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ABSTRACT

BACKGROUND AND PURPOSE: Forced respirations reportedly have an effect on CSF movement in the spinal canal. We studied re-
spiratory-related CSF motion during normal respiration.

MATERIALS ANDMETHODS: Six healthy subjects breathed at their normal rate with a visual guide to ensure an unchanging rhythm.
Respiratory-gated phase-contrast MR flow images were acquired at 5 selected axial planes along the spine. At each spinal level, we
computed the flow rate voxelwise in the spinal canal, together with the associated stroke volume. From these data, we computed
the periodic volume changes of spinal segments. A phantom was used to quantify the effect of respiration-related magnetic sus-
ceptibility changes on the velocity data measured.

RESULTS: At each level, CSF moved cephalad during inhalation and caudad during expiration. While the general pattern of fluid
movement was the same in the 6 subjects, the flow rates, stroke volumes, and spine segment volume changes varied among sub-
jects. Peak flow rates ranged from 0.60 to 1.59mL/s in the cervical region, 0.46 to 3.17mL/s in the thoracic region, and 0.75 to
3.64mL/s in the lumbar region. The differences in flow rates along the canal yielded cyclic volume variations of spine segments
that were largest in the lumbar spine, ranging from 0.76 to 3.07mL among subjects. In the phantom study, flow velocities oscillated
periodically during the respiratory cycle by up to 0.02 cm/s or 0.5%.

CONCLUSIONS: Respiratory-gated measurements of the CSF motion in the spinal canal showed cyclic oscillatory movements of
spinal fluid correlated to the breathing pattern.

ABBREVIATION: SSAS ¼ spinal subarachnoid space

Respirations reportedly have an effect on CSF movement in the
spinal subarachnoid space (SSAS), which is also known to

undergo a cardiac-driven oscillatory motion1-4 associated with the

periodic changes in intracranial pressure, superposed on a steady

motion resulting from secretion of CSF by the choroid plexus in

the ventricles on the one hand and steady-streaming effects appear-

ing as small nonzero time averages of oscillatory components on

the other hand. Whereas steady secretion by the choroid plexus

results in slow craniocaudal spinal fluid flow,5,6 commonly known

as bulk flow, steady-streaming results in closed recirculating regions

caused by the variation of anterior-posterior SSAS size along the

spine7-9 or localized anatomic features such as nerve roots.10 Forced

respirations have been shown to produce oscillatory motion of the

CSF at a slower cycling rate than the cardiac cycle, both in the spine

and the brain.11-26 Most previously published observations on spi-

nal CSF flow during respiration have used real-time MR imaging,

short acquisitions, and forced or deep breathing, coughing, or sniff-

ing.11-24 In previous reports, the forced respiratory efforts produced

both craniocaudal and caudocranial CSF movements along the

entire spinal canal and especially in the lower thoracic segment. In

some experiments, forced inspiration and expiration apparently

were the major factors in spinal fluid flow.14,16,20,21,24,25 The effect
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of normal breathing on spinal CSF flow has recently been stud-

ied,17,26 but only at the foramen magnum, where it was found to

play a lesser role compared with cardiac-driven motion.
A detailed analysis of CSF movement along the length of the

spinal canal related to normal breathing has not, to our knowledge,
been published. An improved quantitative knowledge of respira-
tory effects on CSF flow will enhance our understanding of CSF
dynamics, which is key in the characterization of nutrient move-
ment and waste product clearance in the subarachnoid spaces and
the distribution of drugs injected intrathecally.

We planned a study to quantify respiratory-related CSF motion
along the length of the spinal canal during breathing at a normal
rate and depth. We developed a method of maintaining a constant
respiratory rhythm during flow data acquisition and used a respira-
tory-gatedMR imaging acquisition, which achieves greater temporal
and spatial resolution than the real-time MR imaging acquisition
used in previous studies. We acquired flow data at multiple spinal
levels to characterize, as completely as possible, the effects of normal
breathing on fluid movement along the length of the spinal canal.

