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A B S T R A C T

Paclitaxel coated balloons (PCBs) are a promising non-implantable alternative to drug-eluting stents, whereby
drug is delivered to the arterial wall in solid form as a semi-continuous solid coating or as micro drug depots. To
date, it has been impossible to predict or even infer local tissue dosing levels and persistence, making it difficult
to compare in vivo performance of different devices in healthy animals or to extrapolate such data to diseased
human arteries. Here we derive and analyze a coupled reaction diffusion model that accounts for coating dis-
solution and tissue distribution, and predicts the concentration of dissolved drug in the tissue during and post
dissolution.

Time scale analysis and numerical simulations based on estimated diffusion coefficients in healthy animal and
diseased human arteries both imply that dissolution of crystalline paclitaxel coating is mass transfer coefficient-
limited, and can therefore be solved for independently of the tissue transport equations. Specifically, coating
retention is predicted to follow piecewise linear kinetics, reflecting the differential and faster dissolution of
lumenal versus tissue-embedded coating owing to a disparity in convective forces. This prediction is consistent
with published data on a range of PCBs and allowed for the estimation of the associated dissolution rate-con-
stants and the maximal soluble drug concentration in the tissue during coating dissolution. Maximal soluble drug
concentration in the tissue scales as the product of the solubility and ratio of the dissolution and diffusion rate-
constants. Thus, coatings characterized by micromolar solubilities give rise to nanomolar soluble concentrations
in healthy animal arteries and ~0.1 micromolar in calcified atherosclerotic arteries owing to slower tissue
diffusion. During dissolution, retention in porcine iliofemoral arteries is predicted to be dominated by solid
coating, whereas post dissolution it is dominated by receptor-bound drug (3.7 ng receptors/g tissue).

Paclitaxel coating dissolution and dosing kinetics can now be modeled based upon accepted principles of
surface dissolution and tissue transport to provide insights into the dependence of clinical efficacy on device
properties and the interplay of lesion complexity and procedural parameters.

1. Introduction

Paclitaxel coated balloons have been developed as an alternative to
drug-eluting stents, and have seen particular success in the treatment of
peripheral artery disease [1]. The efficacious delivery of paclitaxel from
balloons has been attributed to several factors, including the drug's high
lipophilicity which contributes to high tissue retention and intracellular
penetration, potent inhibition of smooth muscle cell migration and
proliferation [2,3], and additives and excipients which can optimize
coating adherence, release and transfer to the vessel wall [4].

The type of additive used and the formulation method also affect the
morphology of the coating and its solubility, and with it tissue retention
[5]. The range of possible morphologies is high, as paclitaxel is known
to be polymorphous, existing as one of three primary forms under
ambient conditions [6], amorphous solid, anhydrous crystals, or dihy-
drate crystals, with the crystalline forms exhibiting 1–2 orders of
magnitude lower aqueous solubilities compared to the amorphous form
[6,7]. All three forms have been coated onto balloons and metallic
stents, in pure (Fig. 1A) or mixed form (Fig. 1B). Thus for example,
Granada et al. reported the use of balloons coated with purely
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amorphous or purely dihydrate paclitaxel [8], the Zilver PTX® stent
employs a mixed amorphous-dihydrate paclitaxel coating [9], and pa-
tents have been submitted for balloons coated with anhydrous pacli-
taxel in combination with other paclitaxel polymorphs [10–12].

Despite the wide adoption of PCB, many questions remain as to their
mode of action, efficacy and safety. Though first evaluated for treat-
ment of coronary artery disease with some early promise, adoption has
been slow and focused on complex lesion subsets where stents are
suboptimal, e.g. in-stent restenosis, bifurcation lesions, diffuse lesions
and small vessels where stents are suboptimal. Thus, over the years,
focus has shifted to the treatment of peripheral artery disease using
PCB, with impressive results in femoropopliteal arteries but limited
efficacy in infrapopliteal arteries. The success of PCB in some vascular
beds but not in others remains an enigma. Moreover, a recent meta-
analysis of randomized controlled trials investigating paclitaxel-coated
balloons and stents in the femoral and/or popliteal arteries reported an
increased risk of death at 2 and 5 years post treatment compared to
devices not coated with paclitaxel [13]. While some have questioned
the validity of this clinical meta-analysis on the basis of its assumptions
and more recent clinical data [14,15], there is currently no theoretical
framework for these devices that could predict the duration of coating
retention and tissue dosing based on coating parameters and tissue
properties.

