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Purpose: To add the hydrostatic component of the cerebrospinal fluid (CSF) pressure to magnetic resonance imaging
(MRI)-derived intracranial pressure (ICP) measurements in the upright posture for derivation of pressure value in a cen-
tral cranial location often used in invasive ICP measurements.
Materials and Methods: Additional analyses were performed using data previously collected from 10 healthy subjects
scanned in supine and sitting positions with a 0.5T vertical gap MRI scanner (GE Medical). Pulsatile blood and CSF flows
to and from the brain were quantified using cine phase-contrast. Intracranial compliance and pressure were calculated
using a previously described method. The vertical distance between the location of the CSF flow measurement and a
central cranial location was measured manually in the mid-sagittal T1-weighted image obtained in the upright posture.
The hydrostatic pressure gradient of a CSF column with similar height was then added to the MR-ICP value.
Results: After adjustment for the hydrostatic component, the mean ICP value was reduced by 7.6 mmHg. Mean ICP ref-
erenced to the central cranial level was 23.4 6 1.7 mmHg compared to the unadjusted value of 14.3 6 1.8 mmHg.
Conclusion: In the upright posture, the hydrostatic pressure component needs to be added to the MRI-derived ICP val-
ues for compatibility with invasive ICP at a central cranial location.
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Due to the invasive nature of commonly used techniques

for measurements of intracranial pressure (ICP), only

limited data are available on normative values in the upright

posture.1 Furthermore, as ICP is not commonly measured

in the upright posture, no standard exists regarding refer-

ence location and how to account for the cerebrospinal fluid

(CSF) hydrostatic pressure gradient. In the supine posture,

ICP is measured at the level of the foramen of Monro,

although, in practical terms, the external auditory meatus/

tragus is used as a marker of this reference2. This location is

central on the vertical axis of the cranium and therefore rep-

resents the pressure in the center of the cranium. In the

upright posture, the level of the tragus is not central to the

cranium and therefore ICP measurements were made with

respect to different hydrostatic references, making compari-

son measurements challenging. For example, Chapman

et al3 and Fox et al4 referenced their invasive ICP measure-

ments in the sitting position to a point near the foramen of

Monro. Chapman et al used a telemetric pressure sensor to

measure ventricular CSF pressures in nonshunted and

shunted patients of various etiologies at multiple body posi-

tions, including upright posture.3 ICP values recorded in

five nonshunted patients with normal size ventricles ranged

from 15 to 25 cm H2O. ICP in the shunted patients were

considerably lower, 215 to 235 cmH2O, likely due to the

shunt siphoning effect. Fox et al measured ventricular pres-

sures from 17 to 214 cmH2O in 12 hydrocephalic

patients prior to CSF shunting in the sitting position.4 In a

more recent study, Farahmand et al5 assessed the impact of

shunt valve adjustment and posture on ICP in hydroce-

phalic patients using the level of the shunt valve as a hydro-

static reference. Regardless of the relatively high reference

point, mean ICP with ligated shunts was positive at 2

mmHg.

Establishing normative ICP values in the upright pos-

ture is important for improving CSF shunting technology

to better match the normal CSF physiology in the upright

posture. In addition, better understanding of posture-related

changes in ICP will help elucidate the ill effects of long

duration exposure to microgravity and the loss of the
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hydrostatic pressure gradient in space, such as structural

ocular and visual changes in astronauts.6

One of the few noninvasive investigations of the effect

of posture on the intracranial CSF physiology and ICP in

healthy individuals used an open magnetic resonance imag-

ing (MRI) system and cine phase contrast measurements of

blood and CSF flows to and from the cranium.1 ICP was

estimated based on the inverse relationship between compli-

ance and pressure.7,8 While measurements of the intracranial

compliance do not require hydrostatic reference, intracranial

pressure varies across the intracranial compartment because

of the hydrostatic component of the CSF pressure. This

work aims to add the hydrostatic CSF pressure component

to MR-ICP measurements in the upright posture for deriva-

tion of the pressure at a central cranial location often used

in invasive ICP measurements.

