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Abstract—Clinical studies have shown that drugs delivered
intrathecally distribute much faster than can be accounted
for by pure molecular diffusion. However, drug transport
inside the cerebrospinal fluid (CSF)-filled spinal canal is
poorly understood. In this study, comprehensive experimen-
tal and computational studies were conducted to quantify the
effect of pulsatile CSF flow on the accelerated drug disper-
sion in the spinal canal. Infusion tests with a radionucleotide
and fluorescent dye under stagnant and pulsatile flow
conditions were conducted inside an experimental surrogate
model of the human spinal canal. The tracer distributions
were quantified optically and by single photon emission
computed tomography (SPECT). The experimental results
show that CSF flow oscillations substantially enhance
fluorescent dye and radionucleotide dispersion in the spinal
canal experiment. The experimental observations were inter-
preted by rigorous computer simulations. To demonstrate
the clinical significance, the dispersion of intrathecally
infused baclofen, an anti-spasticity drug, was predicted by
using patient-specific spinal data and CSF flow measure-
ments. The computational predictions are expected to enable
the rational design of intrathecal drug therapies.

Keywords—Drug dispersion, Accelerated transport, Oscilla-

tory flow, Cerebrospinal fluid, IT therapy design, CNS

diseases.

INTRODUCTION

Intrathecal (IT) drug delivery involves the admin-
istration of medications directly into the spinal fluid,
circumventing the blood–brain barrier (BBB). For over
30 years, IT drug delivery has been used for chronic
pain management. The treatment typically delivers
drugs like morphine via the cerebrospinal fluid (CSF)
to specific receptor sites in dorsal regions of the spinal

cord.12,28,30 Clinical studies show that the IT delivery
affords perfect pain control using a small fraction of
the dose and fewer side effects compared to the
other methods such as intravenous or oral adminis-
tration.21,28 However, IT administration of baclofen
offers a safe and effective treatment for severe spas-
ticity because of a variety of causes such as multiple
sclerosis, cerebral palsy, traumatic and hypoxic brain
injury, and spinal cord injury.29,31 IT is also considered
as a highly promising treatment method to deliver
neurotrophic factors, such as glial cell line-derived
neurotrophic factor (GDNF) and brain-derived neu-
rotrophic factor (BDNF), to treat neurodegenerative
disorders like amyotrophic lateral sclerosis (ALS), and
Parkinson’s and Huntington’s diseases.2 IT may be a
feasible pathway to administer gene therapy via viral
vectors to the central nervous system.

One of the main advantages of IT delivery is its
ability to bypass the BBB, which limits the access of
drugs systematically administered to the central ner-
vous system (CNS). Despite recent advances in meth-
ods to overcome the BBB by chimeric molecules,
pseudonutrients, and ligand binding proteins,1,3 many
potentially efficacious agents still cannot reach to the
brain parenchyma in therapeutic concentrations. Since
the infused drug molecules are confined within the CSF
space and can freely exchange between CSF and
extracellular fluid of the brain parenchyma, effective
therapeutic drug concentrations can be easily achieved
in specific regions of the CNS using smaller doses
without causing dangerous bioaccumulation in the
body. Furthermore, drugs in the CSF encounter min-
imal protein binding and are not exposed to enzymatic
activities relative to the drugs distributed via blood
plasma, leading to longer drug half-life in the CSF.26

Thus, IT delivery to overcome the BBB is a significant
research target for novel treatment options, such as
gene therapy with viral vectors, administration of
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proteins, or the introduction of functionalized nano-
particles for CNS diseases.