Based on the experience with drug-eluting stents, the tissue-retained
dose and its residence time are believed to determine biological effects
and explain the lack of a class effect for these devices [16]. Yet, whereas
traditional polymer-coated stents elute drug in a soluble and pharma-
cologically active form, balloon delivered coatings are pharmacologi-
cally inert, serving as local depots for release of pharmacologically
active drug. Thus, comparisons of PCB with different coating
morphologies on the basis of loading or even measured tissue retention
are unfounded, as given the inertness of solid drug, both measurable
quantities are not generally indicative of the pharmacologically active
drug pool in the tissue [17]. What is needed is the development of
methods for discriminating between the time course of soluble free and
tissue-bound drug and residual solid coating on and within the tissue.
Here we achieve these goals using computational modeling. Specifi-
cally, we derive and analyze a coupled reaction diffusion model that
accounts for coating dissolution and tissue distribution for clinically
relevant devices and predicts the kinetics of tissue-delivered drug in-
cluding relative dissolution rates and residual amounts of lumenal and
tissue embedded coating, as well as the concentration of dissolved drug
in the tissue during and post dissolution. Local drug effects in the artery
wall are predicted based on receptor occupancy and the scaling of ex-
tracellular soluble drug concentrations relative to the picomolar
threshold concentrations for inhibition of human cell proliferation [18]
and migration [19] in cell culture (IC50). Extracellular soluble drug
concentration and receptor occupancy both predict persistence of bio-
logical effects for several months in healthy animal arteries and up to

3 years in calcified human arteries, though at concentrations deemed
unlikely to exert off-target toxicities.

2. Modeling methods

Balloon inflation applies the balloon coating against the artery
where it either remains on the mural interface or lodges into deeper
tissue layers in particulate form [4,24] (Fig. 2A). The amount of coating
in each of these compartments depends on many factors including those
related to the lesion, e.g. morphology, integrity, irregularities, and
balloon properties like coating morphology, balloon inflation pressure
and duration, balloon and tissue compliance, and drug particle size.

Fig. 1. Local arterial retention of paclitaxel in healthy animal arteries after inflation of devices coated with pure forms of amorphous or crystalline paclitaxel (A) or
mixed forms (B). Data compiled from peer reviewed publications [8,20–23].

Fig. 2. Schematic geometry. (A) Balloon delivered coating either adheres as
patches to the lumenal surface (dashes) or as particulates that embed into the
tissue (symbols). Surface adherent coating is bounded by blood on one side and
by tissue on the other, with each surface dissolving at a rate dictated by ambient
transport forces. (B) Coating dissolution occurs via solubilization into a thin
stagnant layer at the boundary (dashes) of which soluble drug is removed via
local transport forces: convection at the lumenal aspect and diffusion within the
tissue.
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Similarly, the mural-adherent coating may be transferred as large or
small patches across the entire or part of the treated length. Either way,
drug coating dissolution occurs via diffusion across a stagnant boundary
layer of already dissolved drug (Fig. 2B).

Consequently, the flux of dissolving drug into the surrounding en-
vironment is governed by the product of the concentration gradient
across the boundary layer, Cs-C, and a mass transfer coefficient kc

= −k C CDissolution flux ( )c s (1)

Here Cs, is the interstitial solubility of the drug. Importantly, local
transport near the dissolving particle will affect both the concentration
of soluble drug at the boundary edge and the mass transfer coefficient
kc owing to the dependence of the boundary layer thickness on ambient
flow [25]. Consequently, Eq. (1) is analyzed separately below de-
pending on whether the dissolving coating surface is blood or tissue
contacting.

2.1. Dissolution into blood

Owing to the efficiency of mixing by pulsating blood and its capa-
city to absorb drug, the concentration of soluble drug in the vessel
lumen is expected to be much lower than that in the tissue. Indeed, the
reported early peak plasma concentrations post PCB and Zilver PTX of
0.8–54 ng/mL [20,22,26,27] are 6-fold lower than the lowest reported
aqueous solubility of paclitaxel [6,7] (300 ng/mL). Moreover, paclitaxel
solubility in plasma is increased 20–60 fold due to its extensive binding
to plasma proteins [28,29]. Consequently, in evaluating the lumenal
dissolution flux into blood we can neglect the concentration of soluble
drug in Eq. (1) to obtain

≈ k CLumenal dissolution flux c
L

s (1L)

The superscript L was added to denote the lumenal value of the mass
transfer rate-constant. By the same token, lumenal dissolution does not
contribute to tissue dosing.