Materials and Methods

Data Acquisition
Following Institutional Review Board (IRB) approval, additional

quantitative analysis of previously collected data was performed to

estimate the hydrostatic contribution of the CSF pressure in the

upright posture.1 The MRI data were collected from 10 healthy

volunteers (three males, mean age 29 6 7 years). Imaging was done

in both upright and supine positions in a Signa SP/i 0.5T vertical

gap MRI scanner (GE Medical Systems, Milwaukee, WI). Intracra-

nial compliance and pressure values were derived from measure-

ments of blood and CSF flow to and from the cranium during the

cardiac cycle.7

Two retrospectively gated cine phase contrast scans were

used, a scan with high-velocity encoding (VENC) of 80 cm/s and

scanning parameters relaxation time (TR) of 19 msec, flip angle

(FA) of 25�, field of view (FOV) of 16 cm, matrix size 256 3

256, four excitations, and slice thickness of 8 mm were used to

quantify blood flow. A second scan with low VENC (7–9 cm/s)

was used to quantify the slower CSF flow and venous flow in the

vertebral plexus. The parameters for the lower VENC scan were

similar to those used for the high VENC scan, except for a longer

TR (26 msec) and FA of 30�. Imaging planes were selected to be

perpendicular to the direction of the flow. The high VENC scan

was located above the carotid bifurcation, and the low VENC scan

was located at the level of mid C2.

Derivation of Intracranial Compliance and Pressure
The details of derivation of the pressure by MRI have been previ-

ously described.7 The method utilizes the monoexponential rela-

tionship between intracranial pressure and volume and the

resulting inverse relationship between pressure and compliance.8

The intracranial compliance, defined as the ratio of the systolic

volume and pressure increases during the cardiac cycle (dV/dP), is

derived using measurements of blood and CSF flow to and from

the cranium. The small cyclic change in the intracranial volume is

calculated from the momentary difference between volumes of

blood and CSF entering and leaving the cranium. The resulting

change in pressure, dP, is estimated from the CSF pressure gradient

waveform calculated using the Navier-Stokes relationship between

derivatives of flow velocities and pressure gradient.9

Derivation of the Intracranial Volume and Pressure
Changes
The volume change during the cardiac cycle is calculated using Eq.

(1) and the condition described by Eq. (2), which states that in

steady state and over several cardiac cycles, the total volume of

blood and CSF remains unchanged as noted by the Kellie and

Monro principle of a constant intracranial volume. The intracranial

volume change (ICVC) waveform represents the temporary increase

in intracranial volume during systole and the return to baseline

during diastole. The ICVC waveform is obtained by time integra-

tion of Eq. 1:

D
0<ti<T

ICVC tið Þ 5 QA tið Þ – Qv tið Þ – QCSF tið Þ½ � Dt (1)

ICVC Tð Þ5
X

Card: cycle

QA tið Þ–Qv tið Þ–QCSF tið Þ½ �Dt50 (2)

where QA(ti) is the arterial inflow rate, QV(ti) is the venous out-

flow rate, QCSF(ti) is the rate of CSF flow through the foramen

magnum, ti are discrete time points, and T is the time period of a

cardiac cycle. Equation (2) is used to estimate the contribution of

the unmeasured venous outflow through small secondary channels

such as the ophthalmic veins and pterygoid plexus.10

The change in ICP (dP) is derived from the CSF pressure

gradient based on previous studies in a nonhuman primate model7

and numerical simulations9 demonstrating that dP is proportional

to the amplitude of the CSF pressure gradient. The CSF pressure

gradient is calculated using the CSF velocity images where the

inertial component of the CSF pressure gradient is approximated

by a first-order central-difference of the time series images, and the

viscous component is derived from a pair of second-order central-

difference operators.11

Measurements of Blood and CSF Flows
Total blood flow to the cranium is calculated by summation of the

volumetric flow through the four vessels carrying blood to the brain

(internal carotid and vertebral arteries). Venous outflow through the

jugular veins does not account for the entire venous drainage, espe-

cially in the upright posture. Therefore, venous outflows through

epidural, vertebral, and deep cervical veins were measured in addi-

tion to the drainage through the jugular veins. Volumetric flow

rates are obtained by integration of the flow velocities throughout

the vessels and the CSF lumens’ cross-sectional area. An automated

technique for segmentation of lumens conducting nonsteady flow,

the pulsatility based segmentation method,12 was compared with

measurements obtained using manual delineation to assess measure-

ment variability due to lumen boundary placement.

