the effective diameter, D; is the hydraulic
diameter of each parallel sinus segment and # is the num-
ber of parallel segments. A hemodynamically significant
stenosis was taken to be a reduction in effective area of
65% or greater with a non-significant stenosis being
between 50 and 65% [8]. A search was made in both the
control and patient groups for non-significant or signifi-
cant stenoses.

The optic nerve sheath diameter was measured 3 mm
behind the globe by reconstructing the 3D T1 data along
the nerve sheaths (see Fig. 1d). The right and left meas-
urements were averaged for each patient. Evidence of
optic globe flattening or pituitary compression (empty
sella) was obtained from the planar imaging. Mean and
standard deviations were obtained for each group. A Sha-
piro—Wilk Test was used to test for normality of the data.
A Chi square test with p value of 0.05 was used to test
for significance in the non-continuous data. Differences
between continuous data groups were tested using a non-
paired t-test with a confidence level of 0.05 set for the
majority of measurements and a level of 0.0125 for the
stenosis measurements following Bonferroni correction
to reduce the possibility of family-wise error. Correla-
tion amongst continuous variables was performed using
a Spearman’s Rho test.

Results

The average sinus size findings are summarized in Tablel
and the average optic nerve sheath diameters and blood
flow findings for controls, those with an arterial inflow
above 1410 ml/min (hyperemic), those below this cut-off
(non-hyperemic) and the entire at risk cohort are sum-
marized in Table 2. The raw data for these tables is avail-
able in the Additional file 1: Tables S1 and S2.

In the control MRV group, 30% of systems showed one
side to be dominant i.e. the contralateral side was smaller
by 50% or greater in area compared to the average with
70% being codominant. In the controls no significant
effective diameter sinus stenosis was seen but 5 non-
significant stenoses were seen for a total stenosis rate of
5%. In the 22 controls where the optic nerve sheath was
measured the diameters averaged 5.3+0.6 mm. There
was no orbital flattening or evidence of empty sella.

The patients at risk for IIH showed a 25% unilateral
dominant sinus rate and 75% codominant which was not
significantly different to controls. Compared to the 92
MRV controls, the 42 patients at risk for IIH had a 17%
reduction in transverse sinus and 14% reduction in sig-
moid sinus effective cross sectional area (p=0.005 and
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Table 1 Venous sinus measurements in control group
and those at risk for IIH

Age SSS Hd TSEd SS Ed DSS Ed
years mm mm mm mm
Control
Mean 9.7 6.8 8.1 83 8.0
SD 39 09 1.1 14 1.5
n=292
At risk for IIH
Mean 9.5 6.5 74 7.7 8.2
SD 39 0.9 13 1.0 1.8
n=42
t-test 0.82 0.07 0.005* 0.0009* 0.71

DSS distal sigmoid sinus, Ed effective diameter, Hd hydraulic diameter, mm
millimeters, SD standard deviation, SSS superior sagittal sinus, SS sigmoid sinus,
TS transverse sinus; *, significance < 0.05

0.0009) there was no significant difference in the sagittal
and distal sigmoid sinuses (Table 1). There were no focal
stenoses in the sagittal sinuses but 3 patients had a focal
transverse sinus stenosis (71% stenosis for case 8, 60%
for case 13 and 62% for case 38) and 3 patients had sten-
oses in the sigmoid sinus (64% stenosis for case 3, 51%
for case 12 and 55% for case 21) for a total stenosis rate
of 14% which was not significantly different to controls
(p=0.08). In the patients at risk for IIH, the total arte-
rial inflow in ml/min was 34% larger than the 22 controls
(p<0.0001) but the sagittal and straight sinus outflows
were not significantly different to controls (Table 2). The
percentage of the arterial inflow returning by each sinus
was 11% smaller for the sagittal sinus and 4% smaller for
the straight sinus compared to controls (p=0.0001 and
0.0009).The brain volumes were 9% larger than the con-
trols (p=0.02), giving a 22% increase in CBF in ml/100
cm®/min (p=0.005). The optic nerve sheath diameters
were 5.6+1.0 mm, being not significantly different to
controls. There were 10 cases with orbital flattening
(cases 3, 5, 8, 10, 11,18,19,21, 23 and 32) and 4 with a par-
tial empty sella (case 8, 20, 23 and 32). There were 19/42
or 45% of the 42 patients at risk for IIH who had arte-
rial inflows greater than two standard deviations above
the mean for the controls. Compared to controls these
hyperemic patients showed sagittal sinus and straight
sinus venous returns reduced by 15% and 5% (p <0.0001
and =0.001 respectively), the CBF was increased by 46%
(p<0.0001) and the optic nerve sheath diameters were
increased by 17% (p <0.0001, Table 2).

