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BACKGROUND: Intrathecal drug delivery is an efficient method to administer therapeutic
molecules to the central nervous system. However, even with identical drug dosage and
administration mode, the extent of drug distribution in vivo is highly variable and difficult to
control. Different cerebrospinal fluid (CSF) pulsatility from patient to patient may lead to different
drug distribution. Medical image–based computational fluid dynamics (miCFD) is used to
construct a patient-specific model to quantify drug transport as a function of a spectrum of
physiological CSF pulsations.
METHODS: Magnetic resonance imaging (MRI) and CINE MRI were performed to capture the
patient’s central nervous system anatomy and CSF pulsatile flow velocities. An miCFD model was
reconstructed from these MRIs and the patient’s CSF flow velocities were computed. The effect
of CSF pulsatility (frequency and stroke volume) was investigated for a bolus injection of a model
drug at the L2 vertebral level. Drug distribution profiles along the entire spine were computed for
different heart rates: 43, 60, and 120 bpm, and varied CSF stroke volumes: 1, 2, and 3 mL. To
assess toxicity risk for patients with different physiological variables, therapeutic and toxic
concentration thresholds for a common anesthetic were derived from experimental studies.
Toxicity risk analysis was performed for an injection of a spinal anesthetic for patients with
different heart rates and CSF stroke volumes.
RESULTS: Both heart rate and CSF stroke volume of the patient strongly influence drug
distribution administered intrathecally. Doubling the heart rate (from 60 to 120 bpm) caused a
26.4% decrease in peak concentration in CSF after injection. Doubling the CSF stroke volume
diminished the peak concentration after injection by 38.1%. Computations show that potentially
toxic peak concentrations due to injection can be avoided by changing the infusion rate. Using
slower infusion rates could avoid high peak concentrations in CSF while maintaining drug
concentrations above the therapeutic threshold.
CONCLUSIONS: Our computations identify key variables for patient to patient variability in drug
distribution in the spine observed clinically. The speed of drug transport is strongly affected by
the frequency and magnitude of CSF pulsations. Toxicity risks associated with an injection can
be reduced for a particular patient by adjusting the infusion variables with our rigorous miCFD
model. (Anesth Analg 2012;115:386–94)

Intrathecal (IT) drug delivery is an efficient way to
administer therapeutic molecules to the central nervous
system (CNS). However, IT infusions even with

identical dosage during controlled settings lead to high
interpatient variability in drug distribution.1,2 Factors
that influence IT drug distribution are numerous, includ-
ing anatomical abnormality, patient posture,3 infusate bar-
icity,4,5 infusion rate,6 catheter diameter,7,8 lumbosacral
cerebrospinal fluid (CSF) volume,9 CSF densities,10 and
CSF pressure. Actual rates of drug binding and uptake in
the spinal cord tissue of different subjects as a function of
subject-specific receptor density or abnormal receptors may
also affect drug transport and in effect biodistribution.

We propose a novel method, medical image–based
computational fluid dynamics (miCFD), for investigating
IT drug delivery. miCFD combines quantitative medical
imaging and computational fluid dynamics (CFD) to gen-
erate patient-specific computational models. The method
has 4 stages: First, observe and measure in vivo CSF flow
phenomenon. Second, build a model of the patient’s spinal
cord and subarachnoid space through image reconstruc-
tion, assign realistic tissue properties, and recreate CSF
flow velocities. Third, validate the model with in vivo flow
measurements. Fourth, compute concentration profiles for
a desired infusion and optimize IT infusion variables for
this particular patient. The miCFD method generates a
computational model of the subarachnoid space and spinal
cord with accurate anatomical shape in 2 or 3 dimensions,
as well as the dynamics of the patient’s CSF pulsations. This
patient-specific model can generate quantitative predic-
tions of drug distribution for an infusion with desired
variables such as injection concentration, flow rate, dura-
tion, patient position, solution baricity, and infusion site.
The miCFD model outputs drug biodistribution in space
and time, so the local drug concentrations at a region of
interest in the subarachnoid space or spinal cord tissue can
be monitored continuously to avoid toxicity risk.
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We will predict spatiotemporal drug concentration pro-
files for an IT infusion and quantify the effect of 2 critical
physiological variables: heart rate and CSF stroke volume.
Heart rate and CSF pulsatile magnitudes in the spine vary
greatly from patient to patient. CSF pulsates inside the
spinal canal at the frequency of the heart beat.11 With a
surrogate spine model, Hettiarachchi et al.12 found pulsat-
ing CSF in the spine as a main driver for drug distribution.
These CSF pulsations cause additional mixing and disper-
sion of IT-infused molecules compared with pure diffusion
alone in a stagnant fluid. We hypothesized that variations
in CSF pulsatility (frequency and stroke volume) may lead
to inter- and intrapatient variability in drug distribution.
We therefore tested whether these key factors contribute to
the high variability in drug distribution observed clinically.
The miCFD model serves as a platform for simulated
infusion tests to enhance the fundamental understanding of
the hydrodynamics and drug transport in the subarachnoid
space and spinal cord tissue.