Estimation of the Hydrostatic Pressure
In the supine posture, the vertical level of the CSF flow measure-

ment is approximately the same as the hydrostatic reference level

used for invasive measurements. Therefore, no additional calcula-

tions are needed for the MR-ICP measurements in the supine pos-

ture. In the upright posture, ICP values were derived at two levels:

1) at the previously reported upper cervical level, and 2) at a
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central intracranial location. A location that can be consistently

identified on a mid-sagittal MR image—the lower boundary of the

mid posterior region of the corpus callosum—was chosen. The

ICP value at the new location was calculated based on the predic-

tion proposed by Magnaes13 that the pressure difference between

the location of the probe and a reference level corresponds to the

hydrostatic pressure gradient of a CSF column with height equal

to the distance between these two locations as described by Eq. 3:

PHydrostatic mmHg½ �5–q � g � h � 0:00075 mmHg=Pa (3)

where q is the density of CSF (1.00 g/cm3), g is gravitational acceler-

ation (980 cm/s2), and h (cm) is the vertical distance from the central

cranial reference to the CSF measurement location. This distance

was determined manually from a mid-sagittal T1W image in the

upright position for each of the 10 subjects. A mid-sagittal MRI

image with marking of the locations of the CSF flow measurement

and the new central cranial hydrostatic reference is shown in Fig. 1.

The projection of the tragus is also shown for reference.

Results

Examples of high and low VENC phase images acquired in

the supine and the upright postures for measurements of

the blood and CSF flow are shown in Figs. 2 and 3, respec-

tively. Blood vessels and CSF lumen boundaries obtained

using the automated method are superimposed on the phase

images. The corresponding arterial inflow, venous outflow,

and the craniospinal CSF flow waveforms are shown below

the phase images. The CSF flow waveform is shown

together with the arterial minus venous flow, which drives

the CSF flow between the cranium and the spinal canal.

The dominant change between supine and upright postures

in this example is in the CSF flow dynamics compared with

dominant change in venous outflow shown previously.1

Examples of the derived intracranial volume change and the

pressure gradient waveforms for the supine and upright pos-

tures are shown in Fig. 4A,B, respectively.

The vertical distances from the level of the CSF flow

measurement at the mid C2 region to the central cranial

location at the mid posterior corpus callosum for the 10

subjects ranged from 9.6 cm to 11 cm, with an average

value of 10.4 6 0.5 cm. After the adjustment for the hydro-

static component, the MR-derived ICP values were reduced

by an average of 7.6 mmHg. Consequently, the mean value

of MRI-derived ICP referenced to the central cranial loca-

tion is 23.2 mmHg compared to the previously reported

value of 14.5 mmHg. The MR-ICP values derived using

manual and automated lumen delineation in the upright

posture and at the two reference locations for each of the

10 subjects are summarized in Table 1. The average differ-

ence in MR-ICP between the manual and the automated

measurements is less than 1 mmHg. The MR-ICP value at

the central cranial location was negative in all 10 subjects.

Discussion

Previously published MRI-derived ICP values in the sitting

posture reflect the pressures at the location of the CSF flow

measurement at the upper cervical level. This study calcu-

lated the hydrostatic component of the CSF pressure in the

upright posture to obtain a pressure value in a central cra-

nial location for compatibility with invasive ICP. The esti-

mation of the influence of the hydrostatic component of the

CSF pressure is based on a concept introduced by Mag-

naes13 that the cranium can be regarded as a fluid-filled

compartment with hydrostatic pressure gradient equal to the

density of the fluid times the gravitational acceleration times

the height from the reference level. This approach for esti-

mation of the hydrostatic component to calculate the pres-

sure in the cranium has been recently shown to be

inaccurate for intermediate tilt angles with invasive measure-

ments made at the lumbar level. The discrepancy was

explained by a possible collapse of the venous system

between the measurement and the reference levels.14 In our

case, the measurement and the reference locations are much

closer and the venous sinuses between these levels do not

collapse in the upright posture, supporting the validity of

the proposed hydrostatic adjustment for MR-ICP. In addi-

tion to the hydrostatic adjustment, MR-ICP values were

also computed using an automated lumen delineation

method, which has been shown to be more robust than

manual delineation.12 Comparison between results obtained

with automated and manual delineation by an experienced

observer demonstrates good reproducibility of the MR-ICP.