In the 42 patients there was a moderate positive corre-
lation between age and BMI (r =0.47, p=0.002) and arte-
rial inflow and ONSD (r=0.58, p <0.0001) (Fig. 2). There
was a weak negative correlation between age and arte-
rial inflow (r=—0.37, p=0.02), between arterial inflow
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Table 2 Mean cerebral blood flow and optic nerve sheath diameter
Case Age Arterial inflow  Sagittal Straight SSS % ST % Brain volume  CBF Average ONSD
years  ml/min sinusflow sinusflow  flow Flow cm? ml/100cm3*/min  mm
ml/min ml/min
Control
Mean 92 990 560 170 57 17 1224 82 53
SD 4.1 210 130 70 8 5 219 15 0.6
n=22
At risk for IIH Hyperemic
Mean 83 1620 670 190 42 12 1358 120 6.2
SD 35 190 150 60 10 3 1136 16 09
n=19
t-test 048 <0.0001* 0.01* 0.26 <0.0001*  0.001* 0.03* <0.0001* 0.0002%
At risk for IIH non Hyperemic
Mean 10.5 1010 530 140 48 13 1321 84 5.1
SD 34 190 110 60 7 5 152 16 0.7
n=23
t-test 0.25 0.09 041 0.23 0.001% 0.02% 0.12 0.58 0.26
All cohort
Mean 9.5 1330 600 170 46 13 1334 100 56
SD 35 310 150 60 10 4 145 24 1.0
n=42
t-test 0.73 <0.0001* 0.34 0.88 <0.0001*  0.0009*  0.02* 0.005* 0.19

cm® centimeter cubed, SSS superior sagittal sinus, ST straight sinus, ml/700cm>/min milliliters per 100 cm cubed per minute, mm millimeters, mm? millimeters squared,
SD standard deviation, ONSD optic nerve sheath diameter; ", t-test p value < 0.05. All t-tests compare patient groups with the control group

and %SSS return (r=—0.38, p=0.01) and between %SSS
return and ONSD (r=-0.35, p=0.02) (Fig. 2). There
was no correlation between any other variable.

Discussion

Using the revised criteria for IIH in children a lumbar
puncture (L.P) is always required [2]. An elevated open-
ing pressure above 28 c¢cmH,O is specified, unless the
patient is not sedated or obese then 25 ¢cmH,O is the
accepted level [2]. Unfortunately, L.P. is an invasive pro-
cedure and is often difficult to interpret in a distressed
child. This mandates the use of heavy sedation or a gen-
eral anesthetic which is often not practical or without
risk. Thus only five of the children in our cohort under-
went L.P. This makes the exact classification of chil-
dren difficult using the available criteria. According to
the revised criteria, “definite” IIH requires raised ICP
and either papilledema or abducens nerve palsy. “Prob-
able” ITH has a normal CSF pressure in the presence of
papilledema and “suggestive” IIH has raised ICP without
papilledema, but 3 out of 4 additional imaging criteria
i.e. empty sella, flattening of the posterior globe, disten-
tion of the optic nerve sheath or transverse sinus ste-
nosis. According to these criteria, 2 of the patients have
definite IIH and one probable. There were 6 patients with
headache plus papilledema who did not have an L.P. and