MATERIALS AND METHODS
Subjects
Six subjects (2 women, 4 men; age range, 27–53 years; weight
range, 50–82 kg; and height range, 160–175 cm) with good health,
normal pulse and respiratory rates, no spinal disorders, and no
contraindications to MR imaging were enrolled for MR imaging
data collection at the Mind, Brain and Behavior Research Center
of the University of Granada and analysis of CSF flow. The study
was approved by the institutional review board of the Universidad
de Granada, and written informed consent was obtained from
each subject before MR imaging. The MR images obtained in the
subjects were reviewed by a neuroradiologist to exclude spinal
pathologies.

Study Design
Each subject was instructed to breath guided by a video showing a
sine wave with a frequency at the subject’s previously determined
normal breathing rate (15–18 breaths per minute in the 6 subjects).
Subjects were fitted with a thoracic circumference monitoring belt
and asked to inhale and exhale normally to match the chest diame-
ter to the sine wave, achieving inspiration and expiration of equal
duration. Each subject practiced breathing to the visual guide for a
period of time before imaging. For imaging, conventional T1- and
T2-weighted images of the entire spine were obtained in each sub-
ject, and flow measurements were acquired at 5 locations along the
spinal canal: C2/C3, T2/T3, T6/T7, T10/T11, and L1/L2 (Fig 1).

MR Imaging Measurements
All imaging was performed on a 3T Magnetom Prisma Fit MR
imaging scanner (Siemens) using a 64-channel head and neck coil
and a 32-channel spine coil. High-resolution, whole-spine images
were obtained using a 3-block sagittal 3D T2 sampling perfection
with application-optimized contrasts by using different flip angle
evolution (SPACE sequence; Siemens) (Fig 1B), with the following
imaging parameters: TR ¼ 1500 ms, TE ¼ 231 ms, bandwidth ¼
504 Hz/pixel, 1.4 averages, in-plane resolution= 0.8 � 0.8 interpo-
lated to 0.4 � 0.4 mm2, 64 slices per block, section thickness ¼
0.8mm. CSF flow-velocity data were acquired at the 5 selected spi-
nal locations applying a 2D phase-contrast MR imaging sequence
with section orientation perpendicular to the long axis of the spinal
canal. The imaging parameters included the following: flip angle ¼
15°, FOV¼ 160� 160 mm2, matrix¼ 256� 205, in-plane resolu-
tion ¼ 0.625 � 0.78 reconstructed to 0.625 � 0.625 mm2, section
thickness ¼ 10mm. The velocity encoding was adjusted to the
anticipated optimum for each subject and ranged from 3 to 15
cm/s, with TE and TR varying correspondingly between 7.71 and
9.98 and 71.22 and 89.42ms, respectively. Between 40 and 55

FIG 1. A, Schematic overview of the MR imaging setup. The subject, in a supine position, was instructed to breath guided by a video on an external
display. Thoracic circumference respiratory bellows were used to monitor breathing. B, High-resolution, whole-spine images were obtained using a
3-block sagittal 3D T2 SPACE sequence, and flow measurements were acquired with a 2D phase-contrast MR imaging sequence at 5 locations along
the spinal canal: C2/C3, T2/T3, T6/T7, T10/T11, and L1/L2. At each level, the ROIs corresponding to the SSAS were drawn manually (yellow shaded
regions). Images shown correspond to subject 3.
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respiratory phases were obtained in each subject. Respiratory gating
was performed by means of a retrospective protocol using an exter-
nal synthetic signal with frequency equal to the breathing frequency
of each subject. Scans showing velocity-aliasing artifacts were
repeated or manually corrected.9,27

Quantification of the Flow Rate and Spinal Canal Volume
Changes Due to Respiration
An in-house-developed Matlab code (MathWorks) was used to
postprocess the MR phase and magnitude measurements and to
obtain the in-plane velocity distribution of velocity U in the SSAS at
each spinal level (Fig 2A), the location of which has a distance xi
along the spinal canal to the foramen magnum (Fig 1B). At each
level, the ROIs corresponding to the SSAS were drawn manually
(Fig 1B). By numerically integrating the velocity over these ROIs,

the volume flow rates across each location (Q xi; tð Þ ¼
Ð

ROI

UdAÞ

were obtained as a function of time t (Fig 2B). The results were fil-
tered with a 5-point moving mean (Fig 2C). Stroke volume was cal-
culated for each level by numerically integrating the flow rate over