2.2. Mass transfer coefficient limited dissolution and tissue dosing

The tissue contacting side of the adherent coating and any tissue
embedded coating particles dissolve under non-sink conditions as the
forces of extracellular convection and diffusion are orders of magnitude
slower than lumenal convection. Moreover, for low molecular-weight
drugs such as paclitaxel, transmural convective transport can be ne-
glected relative to diffusion [30]. As the dissolution flux is equal to the
local diffusive flux, its magnitude is determined by the coupled forces of
extracellular diffusion, cell uptake and binding in both compartments
(Fig. 3). The equations describing tissue level transport are provided the
online Supplement along with relevant parameter estimates and nu-
merical methods for the solution of these reaction-diffusion equations
[31,32]. However, as we proceed to argue, the rate of paclitaxel coating
dissolution is mass transfer coefficient limited, which allows for an
analytical pseudo-steady state approximation of the diffusive flux and
the concentration of soluble drug at the coating-tissue interface [33].

Indeed, whereas clinically relevant paclitaxel coatings are designed
to dissolve over the course of days to weeks, owing to its small size
paclitaxel quickly diffuses through peripheral animal arteries with rate-
constants ktiss=D/L2 on the order 1.4–7.3 h−1 [34–36] where D is the
tissue diffusivity and L is the wall thickness. Consequently, in evalu-
ating the lumenal dissolution flux into the tissue we can safely neglect
the concentration of soluble drug in Eq. (1) to obtain

≈ k CTissue dissolution flux c
T

s (1T)

Moreover, as mass transfer is rate limiting, the transmural dis-
tribution of soluble extracellular drug will be well approximated by its
pseudo-steady state linear distribution, and the diffusive flux at the
dissolving coating surfaces can be estimated as – (D/L) Cmax where Cmax

is the soluble drug concentration at the tissue interface of the stagnant

boundary layer, and due to tissue diffusion also the maximal soluble
drug concentration in the tissue. Flux continuity at the coating-tissue
interface dictates that sum of dissolution flux and the diffusion flux is
zero

− =k C D L C( / ) 0c
T

s max

Isolating Cmax we arrive at the pseudo-steady state approximation of
the maximal soluble drug concentration in the tissue [33] (Eq. (2T)) as,

≈C k L D C( / )max c
T

s (2T)

The superscript T denotes the tissue value of the mass transfer
coefficient. Numerical simulations that also account for cell uptake and
drug binding to extracellular proteins and intracellular receptors con-
firmed the high accuracy of Eqs. (1T) and (2T) in all the scenarios we
considered.

2.3. Apparent coating clearance kinetics

Denoting the mass of the tissue embedded coating as MT and its
dissolution area as AT we obtain,

= − ∙dM
dt

A (tissue dissolution flux)
T

T
(3T)

In contrast, the lumenal adherent coating (mass ML) dissolves both
at its blood-contacting surface (AL) and its tissue-contacting surface
(AT) so that

= − ∙ − ∙

≈ ∙

dM
dt

A A

A

(lumenal dissolution flux) (tissue dissolution flux)

(lumenal dissolution flux)

L
L T

L (3L)

The last approximation builds on the fact that while the surface
areas AL and AT of the lumenal adherent coating will be approximately
equivalent the lumenal dissolution flux is expected to be much higher
than the tissue dissolution flux emanating from this coating.

To facilitate the interpretation of in vivo experiments we introduce
the weight based concentrations of lumenal (SL) and tissue (ST) coating,
obtained by dividing the weight of the solid drug by the weight of the
tissue (ρ Vtiss), where ρ is the density of the tissue (0.98 μg/mL [37]) and
Vtiss is its volume. Building on the rate equations for the coating masses
(Eqs. (3L) and (3T)) and substituting the approximations of lumenal
and tissue fluxes (Eqs. (1L) and (1T)) we obtain the following rate
equations for the weight based coating concentrations