therefore could not be classified. We have used optic
nerve sheath dilatation as a surrogate marker of raised
ICP and compared this to two markers of altered blood
flow i.e. cerebral hyperemia (where the arterial inflow is
greater than two standard deviations above the mean)
and a sagittal sinus return less than 41% (the percentage
is compared to the arterial inflow with 41% being less
than two standard deviations below the mean). In the 6
patients with papilledema and headache, (despite failing
formal classification) 4 had optic nerve sheath dilata-
tion, 4 had a sagittal sinus venous return below 41% and 4
had arterial hyperaemia, suggesting an elevated ICP and
venous pressure. The findings in these 6 children indicate
the definition of “suggestive IIH” may be too stringent to
be clinically useful in young children. The remaining 31
patients (who also failed to meet the criteria for “sugges-
tive” IIH) have, in the majority, chronic daily headaches
suggestive of transformed migraine. However, of these
later patients, 7/31 have optic nerve sheath dilatation and
8/31 had a sagittal sinus return below 41%, suggesting
some component of raised ICP and raised venous pres-
sure. The findings suggest a continuum in ICP may exist
from definite or probable ITH to those with headache plus
papilledema to those without enough evidence to suggest
IIH but having chronic headaches. De Simone et al. sug-
gested that a continuum exists between IIH, IIH without
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Fig. 2 a A Scatter plot of arterial inflow vs optic nerve sheath diameter (ONSD) showing a moderate positive correlation (r=0.58, p <0.0001)
suggesting higher arterial inflow increases ICP. b A Scatter plot of the percentage sagittal sinus (SSS) return vs optic nerve sheath diameter (ONSD)
with a weak negative correlation (r=—0.35, p=10.02) suggesting a reduced venous return correlates with an elevation in ICP. ¢ A Scatter plot
of body mass index (BMI) vs optic nerve sheath diameter (ONSD) showing no overall correlation. d A Scatter plot of Age vs body mass index
(BMI) showing a moderate positive correlation (r=0.47, p=0.002) suggesting an increase in obesity related venous pressure may become more
important with age

papilledema (ITHWOP) and chronic migraine [12]. The
clinical presentation of IIHWOP may be indistinguish-
able from chronic migraine [13] and 14% of patients with
refractory transformed migraine had IIHWOP at lumbar
puncture [14]

Normal controls
The 22 blood flow controls were selected from patients
undergoing MRI diagnostic studies for indications
excluding enlarged head, raised ICP, hydrocephalus or
headaches. The indications were principally seizures, ear
disorders or pituitary disease, where the MRI was inter-
preted as normal [8]. The average head circumference
was 51.91+3.1 cm with the average brain volume being
1224 +219 cm?. At autopsy, the average brain weight for
8-9 year old females is 1180 gm and males 1370 g [15].
As

12/22 subjects were female, the average brain volume is
similar to the autopsy series brain weight given a normal
brain density is 1.04 g/cm? [16]. The sinus size measure-
ments utilised a technique to standardise the diameters of
each triangular or oval sinus to an equivalent cylindrical

tube (hydraulic diameter) and then collapse the multiple
parallel pathways below the torcular into a single equiva-
lent tube (effective diameter) to make direct comparisons
between patients more robust (see [8] for further details).
Under these conditions 5% of control children had an
effective focal stenosis which would increase the venous
pressure by between 2 and 5 mmHg [8].

In children, the cerebral blood inflow varies with age,
peaking at about 8 years of age and then reducing over
the course of development [17]. The average arterial
inflow of 990+210 ml/min gave an upper limit of nor-
mal i.e. 2 standard deviations above the mean of 1410 ml/
min. This is the cut-off used to define hyperemia. By this
definition, no control child had hyperemia. Given the
arterial inflow and brain volume, the controls had an
average CBF of 82415 ml/100 cm®/min. Using SPECT
133Xe, Chiron et al. found the CBF peaked between 4
and 8 years at 71 ml/100 g/min [18] which is similar to
our findings. In a study using arterial spin labelling of the
whole brain, children of average age 8.1 years had a CBF
of 83+19 ml/100 g/min [19], which is also similar to our
findings. We found a weak negative correlation between
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blood flow and age with the age distribution between
controls and patients being not significantly different
(see Fig. 3). The percentage of the arterial inflow return-
ing through the sagittal sinus was 57 +=8%, giving a lower
limit of normal (2 standard deviations below the mean)
of 41%, the straight sinus % return was 17 +5%. No con-
trol child had a venous return for the sagittal sinus below
41%. There was no secondary evidence of raised ICP in
the controls with no evidence of empty sella or globe flat-
tening. The optic nerve sheathes averaged 5.3 0.6 mm.
In a published study, when the optic nerve sheath diam-
eters were measured 3 mm behind the globe using MRI,
in children older than 1 year of age, the normal diameter
was found to be 5.2440.42 mm (similar to our series)
and in those with increased ICP the diameter averaged
6.38 £0.78 mm. A threshold of 6 mm gave a 71% sensitiv-
ity and 90% specificity for an elevated ICP [20].