the respiratory cycle, Vs xð Þ ¼ 0:5
Ð T

0

jQ x; tð Þjdt (Fig 2E). The

instantaneous change in volume of each spine segment, with respect
to the start of the inhalation cycle, was computed as the integral of
the difference in flow rates across the spinal levels that delimitate the

segment, DV i!iþ1 tð Þ ¼
Ð
Q xi; tð Þ � Q ðxiþ1; tÞ
� �

dt (Fig 2D). The

net volume change over inhalation and exhalation (Fig 2E, -F) for
each segment was calculated as DV i!iþ1 t1=2ð Þ � DVi!iþ1ð0Þ and

DVi!iþ1 Tð Þ � DVi!iþ1ðt1=2Þ, where t1=2 corresponds to the

instant in time at the end of inhalation and the start of exhalation,
defined as the point whereQ xi; tð Þ crosses zero, so that t1=2 ffi T=2.

Evaluation of Magnetic Susceptibility Artifacts in In Vivo
Flow Measurements
A phantom was used to quantify the effect of magnetic susceptibil-
ity changes in the FOV induced by the thoracic motion on velocity
data measured with phase-contrast MR imaging. The phantom
contained a closed hydraulic circuit composed of a straight tube of
constant diameter equal to 2.2 cm, a pump, and a mass flow meter.
Tap water with a T1 of 2.7 seconds to simulate CSF, which has a
T1 relaxation time28 of about 3 seconds, was pumped through the
phantom at a constant flow rate. Respiratory-gated MR imaging
flow measurements were obtained of the phantom with and with-
out a subject lying supine on the phantom. Data were acquired at 2
locations, T6/T7 and L1/L2, with the sameMR imaging parameters
and protocols as used for imaging the subjects.

RESULTS
MR imaging showed no evidence of spinal pathology in the 6 sub-
jects. All subjects breathed with a sinusoidal pattern closely
approximating their normal respiratory volumes. Flow measure-
ments were obtained from MR imaging measurements success-
fully in all subjects and selected spinal locations. Aliasing artifacts
were encountered in 2 subjects for 2 spinal levels and were cor-
rected accordingly. We first describe the results for subject 1 in
detail (Fig 2) and then compare results in the 6 subjects (Fig 3).

FIG 2. Results for subject 1. A, Map of flow velocity in centimeters per second across each section at mid-inhalation (left column) and mid-expiration
(right column). B, Plot of the flow rate in milliliters per second across each section through the respiratory cycle. C, Plot of temporally filtered flow
rate. D, Change in fluid volume through the respiratory cycle with respect to the start of inhalation for each spinal level. E, Amount of fluid moved
between adjacent levels (stroke volume) for each section. F, Net volume increase or decrease at each level during inhalation. G, Net volume increase
or decrease during expiration.
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In subject 1, the respiratory-gated flow was caudocranial dur-
ing inhalation and craniocaudal during exhalation at all spinal
levels. Velocity fields (Fig 2A) taken mid-inhalation and mid-
exhalation showed that CSF flow is uniformly distributed over
the cross-sectional area of the SSAS, with peak velocities ranging
from 5 to 8 cm/s. The corresponding volume flow rates Q xi; tð Þ
(Fig 2B, -C) confirmed that the directionality of the flow was in
phase with inhalation and exhalation and differed in phase by
180°. Flow volume rates between inspiration and expiration dif-
fered by,10%.

The largest volume of flow rate was observed at L1/L2 (2mL/s).
The concomitant stroke volume, Vs (Fig 2E), which is a measure
of the volume of CSF that passes through L1/L2 at this location,
was 1.75mL. Cranially from L1/L2, the stroke volume progres-
sively decreased toward the foramen magnum (minimum, Vs of
1mL). Above the L1/L2 level, the stroke volumes were ,0.5mL.
Caudally from L1/L2, the stroke volume diminished to zero. The
largest variation of CSF volume was found in the stretch of canal
between the L1/L2 level and the caudal end of the canal. The corre-
sponding total accumulation and depletion of CSF between the
start and end of inhalation (Fig 2E) and between the start and end
of exhalation (Fig 2F) were equal.