Fig. 3. Modeled processes during the coating dissolution (A) and post coating
dissolution (B). Rate-constants: kT – apparent dissolution rate-constant within
the tissue (see text), ktiss – rate-constant of tissue transport, dominated by dif-
fusion (see text); kin and kout are the cell uptake and release time constants.
Associated equations and parameter estimates are provided in the online
Supplement.
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≈ ∙ ≈ −dS dt A k C ρ/ (lumenal dissolution flux) ( / )L L L
s (4L)

= − ∙ ≈ −dS
dt

A k C ρ(tissue dissolution flux) ( / )
T

T T
s (4T)

Here kL= (AL/Vtiss)·kcL and KT= (AT/Vtiss)·kcT are the respective
apparent dissolution rate constants in the lumen and tissue. Hence, the
concentrations of lumenal and tissue embedded coating are both pre-
dicted to decrease linearly over time, with the former depleting at time
TL as

⎜ ⎟≈ ⎛
⎝

− ⎞
⎠

=S S t
T

T
S

k C ρ
1 ,

( / )L
L

s

L
0
L

L
0
L

(5L)

and the latter depleting at time TT > TL as

⎜ ⎟≈ ⎛
⎝

− ⎞
⎠

=S S t
T

T
S

k C ρ
1 ,

( / )T
T

s

T
0
T

T
0
T

(5T)

3. Results

3.1. Paclitaxel coating retention and tissue dosing

Taken together, Eqs. (5L) and (5T) imply that apparent coating
concentration will decline with piecewise time-linear kinetics reflecting
perhaps the differential mass transfer rate constants of the drug at the
lumenal surface and deep in the tissue

≈ ⎧
⎨⎩

+ − + < <
− − < <

S
S S k k C ρ t t T

S k C ρ t T T t T
( )( / )· , 0

( / )·( ),
.tissue

L T L T
s L

T T
s L L T

0 0

0 (6)

Segmental linear regression of in vivo bulk tissue content data con-
firms that Eq. (6) holds remarkably well (Table 1) for PCB primarily
coated with a single paclitaxel polymorph (first three formulations) and
those with unknown or mixed composition (Ranger™ and Lutonix®).
The estimated lifetimes of the lumenal coating (TL) ranged from 1 to
4.5 d, with the lowest solubility polymorph (dihydrate) producing
longest lifetimes. However, no clear trend on polymorph solubility was
observed, perhaps implying that the regression significantly over-esti-
mates the lifetime (TL) of the lumenal amorphous coating owing to
insufficient data granularity. The estimated lifetimes of the tissue em-
bedded coating ranged from 41 to 221 days, with no clear dependence
on solubility or the magnitude of the tissue embedded pool (S0T). Sur-
prisingly a small fraction of the amorphous coating was estimated to
reside up to 43.7 d in the tissue, similar to the lifetimes of the dihydrate
coated PCB, IN.PACT and Ranger. Paclitaxel retention for the Lutonix
PCB is qualitatively similar to that of the Amorphous coated PCB, in
that the majority of the coating delivered by both is fast clearing, but a
small fraction is predicted to be very stable and long residing (44 d for
Amorphous, 221 d for Lutonix). Of all the analyzed cases, IN.PACT™
and Ranger exhibited the most similar delivery profile, with both de-
livering the majority of the coating to the lumen with a lifetime of

1.4 days and sizable minority of the coating to the tissue with a lifetime
of, respectively, 46.7 and 41.7 days.

The full power of Eq. (6) becomes evident when it is used to predict
the maximal sustained concentration of soluble drug in the tissue, Cmax,
(Table 1). This is achieved by rewriting Cmax as defined in Eq. (2T), in
terms of the apparent dissolution rate-constant kT

= =C
k

D L
C k

D L
C

( / ) ( / )max
c
T

s
T

s2 (7)

and inserting this into the approximate kinetic equation describing
coating dissolution,

= − ∙ − = = − ∙ −S S k C ρ t T ST S D L C ρ t T( / ) ( ) ( / )( / ) ( )T T T
s

T
max0 L 0

2
L

(8)

This allows for the inference of Cmax directly from estimated pre-
factor of the shifted time term (t-TL) in Eq. (6). These estimates are
reported in Table 1 as Cmax,sus to highlight the fact that they are valid up
to depletion of the tissue embedded coating at time TT. The dihydrate
and anhydrous coated PCB are both predicted to sustain nanomolar
concentrations in the tissue, with Ranger predicted to sustain a very
similar concentration to IN.PACT. The amorphous paclitaxel coating
and the Lutonix coating are both predicted to sustain a sub nanomolar
concentration.