Obesity and venous sinus stenosis in patients at risk for IIH
It has been said that an elevated venous pressure is the
universal mechanism underlying IIH [21]. The cerebral
venous outflow pressure depends on Ohm’s law, i.e.
the pressure equals the product of the outflow resist-
ance, blood flow through the outflow plus the jugular
bulb pressure [3, 8]. In adults with IIH, 71% are obese
[22]. Obesity raises the central venous pressure by up to
20 mmHg [9, 23] (the third component of Ohm’s law) and
therefore sinus pressure in IIH. In comparison, in a large
series of children with IIH, in those less than 12.4 years
of age, 45% were obese [24]. In the current study, both
patients with definite IIH were obese, the probable
ITH patient was not (Additional file 1: Table S1). In the
patients who failed the diagnostic criteria for IIH, 8/39 or
21% were obese which was not significantly different to
the controls (p=0.33). There was a positive correlation
between age and BMI suggesting obesity may become
more important with age (See Fig. 2).

Age distribution in each cohort

25
15
10
5
0

3-6 years 6-9 years 9-12 years 12-15 years

Percentage
8

m controlblood flow  m controlsinus size ?1IH patients

Fig. 3 A histogram showing the age distribution for the two control

groups vs the patients showing no significant differences
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Up to 90% of adults with IIH have been found to have
an outflow stenosis (the first component of Ohm’s law)
raising the venous resistance and therefore the venous
pressure [12]. The stenoses tend to be of high grade, with
pressure gradients ranging between 4 and 41 mmHg in
one series [25]. It can be seen that there must be a con-
siderable overlap in adults with IIH with up to 2/3 hav-
ing both obesity and stenosis. Ahmed et al. found the
sagittal sinus pressure to be increased by 26.5 mmHg [25]
above the normal figure of 7.5 mmHg [26]. The pressure
drop across the venous system averaged 20 mmHg [25]
compared to the normal figure of 2.5 mmHg [26]. Thus
by subtraction, the jugular bulb pressure in the Ahmed
et al. [26] study was 14 mmHg compared to the normal
value of 5 mmHg. From this we can deduce that in adults
with ITH, 66% of the increase in ICP is due to the venous
stenosis and 34% is due to obesity elevating the central
venous pressure. Thus the great majority of adults with
ITH can be explained on the basis of one or both of these
two variables operating. In a review of children of average
age 9 years with IIH, only 13% showed evidence of venous
sinus stenosis [27]. In another study of 145 pediatric IIH
cases, 52% showed dominant-side venous narrowing [28].
In the current study one out of the three patients with
definite or probable IIH had a focal stenosis of 71%. Both
of the definite IIH cases were also obese. Therefore, it is
likely there is overlap, with both variables occurring in
some children similar to adults. If there were a 50% over-
lap, then at best, only 70% of pediatric cases in the litera-
ture could be explained on the basis of obesity + stenosis.
Therefore, if an elevation in venous pressure is the under-
lying cause of all childhood IIH, then at least 30% of cases
in the literature would require an elevation in CBF (the
second component of Ohm’s law) for this to occur. The
non IIH focal stenosis rate was not significantly different
compared to the controls.