The general trends described for subject 1 are evident in all sub-
jects (Fig 3), though large subject-to-subject variations were found.
During inspiration, caudocranial CSF flow was induced, and dur-
ing exhalation, craniocaudal flow. The velocity fields during inhala-
tion were found to be comparable in magnitude with those during
exhalation at all spinal levels. Correspondingly, the volume of flow
rates during inhalation (Fig 3C) were similar in magnitude to those
during exhalation. The variation in stroke volume (red dots in
Fig 3E, -G) generally was largest in the lower lumbar region and
least in the cervical region, except in 1 subject (subject 4). Peak
flow rates ranged from 0.60 to 1.59mL/s in the cervical region,
0.46mL/s to 3.17mL/s in the thoracic region, and 0.75mL/s to
3.64mL/s in the lumbar region. Differences in flow rates are corre-
lated to differences in stroke volume and, consequently, to the
increase or decrease in CSF volume. The Table summarizes the
minimum, mean, and maximum observed stroke volumes and vol-
ume changes along the spinal canal. The increase or decrease in
CSF volume (Fig 3D) was largest in the lumbar region.

In the phantom study of respiratory-induced artifacts in flow
measurements, flow velocities measured in the phantom under a
supine subject breathing typically deviated periodically during the
respiratory cycle by up to 0.02 cm/s for all flow velocities tested,

FIG 3. Selected results for subjects 1–6. C, D, E/G correspond to those in Fig 2.
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which ranged from 0 to 15 cm/s. The deviations did not exceed
0.5% of the mean velocities tested.

DISCUSSION
Respiratory-gated measurements of the CSF motion in the spinal
canal during normal rates and volumes of respiration showed cyclic
oscillatory movements of spinal fluid correlated to the breathing
pattern. The stroke volume, an integral measure of how much fluid
moves across a certain spinal section over the course of 1 respira-
tory period, was, on average, largest in the lower thoracic and upper
lumbar spine, decreasing cranially up to 35% toward the foramen
magnum and caudally toward the distal end, where it vanished.
The concomitant net volume variation was found largest at the
upper lumbar-sacral segment and considerably lower elsewhere.
This finding indicates the volume variation of the subarachnoid
space near the thoracolumbar junction through the respiratory
cycle as the main effect of respiration. The minimum and maxi-
mum measured values of stroke volume and net volume change in
the Table reveal large interindividual differences.

The results of this study agree qualitatively with those in previ-
ous studies12,16,17,20,21,24-26 in which spinal fluid was found to move
cranially during inspiration and caudally during expiration. The
effect of normal, sustained breathing was reported to induce peak
velocities of approximately 1.3 cm/s at the foramen magnum,17,26

compared with 5 cm/s for subject 1 at C2/C3 in our results. Studies
that reported the spatial distribution of respiratory-induced
flow along the spinal canal mostly considered forced respira-
tion12,16,20,21,24,25 or breathing maneuvers such as coughing or
sniffing.24 In agreement with our findings, the largest respiration-
induced flow rates occurred at the upper lumbar spinal level.20,21

Flow rates and associated stroke volumes greater than ours were
measured, consistent with the use of more forceful respiratory
efforts. For example, the mean stroke volumes corresponding to
forced breathing20 compared with those of the present study under
normal breathing are 2.4 versus 1.0mL at C2/C3, 1.6 versus 1.1mL
at T6/T7, 6.7 versus 1.5mL at T10/T11, and 2.0 versus 1.5mL at
L1/L2, respectively. The maximum associated net volume variation
over inspiration or exhalation occurred in the caudal half of the
spinal canal. For forced breathing,20 the maximum was found in
the segment between T6 and T10 (mean, 5.1mL), whereas for the
present work, it occurred in the lumbar segment between L1/L2
and the sacral end (mean, 1.5mL). Previous studies have hypothe-
sized that the nonuniform compliance of the SSAS is coupled to the
extraspinal paravertebral venous plexus.24,25 Furthermore, forced
respiratory effort induced a nonzero net CSF flow.20,21 On the

contrary, our data, acquired over multiple minutes of normal
breathing, showed no net flow, consistent with conservation of total
spinal CSF volume over the course of the experiment. We are not
aware of any previously reported detailed CSF flow measurements
at multiple spinal levels during normal respiration.