This study has 3 principal components: (1) CINE mag-
netic resonance imaging (MRI) measurements of CSF flow
velocities and the computation of CSF flow velocities for a
particular patient; (2) simulation of IT infusion of a model
drug and quantification of the effects of heart rate and CSF
stroke volume; and (3) toxicity risk analysis for the infusion
of a common spinal anesthetic with experimentally derived
therapeutic and toxicity thresholds.

METHODS
CINE (or time resolved) MRI was used to obtain images
with cardiac gating to trigger data acquisition.13 The full
image dataset is acquired through multiple cardiac cycles
and is linearly interpolated to a dataset as acquired from
the same points of a single cardiac cycle. A 2-dimensional
CINE phase-contrast technique was applied to collect CSF
flow data from the spinal canal of a 29-year-old healthy
male on a 3T Signa� HDx MR scanner (GE Healthcare,
Waukesha, WI) equipped with a high-density CTL spine
coil. The volunteer signed the consent form of research
agreement that had been approved by the IRB at Michigan
State University.

One hundred axial T2-weighted fast spin echo images
with a time of echo (TE) � 102 milliseconds, a time of
repetition � 5300 milliseconds, echo train length � 8,
receiver bandwidth � 31.25 kHz, image field of view � 12
cm, slice thickness � 5 mm, matrix size � 256 � 256, and
number of excitation � 2 were collected at the upper and
then another 100 images at the lower part of the spinal
cord. The 200 images were combined to provide a high-
resolution view of the full spinal cord. CINE phase-contrast
images were then acquired in axial direction at locations of
interest. Velocities in all 3 directions were measured to
investigate the flow dynamics based on the simple 4-point
method.14 Flow compensation and peripheral gating were
applied. A low maximum velocity (VENC) of 5 cm/s had
been chosen as the limit so that a reasonable velocity
resolution could be achieved for CSF flow measurement.
Other acquisition parameters included the following: TE �
9.5 milliseconds, time of repetition � 29 milliseconds, flip
angle � 20°, receiver bandwidth � 15.6 kHz, field of
view � 12 cm, slice thickness � 5 mm, matrix size � 256 �

256, and number of excitation � 2. Sixteen images were
reconstructed per cardiac cycle.

The CSF pathway was manually segmented based on
the T2-weighted fast spin echo image acquired in which
CSF was enhanced. The velocity of every pixel at regions of
CSF was calculated. To reduce the possibly spatially de-
pendent offset velocity caused by eddy currents or motion
of the body, the velocity at each pixel location was cor-
rected through basic subtraction by the time-average “ve-
locity” of a nearby solid spinal cord or muscular tissue
“background” within a 19 � 19 mm region with this pixel
at the center of this background.15–17 Solid tissue does
not accumulate net displacement over a complete cardiac
cycle.15–17

Computation of CSF Flow in the CNS
An image reconstruction software, MIMICS,a was used to
construct the patient-specific miCFD model from MRIs of
the CNS. The subarachnoid space and the spinal cord tissue
were captured through thresholding and manual segmenta-
tion and converted into a computational mesh. Computation
of CSF flow was performed by applying the continuity
(Equation 1) and Navier-Stokes (Equation 2) equations. The
CSF pulsations with arterial waveform18 were emulated by
periodic functions (Equation 3):

�� � ��u� � � 0 (1)

�u�

�t
� u� � �� u� � �

1

�
�� p � ��� 2u� � F� (2)

u� �t� � a0 � �
n�1

N

�an cos n�t � bn sin n�t� (3)

where, � is the density, � is the kinematic viscosity, F� is the
external force term, and u� and p describe the periodic
velocity and pressure fields, respectively.

This miCFD model accounts for physiological CSF pro-
duction, reabsorption, and pulsations (Fig. 1). A summary
of model properties is shown in Table 1. The production of
CSF by the choroid plexus at 0.4 mL/min was implemented
by an inflow on the walls of the lateral and third ven-
tricles.19 The reabsorption of CSF occurred in the superior
sagittal sinus as an outflow. The pulsatile CSF flow was
modeled by imposing pulsatile CSF velocities at the surface
of the cortex and ventricular walls with a cardiac wave-
form.18 The CSF pulsatile velocities were validated with in
vivo measurements. More details on the computation of the
CSF flow field can be found in the literature.17,20

Simulation of Drug Distribution During
an IT Infusion
For the respective quantification of the effects of heart rate
and stroke volume, a 0.2-mL bolus injection of a model
drug over 30 seconds was simulated at L2 using infusion
protocol 1 in Table 1. The injected solution was isobaric.
Drug transport by diffusion and convection in CSF is
modeled by the species transport equation (Equation 4):

a MIMICS Materialize. Available at: http://www.materialise.com/mimics.
Accessed June 19, 2011.
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