Blood flow in headache and IIH

The MR flow quantification sequence used in this study is
a standard acquisition protocol and is available on most
commercial scanners. The sequence works by measuring
the phase angle change induced in the spins of the pro-
tons as they pass through the magnetic field of the scan-
ner in the slice selected. The phase change is proportional
to the velocity provided the selected velocity encoding or
Venc value is correct. As there are only+ 180 and — 180
degrees of phase change available to detect flow, the max-
imal flow velocity expected must be selected. If too low a
Venc is selected then velocities faster than this rate will
be aliased and depicted as being in the opposite direc-
tion (see Fig. le). Aliasing can be reversed by altering
the velocity encoding to allow a greater range in the ali-
ased direction at the expense of reducing the range in the
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opposite direction. The sequence is gated to the heartbeat
and approximately 200 heartbeats are combined, giving,
on average, 24 segmented measurements of velocity per
R-to-R interval depending on the heart rate and the TR.
As the velocity across the entire heartbeat can be aver-
aged for a region of interest, the volume passing through
this region can be measured by multiplying the velocity
obtained by the area of the region. Eddy currents induced
in the slice can give an error in the measurement which
is eliminated by subtracting this phase offset obtained
from an adjacent non-moving area of interest [29]. This
technique has been validated both in vitro and in vivo
and found to have error rates in the order of 5%, with a
tendency to slight underestimation of flow; the intra- and
inter-observer variability is described as low to negligible
[30-32].

Hyperemia is defined as an increase in the amount of
blood in a part, organ or tissue as a result of dilatation
of the supplying arteries [33]. In adults who have IIH
but no evidence of venous outflow stenosis, an increase
in the arterial inflow of 46% has been noted [34], how-
ever because up to 90% of adults have venous stenoses,
hyperemia in adults is probably rare. In contrast, we have
found it is relatively common for children at risk for IIH
to have arterial inflows greater than two standard devia-
tions above the mean with 45% so affected (Table 2).
In this cohort, both of the definite IIH patients have an
elevated CBF, the probable ITH patient did not. Meaning
that 17/39 or 44% of those classified as not having IIH
had an elevated blood flow. Mathematical modelling has
shown that elevated venous pressure and IIH can occur
either due to a significant venous stenosis and normal
arterial inflow or an elevated inflow with a small compo-
nent of venous buckling which would be difficult to see
with MRV [35]. In the current cohort, the inflow is ele-
vated by 34% and there is buckling of the transverse and
sigmoid sinuses with a 17 and 14% reduction in cross-
section respectively. An elevation in venous pressure
secondary to an increased arterial inflow is not a new
finding. Increasing the partial pressure of carbon diox-
ide in the lungs increases the CBF. Global CBF increases
by 1-2 ml/100 g/min for each 1 mmHg change in Paco,
[36]. In a primate model, an increase in Pacq, between
60 and 80 mmHg increased the venous outflow pres-
sure by 65% [37]. Finally, increasing the venous pressure
increases ICP. Shawcross et al. [38] found a 17% increase
in cerebral blood flow led to a 33% increase in intracra-
nial pressure.

Diagnosing IIH in children

The normal ICP in children is 14.6 mmHg [39], mean-
ing the revised criteria require the ICP and the sinus
pressure to be increased by 3.8 mmHg in most children
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or 6 mmHg in an obese or sedated child. From Ahmed
et al. [8], (as discussed above) obesity in adults can ele-
vate the ICP by an average 9 mmHg meaning morbid
obesity on its own could trigger IIH in children. Similarly,
a 65% stenosis can elevate the venous pressure and ICP
by 10 mmHg and also trigger IIH on its own in children.
As noted in the paper by Shawcross et al. [38] (discussed
above) the response of the ICP to blood flow is non-lin-
ear with a 17% increase in CBF giving a 33% increase in
ICP and this warrants further consideration. Given there
is no correlation between age and sinus size in the 92
controls (i.e. after 3 years old the sinus size is fully devel-
oped), three points on the pressure vs volume curve for a
normal control can be derived from the literature. Point
one, if there is no flow, the pressure drop from the sag-
ittal sinus to jugular bulb is zero. Point two, in adults of
middle age, the pressure drop is 2.5 mmHg and point 3
in children of age 8 years the pressure drop is 4.5 mmHg
[26]. In a cohort of controls of average age 43 years old
the normal arterial inflow was 792 mls/min [40] and in
children of average age 8.3 years the inflow was 1200 ml/
min [3]. Plotting the first two points as a straight line
in Fig. 4 would give a pressure drop of 3.8 mmHg at
1200 ml/min but the known figure is 18% higher. As
shown in Fig. 4 the simplest curve to link all three dots
is a quadratic equation. Placing the mean arterial inflow
for our controls of 990 ml/min in the formula returns a
pressure drop across the venous system of 3.4 mmHg and
by extrapolation the pressure drop for the mean blood