Respiratory-driven spinal CSF flow occurs in addition to that
driven by the cardiac cycle.9,29-31 Induced by intracranial pressure
fluctuations, the cardiac-driven flow presents a different spatial
variation of flow rate and stroke volume along the spine (eg, Figs 2
and 3 in Sincomb et al31) with maximum values in the upper cervi-
cal region, decreasing monotonically toward the closed caudal end.
Given the large subject-to-subject variations in observed respira-
tory-driven flow, comparisons between cardiac- and respiratory-
driven flow should be conducted on a subject-to-subject basis. As
an example, subjects 1 and 2 in Sincomb et al,31 respectively, corre-
spond to subjects 5 and 2 of the present study. For these subjects,
the ratios between respiratory- and cardiac-driven peak flow rates
were, respectively, 0.1 and 0.3 at C2/C3, 0.2 and 0.4 at T6/T7, and
0.7 and 1.3 at L1 and L2, where both peak values become compara-
ble. Nevertheless, because the respiratory cycle is approximately
3.5 times longer, the associated stroke volumes become dominant
in the lower spine. In particular, the ratios between the respiratory-
and cardiac-driven stroke volumes for subjects 5 and 2 are respec-
tively 0.8 and 1.2 at C2/C3, 1.1 and 1.6 at T6/T7, and 4.9 and 7.3 at
L1/L2. Future work should confirm these trends.

Our study had a small number of subjects, with an age range of
26 years. The analysis should be extended in the future to a larger
number of subjects with greater anatomic variations to investigate
reproducibility and determine the origin of the large interindivid-
ual differences. The influence of subject posture, which has been
conjectured to influence cardiac-driven steady-streaming CSF
flow,9 was not studied here. Furthermore, the duration of inhala-
tion and exhalation was equal, which might not be reflective of
normal breathing. The study should be extended to further evalu-
ate the effect of different respiration modes on the CSF motion.
Finally, small experimental errors might be expected from the lim-
ited accuracy of phase-contrast MR measurements of slow flow
and from the section orientation not being perfectly perpendicular
to the axis of the spinal canal.

This study shows that respiration affects CSF flow, especially
in the lower thoracic and lumbar spine. The total pulsating
motion of the CSF in the SSAS is the sum of the cardiac- and
respiratory-driven components. The cardiac-driven flow exhibits
near-zero velocities in the lumbar region,9 much smaller than
those associated with the respiratory-driven flow measured here,
so that respiration is the main driving mechanism in the lumbar

Interindividual variations in stroke volume and in net volume increase during expiration at each spinal level

Section
Stroke Volume (mL) Net Volume Increase during Expiration (mL)

Min Mean Max Segment Min Mean Max
C2/C3 0.54 0.99 1.66 C2/C3–T2/T3 –1.54 –0.29 0.17
T2/T3 0.62 1.37 3.07 T2/T3–T6/T7 –0.28 0.23 0.62
T6/T7 0.38 1.14 2.58 T6/T7–T10/T11 –0.51 –0.23 0.02
T10/T11 0.57 1.54 2.88 T10/T11–L1/L2 –0.49 0.09 0.57
L1/L2 0.76 1.52 3.07 L1/T2–L5/S1 0.76 1.52 3.07

Note:—Min indicates minimum; Max, maximum.
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spine. Consequently, the respiratory cycle may be a factor in the
movement of drugs and anesthetics administered intrathecally.
Modeling of CSF movement and drug transport32,33 must take
into consideration the effect of respiration.

CONCLUSIONS
Normal respiration in healthy subjects induces CSF motion in the
spinal canal, which is directed caudocranially during inhalation
and craniocaudally during exhalation. Compared with cardiac-
driven CSF flow, respiratory-driven flow dominates in the lumbar
region. Respiration constitutes, therefore, an important driving
mechanism of CSF. Patient-specific analyses of cardiac-driven and
respiratory-driven CSF flow and anatomic measurements in combi-
nation with complementary mathematic models can help improve
the effectiveness and predictability of intrathecal drug delivery treat-
ments in the future.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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