This work addresses concerns related to the validity of

the MR-ICP methodology in conjunction with the

FIGURE 1: Mid-sagittal MRI image of a healthy subject with
marking of the reference levels of the CSF flow measurement
and the central cranial location. The projection of the tragus
reference level used in the supine posture is shown as well.
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FIGURE 2: Examples of high velocity-encoded phase contrast image (top) used for measurements of arterial inflow through carotid
and vertebral arteries and venous outflow through the internal jugular veins for the supine position (A) and upright postures (B).
Arterial and venous volumetric flow rate waveforms are shown at the bottom.

FIGURE 3: Examples of low velocity encoded phase contrast image (top) used for measurements of the flow through CSF and
other secondary venous channels for the supine position (A) and upright position (B). Arterial minus venous and craniospinal CSF
flow waveforms are shown at bottom. The change in intracranial compliance and ICP between the upright and supine postures is
evident in by the change in the relationship between the CSF and the arterial minus venous waveform, which drives the CSF flow.
The CSF flow is considerably less pulsatile compared to the A-V waveform in the upright posture due to the much larger intracra-
nial compliance (lower ICP).
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FIGURE 4: Examples of intracranial volume change and the pressure gradient waveforms for the supine (A) and upright (B)
postures.

TABLE 1. Derived ICP Values in the Upright Posture Without and With the Hydrostatic CSF Pressure Component

Upright upper cervical Upright central cranial

Subject no Age/
gender

Manual
MR-ICP
(mmHg)

Automated
MR-ICP
(mmHg)

UCS to CC
distance
(cm)

Manual
MR-ICP
(mmHg)

Automated
MR-ICP
(mmHg)

1 41/F 2.0 2.4 9.8 25.2 24.8

2 22/F 5.1 7.2 10.4 22.5 20.4

3 33/M 2.3 2.9 10.4 25.4 24.8

4 28/M 3.1 2.8 10.8 24.9 25.2

5 23/F 4.3 3.7 11.0 23.8 24.4

6 20/F 7.7 5.3 9.6 0.6 21.8

7 29/F 6.0 6.7 10.1 21.4 20.7

8 29/M 5.8 5.3 10.9 22.2 22.7

9 39/F 3.3 2.4 10.2 24.3 25.2

10 26/F 5.3 4.1 10.5 22.5 23.7

Mean 29 4.5 4.3 10.4 23.2 23.4

SD 7 1.82 1.76 0.5 1.81 1.75

Paired t-test P 5 0.6 P 5 0.6

UCS, upper cervical spine; CC, corpus callosum.
Differences between manual and automated lumen segmentation are not statistically significant.
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previously reported positive ICP values in the upright pos-

ture. After adjustment for the hydrostatic component and

implementation of the automated lumen delineation, the

MR-ICP values at the central cranial location of all 10 sub-

jects were negative, with an average value of 23.4 mmHg.

The hydrostatically adjusted MR-ICP values ranged from

20.5 to 27 cm H2O, which is within the range of inva-

sively measured ICP in nonshunted patients in the upright

posture.4 The MRI measurements in the upright posture are

also consistent with much earlier measurements by Mag-

naes,13 who recorded lumbar pressure in 72 subjects without

intracranial disease and found the zero pressure level to be

in the region of the upper cervical and the lower skull base

regions.

This article explains how the MRI-derived ICP values

obtained in the upright posture relates to invasive ICP

measurements, which often are negative pressure values.

This clarification is important because MR-ICP is derived

based on its inverse relationship with intracranial compli-

ance, which is a positive parameter. This study therefore

adds support to the validity of the MR-ICP method. Recent

additional support for the validity of the MR-ICP is evident

from the good agreement between MR-ICP values and the

shunt valve opening pressures in hydrocephalic patients with

patent shunts,15 higher ICP values in Chiari Malformation

patients who had valsalva-induced headaches,16 and MR-

ICP correlated with headaches severity in healthy subjects

who were exposed to normobaric hypoxia to simulate symp-

toms of acute mountain sickness.17

The main limitation of this study is the lack of inva-

sive ICP measurements for comparison with the noninvasive

ICP values. However, invasive ICP measurements are associ-

ated with risk and thus cannot be justified in healthy sub-

jects. In addition, obtaining invasive ICP measurements

inside the MRI scanner is technically challenging.

In conclusion, MRI-derived ICP values in healthy vol-

unteers in the upright posture adjusted for the hydrostatic

component of the CSF pressure for a central cranial location

were comparable to invasive ICP values measured in non-

shunted patients in the sitting position.
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