Pressure drop vs arterial inflow
12

10

o]

Pressure drop mmHg
IS o

o y=1.456x2+ 2.003x + 6E-05

. 0 02 04 06 08 1 12 14 16 18 2
Arterial inflow L/min
Fig.4 A plot of pressure drop across the venous system vs arterial
inflow based on three points from the literature with extrapolation.
The curve of best fit is quadratic and not linear
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flow in the hyperemic children of 1620 ml/min returns a
pressure drop of 7.1 mmHg which is 3.7 mmHg higher.
This is almost high enough to trigger a diagnosis of IIH
in children who are not obese or sedated. Given the slight
venous narrowing found in this cohort, the actual pres-
sure drop is probably 1-2 mmHg higher than 3.7 mmHg.
There is secondary imaging evidence of raised ICP in
the hyperemic children, with 12 out of 19 or 63% having
optic nerve sheaths greater than 6 mm (a 17% increase
in optic nerve sheath diameter overall, Additional file 1:
Table S2), 7 with globe flattening and 1 with a partly
empty sella. Figure 5a is a box and whisker plot of the
optic nerve sheath diameter for the controls, non-hyper-
emic patients at risk of IIH and hyperemic patients and
suggests that an increase in blood flow increases ICP. If
confirmed by follow-up studies, hyperemia should be
considered for being included as a diagnostic criterion
for childhood ITH.

One of the current authors (GB) developed a sur-
rogate marker of raised cerebral sinus pressure which
compares the cerebral arterial inflow at the skull base
with the venous outflow of the major cerebral sinuses
using MRI phase-contrast flow quantification. Initially
this was applied to adults with normal pressure hydro-
cephalus [41] and later to adults with idiopathic and
secondary intracranial hypertension [34]. It was found
an elevation in venous pressure, from whatever cause,
directed a larger percentage of the arterial inflow to
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exit via the smaller venous channels through the scalp,
face and over the brain convexity through the veins
of Trolard and Labbe as collateral flow. This collat-
eral flow reduced the percentage of the arterial inflow
returning via the main pathways (i.e. the straight and
sagittal sinuses) [34]. This technique was subsequently
applied to children with idiopathic hydrocephalus and
an elevation in collateral flow was found to be similar to
adults with ITH [42]. It later became apparent that there
existed children with hydrocephalus who had arterial
inflows greater than two standard deviations above
the mean compared to controls in numbers greater
than expected by chance alone [3, 8]. The hyperemic
hydrocephalus patients again showed an increase
in collateral flow bypassing the sagittal and straight
sinuses, suggesting an increase in venous pressure [3].
The same protocol has now been extended to children
referred for the indication “rule out idiopathic intrac-
ranial hypertension” It is noted in the current cohort,
the venous return percentage is reduced by 11% in
the sagittal sinus and 4% in the straight sinus territory
(p<0.0001 and 0.0009) over all. Figure 5b is a box and
whisker plot comparing the optic nerve sheath diam-
eter in controls with the patients at risk of IIH who had
a venous return both below and above 41%. Patients
with a lower return percentage show optic nerve sheath
dilatation and therefore a higher ICP. Given a reduc-
tion in the percentage venous return in the sagittal

a ONSD vs Arterial Inflow
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45