Despite its potential as a very effective drug delivery
method for the treatment of CNS diseases, current IT
treatment lack quantitative procedures and rest mainly
on empirical observations. The current IT practice
guidelines14 for IT pain management and chemothe-
raphy are not intended as standards or precise
requirements; their use cannot guarantee reproducible
outcomes or desired therapeutic concentrations in
specific target regions of brain or spinal cord. Key
infusion parameters, such as mode of delivery, dosage,
posture, duration, and the site of infusion are deter-
mined based on the best available clinical evidence and
perspective of the individual clinician, leading to sub-
stantial variations in practice choices.39 Factors, such
as drug concentration at the desired target, distribu-
tion, and pharmacokinetics, to access the efficacy of
the drug delivery are unknown. Also, the fundamental
transport mechanism and pharmacology that governs
the IT drug dispersion within CSF and CNS are still
poorly understood. One of the crucial phenomena that
is not fully investigated concerns the apparent accel-
eration of drug dispersion from the infusion site in the
lumbar region toward the brain.19

There is also uncertainty as to the causes for wide
variations in drug distribution patterns observed
in vivo. For example, inadequate distribution of spinal
anesthesia after IT infusion results in partial or com-
pletely failed neural block, hindering the efficiency of a
surgical procedure. Possible factors affecting the inad-
equate spread of spinal anesthesia include individual
anatomical differences, anatomical abnormality, drug
solution density, or local anesthetic resistance.9 In
addition, variability in individual CSF pulsatile stroke
volume, heart rate, and breathing rhythm may also
affect IT drug dispersion. Moreover, postural changes
had been observed to impact the effectiveness of spinal
anesthesia. Different degrees of spinal block were
achieved with patient in sitting, supine, or Trendelen-
burg positions after IT infusion.40 For many thera-
peutic drugs, their binding kinetics to specific receptors,
clearance or final drug fate are unknown. The lack of
fundamental understanding of IT drug delivery war-
rants a rigorous mathematical analysis of drug disper-
sion mechanism in CNS. Our analysis will be anchored
in in vitro experiments and accurate first principle
modeling of physiological and mechanistic functions.

Transport of intrathecally infused drugs inside the
spinal canal cannot be explained by molecular diffu-
sion alone.19 A significant contribution comes from
convective transport associated with the pulsatile CSF
flow in the subarachnoid spaces. The CSF bulk con-
vection throughout the CNS has been investigated in
detail by the authors previously.23–25,43 Even though

the CSF bulk flow is laminar, oscillatory displacements
in pulsatile flow have been known to substantially
enhance micromixing of dispersed agents, despite
zero net bulk flow.41,42 The interaction between the
non-uniform CSF flow velocity distribution and
the difference in radial drug concentration across the
transverse plane of the spinal canal can lead to better
molecular dispersion as a function of the flow ampli-
tude and frequency, the spine anatomy, and the
molecular properties of the infused drug. In addition,
other factors like deformable soft tissue boundaries in
the spinal epidural space, fine anatomical structures,
and binding reactions may also impact drug disper-
sion. The hypothesis to demonstrate in this article is
whether CSF pulsations are a main factor in the
apparent increase in drug dispersion in the spinal canal.
The term dispersion used in the article describes the
total transport of drug based on the diffusion and
convection due to oscillatory bulk flow. Dispersion of
non-reacting substances in pulsating or oscillatory flow
has been studied in the contexts of blood flow, airway
gas mixing, extraction columns, estuary tidal flow, and
wave boundary layers.4,5,7,8,13,15,17,27,37,45,46 However,
few studies deal with drug transport in the CNS as a
function of pulsatile CSF flow.42 Stockman has studied
the effect of the nerves and trabeculae on the disper-
sion of solutes in the spinal subarachnoid space and
concluded that the added stirring by the fine structures
increase the dispersion by five to ten times.42

For this study, we conducted an experimental and
computational analysis to investigate the effect of
oscillatory flow pulsations on drug dispersion. The
experimental apparatus can reproduce the pulsatile
flow condition in the CSF with an amplitude and fre-
quency similar to that of the human spinal canal. The
species dispersion after an IT bolus injection was
studied. Single photon emission computed tomogra-
phy (SPECT) experiments with a radioactive isotope
were conducted to trace the spatiotemporal distribu-
tion pattern of the infused species. We also conducted
florescence dye experiments to qualitatively study the
drug displacement in pulsatile flow. The term dis-
placement in this article means the change in spatial
position of the drug in the fluid column by diffusion
and convection due to oscillatory bulk flow. In paral-
lel, a three-dimensional (3D) computational model was
developed to compute the drug transport under pul-
satile flow conditions. We also predicted the dispersion
of therapeutic agent in the patient-specific reconstruc-
tion of the human CNS. The anatomy of the spinal
canal was modeled using image reconstruction soft-
ware. The time-dependent drug dispersion profiles
inside the CNS after IT bolus infusion was investi-
gated. The successful characterization of accelerated
drug transport due to CSF pulsations and the accurate
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patient specific computational models are expected to
improve the clinical applications of IT drug adminis-
tration by providing quantitative results for proper
dosing and duration of IT drug infusion necessary to
achieve desired therapeutic concentrations in specific
target regions of the CNS.