3.5

Control Non Hyperemic Hyperemic
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b ONSD vs %SSS return
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Fig.5 a A box and whisker plot of the optic nerve sheath diameter (ONSD) in controls and patients at risk of IIH who had arterial inflow both above
and below 1410 ml/min. Hyperemia correlates with optic nerve sheath dilatation and therefore elevated intracranial pressure. b A box and whisker
plot of the optic nerve sheath diameter (ONSD) in controls and patients at risk of IIH who had sagittal sinus percentage (%5SS) returns both above
and below 41%. Reduced venous return correlates with optic nerve sheath dilatation and therefore elevated intracranial pressure
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sinus two standard deviations from the mean is abnor-
mal, and correlates with increased ICP, the cut-off for
abnormal venous return would be 41%. In the entire
cohort of patients, 14/42 or 33% would have abnormal
venous return and 10/19 or 53% would be abnormal
in the hyperemic patients, compared with none of the
controls having abnormal venous return. This suggests
there may be some utility in utilising this metric in chil-
dren with the headache/IIH spectrum.

Difference between IIH and hydrocephalus in children

In a companion publication outlining a 10 year review
of childhood hydrocephalus [8], 56% had a high grade,
venous outflow stenosis and 13% cerebral hyperemia
[8]. In this cohort of patients with the headache/ITH
continuum, one patient had a high grade stenosis (2%)
and 45% had hyperemia, a significant difference. Ros-
man and Shands suggested, elevated venous pressure
causes idiopathic intracranial pressure in adults (and
older children) but causes hydrocephalus in younger
children, the difference in outcome appears to depend
on whether the cranial sutures are patent or closed
[43]. In the previous companion study into childhood
hydrocephalus, 37/55 or 67% children who presented
with hydrocephalus were under 3 years of age [8] and
presumably had open sutures allowing expansion of
the cranium secondary to the elevated ICP increasing
the CSF spaces. In the current study none of the chil-
dren were under 3 years. The head circumference was
only 3% larger than the controls suggesting the sutures
were largely fused with no appreciable increase in head
size. In addition, the 9% increase in brain volume found
would account for the increase in intracranial volume
from the 3% increase in circumference and would
therefore exclude an increase in CSF volume develop-
ing within the ventricles. Interestingly, Alperin et.al.
found an 8% increase in grey matter volume in adults
with ITH [44] similar to the 9% increase in brain volume
we found in children. They suggested the increased
volume may be on the basis of an increase in intersti-
tial fluid or blood [44]. In addition to age, in the chil-
dren with hydrocephalus who were older than 4 years,
the sagittal sinus was reduced in area by 35% [8]. In a
recent study in an older hydrocephalus cohort, of mean
age 44 years, there was an average 38% stenosis of the
sagittal sinus by area, which generated an increase in
the pressure gradient between the superficial and deep
venous territories of 1.2 mmHg. This sagittal sinus nar-
rowing was absent in adult IIH [45]. A narrowing of
the sagittal sinus is also absent in the current cohort.
Thus, a moderate sagittal sinus narrowing appears to
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correlate with ventricular enlargement in both adults
and children and the lack of sagittal sinus narrowing
with normal sized ventricles.

Limitations, clinical perspective and future directions

One of the major limitations of this study is the practical
difficulty in applying the existing gold standard in defin-
ing IIH in adults to children, with a disproportionate
emphasis being placed on each of the criteria to ascer-
tain a diagnosis of IIH as definite, probable and possi-
ble. The rationale of adapting criteria relevant for adults
to the paediatric cohort is understandable given the CSF
opening pressure by L.P is the only clinical tool avail-
able to assess intracranial pressure. Although the revised
diagnostic criteria are written from the point of view
that lumbar puncture is the gold standard [2], in practice
many pediatric neurologists find L.P. far too invasive and
the results if performed are either ambiguous or unhelp-
ful in the clinical management, especially if the tap ends
up dry or traumatic. The procedure is used sparingly and
only in select difficult scenarios under a general anaes-
thetic. A spot L.P. measurement suffers from an inher-
ent sampling error. A falsely reduced pressure, (taken
at a single point in time) may be obtained at the nadir
of the known pressure waves which occur in IIH, may
be decreased by CSF leak from multiple attempts or by
hyperventilation, conversely, a falsely elevated pressure
can occur in a patient experiencing pain/ anxiety, per-
forming a Valsalva or from poor positioning [46]. In one
series utilising the response to treatment and the natu-
ral history of the patient’s condition as the gold standard
in childhood IIH, the authors found that the initial L.P.
had a false negative rate of 20% and a false positive rate
of 14% [47] meaning one in three patients were mis-
classified. Lumbar puncture had an overall sensitivity
of only 75%. We have used optic nerve sheath diameter
as a surrogate for the L.P. Haredy et al. using direct ICP
monitoring £ L.P. in a cohort of children measuring the
ONSD from MRI images found a sensitivity of 71.4%
and specificity of 89.7% when a threshold of 6 mm was
used [20]. The minimum pressure change above base-
line which can be resolved by the technique is estimated
to be 5 mmHg [48]. These findings suggest that ONSD
may actually perform better as a gold standard for IIH in
children than a spot L.P. for a cross-sectional population
study such as ours. However, this should be tempered by
the limited resolution of the technique. Haredy et al. used
a 1.5 T MRI, with 200 mm field of view and a 228 x 224
matrix giving an in-plane resolution of+0.9 mm. This
is problematic given in their study, the average differ-
ence in diameter between the controls and patients with
raised ICP was 1.14 mm. Our 3 T scanner has a higher
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inherent contrast resolution and utilised a 220 mm field
of view with 256 x 256 matrix giving a marginally bet-
ter in-plane resolution of 0.85 mm compared to Haredy
et al., so we are confident the findings in our cohort are
at least as accurate as the literature. For comparison a
7.5 MHz ultrasound probe has a lateral resolution of 0.6—
0.7 mm [49] but poorer tissue contrast characterization
than MRI. Given these findings, the resolution makes the
interpretation of any one individual patient’s pressure
less reliable compared to a larger cohort.

Given the difficulties with both L.P. and ONSD as
gold standards, we would advocate a more pragmatic
approach. The revised criteria cannot be used in the
absence of an L.P. and the criteria for “suggested” IIH
requires three out of four imaging criteria to be present
however, these criteria are rarely found in children [47].
We failed to find one child who satisfied 3 out of 4 of
these criteria. We would suggest in children who are
thought on clinical grounds to be at high risk for IIH
that three criteria are important, i.e. obesity adjusted
for age, a transverse sinus stenosis greater than 65% by
area and an arterial inflow greater than 1410 ml/min.
If two or more of these criterial are present then the
patient probably has IIH and should be treated appro-
priately. If they have only one criteria then L.P. may be
helpful. If none of these three criteria are present, L.P.
may be misleading. As a minimum, an MRI study com-
prising a 3DT1, axial T2, MR Venogram and arterial
phase contrast flow quantification sequence should be
performed. This takes about 20 min to acquire.

We can see two areas for further study. Given that
the increase in arterial inflow we found is not due to a
change in perfusion pressure, then the autoregulation
of the CBF should be investigated for a change in sig-
nalling. Secondly, the conventional wisdom is that the
venous outflow resistance is a constant and so pressure
should be linearly related to flow (Ohm’s law). However,
this appears to be wrong (see Fig. 4). One of our group
(ARB) is currently completing a master’s thesis using
computational fluid dynamics to find the cause of this
apparent discrepancy.

Conclusions

Cerebral hyperemia and mild venous outflow steno-
sis are associated with the headache/ IIH spectrum in
children. Of these, hyperemia appears to be the most
significant. A sagittal sinus return percentage less than
41% and an arterial inflow above 1410 ml/min may
be useful markers of elevated venous and intracranial
pressure.
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Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512987-020-00221-4.

Additional file 1: Table S1. Clinical indings of 42 patients with an
indication of possible idiopathic intracranial hypertension (lIH). Table S2.
Cerebral blood flow and optic nerve sheath size for control subjects

and hyperemic and non- hyperemic groups, at risk for intracranial
hypertension.
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