Outline: The article is organized as follows.
‘‘Methodology’’ section will introduce the surrogate
spinal canal apparatus, experimental procedures, and
computational approach. ‘‘Results’’ section will pres-
ent experimental and computational results for
increased drug dispersion associated with the pulsatile
flow dynamics, validation of results, and potential of
using computational methods in patient-specific ther-
apy design. ‘‘Discussion’’ section will emphasize out-
comes and design consideration of the IT drug
delivery. The article closes with conclusions and an
outlook into future research.

METHODOLOGY

In order to quantify the effect of pulsatile flow
dynamics on drug dispersion, a surrogate model of the
spinal canal was built to simulate the oscillatory flow
and bolus drug administration. Two imaging methods
were employed to study the drug dispersion. An optical
imaging modality using florescence of tracers was
employed to visualize the drug dispersion trends, and
the SPECT method is employed to record the amount
of dispersion under pulsatile flow and stagnant con-
ditions. In addition, a first principle 3D computational
model was developed to predict accurately the species
dispersion in pulsatile flow. The validity of the com-
putational model is confirmed by the experimental
data.

Spinal Canal Experimental Setup

We designed spinal canal experimental setup to
study the transport of intrathecally injected macro-
molecules in the spinal canal under the pulsatile flow.
In order to isolate the effect of pulsatile flow on the

drug transport as a key parameter in our study, many
anatomical details were deliberately simplified in the
proposed design. The schematic of the experimental
apparatus is depicted in Fig. 1. The surrogate spinal
canal model consists of three main components: (i) a
fluid-filled annular canal, (ii) oscillatory flow genera-
tor, and (iii) a drug infusion mechanism.

Fluid-filled annular canal: The spinal canal was
constructed from a 45-cm-long cylindrical pipette with
an inner diameter of 1.5 cm. Inside of the pipette, a
0.78-cm-diameter dowel was suspended to represent
the spinal cord, thus creating an annular fluid-filled
section to mimic the spinal subarachnoid space of the
lumbar section of an adult. The dimensions are chosen
so as to approximate anatomical spinal canal dimen-
sions in humans.18,34

Oscillatory flow generator: A modified peristaltic
pump coupled with a collapsible elastic reservoir sys-
tem was used to induce a pulsatile flow with 1 cm3

oscillatory amplitude, but zero net flow. The pump was
modified to create a ramping flow pattern by removing
two of three metal rollers that drive the master peri-
staltic. One end of the surrogate spinal canal model
was connected to the peristaltic pump providing a
pulsed function to induce flow oscillations; the other
end was closed with a deformable membrane. The
pump was set at 60 rpm for the pulsatile experiments.
The generated pulsatile flow profile displayed a wave-
form of 1 Hz similar to human spinal CSF fluid flow
acquired previously by the phase-contrast MR imaging
methods6 as shown in Fig. 2.

IT Infusion mechanism: A 0.03-mm-diameter injec-
tion port was created at the center of the spinal canal
about 2 mm beyond the boundary of the canal. A
programmable syringe pump was used to control the
0.1 mL bolus infusion of tracer over a 30-s period. In
addition, a second fluid-filled annular canal with
stagnant CSF was built as a control.

Qualitative Dye Experiments

The fluorescent dye experiments, which were per-
formed under dark-room conditions, demonstrate the
difference in apparent drug dispersion in a pulsating
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FIGURE 1. Experimental setup of the surrogate spinal canal model consisting of fluid-filled annular canal (1), oscillatory laminar
flow generator (2) and IT infusion mechanism (3).
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