3.2. Receptor-binding dictates distribution and retention dynamics

The predicted maximal soluble drug concentrations are low com-
pared to the affinity of extracellular binding site for paclitaxel
(3–136 μM [34,35]) suggesting that low affinity binding sites are far
from saturation and play a minor role in retaining paclitaxel. If con-
firmed, this provides an opportunity to estimate the concentration of
paclitaxel receptors from retention dynamics post coating depletion.
This is illustrated in the analysis of IN.PACT data below.

3.2.1. Anhydrous paclitaxel coating
The IN.PACT PCB is coated primarily with anhydrous paclitaxel and

in vitro dissolution kinetics are consistent with a single polymorph [21].
In vivo tissue retention of the IN.PACT coating follows piecewise linear
kinetics (Eq. (6)) up to 45 d post inflation in porcine iliofemoral ar-
teries, allowing the estimation of the dissolution rate constants of lu-
menal and tissue embedded anhydrous paclitaxel coatings (Table 2).

However, whereas the piecewise linear fit predicts complete coating
dissolution by ~45 d, paclitaxel levels in the tissue remain measurable
up to 60 d (Fig. 4A). In principle this discrepancy may reflect that the
coating morphology is not pure as assumed and includes a small slow
dissolving fraction, However, this seems unlikely given the qualitative
change in kinetics beyond 45 d (namely an additional slow component
would simply shift the blue curve in Fig. 4A to the right). Alternatively,
the slow decline after 45 d might be due to the slower clearance of drug
bound to high affinity receptors, similar to drug-eluting stents [30,39].
Indeed, as the piecewise linear fit is insensitive to constant shifts, it
seems likely that tissue levels at 45 d (0.4 ng/mg) are associated with
dissolved drug (Fig. 4A), which would imply that coating is already
fully dissolved by this time. To examine this interpretation we nu-
merically simulated transmural drug distribution subject to dissolution
boundary conditions (Eq. (1)) with the anhydrous paclitaxel dissolution
rate constants (Table 2) and experimentally estimated tissue diffusion
and non-specific binding constants in porcine iliofemoral arteries [35].

Simulated soluble drug concentrations at the coating-tissue inter-
face reached 89% maximal concentration (0.89·Cmax) within the first
hour, and thereafter only slowly approached the maximal equilibrium
level (Cmax=1.3 nM) (Fig. 4B), as cells slowly siphoned extracellular
drug. Simulated bulk tissue concentrations of dissolved paclitaxel mir-
rored this trend and closely tracked the bulk tissue concentration of
receptor-bound drug (Fig. 4C) as only a miniscule fraction of low

Table 1
Coating retention and tissue dosing parameters in healthy animal arteries as
estimated by segmental linear regression(Eq. (6), R2≥ 0.99).

PCB Lumenal coating Tissue coating

S0L (ng/
mg)

TL (days) S0T (ng/
mg)

TT (days) Cmax,sus

(nM)

Amorphousa 243.8 1.0 0.3 43.7 0.04
Dihydratea 283.9 4.5 38.2 61.9 4.34
IN.PACT™

(anhydrous)b
44.4 1.4 9.6 46.7 1.32

Lutonix® b 61. 1.1 0.8 221.0 0.02
Ranger™ b 49.4 1.4 6.1 41.7 0.94

a PCB implanted into rabbit aorta [38].
b PCB implanted into porcine iliofemoral [16,22].
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affinity binding sites were drug-bound. Receptor-bound drug domi-
nated tissue retention of soluble drug even more once the coating had
fully dissolved with sustained drug in the tissue beyond 60 d (Fig. 4C).
This was true as the concentration of receptors was progressively
ramped up to Brec,max=4.2 μM so as to match in vivo paclitaxel con-
centrations at 45 and 60 d. Tissue content levels are predicted to reach a
0.01 ng/mg lower limit of detection at 94.5 d. While high affinity
binding of paclitaxel to microtubules is predicted to mediate sustained
drug retention after coating dissolution, it is important to note that in
cell-culture studies with human endothelial and smooth muscle cells,
ultralow paclitaxel concentrations that did not affect microtubule as-
sembly inhibited proliferation with IC50= 0.1 pM [18]
(8.7× 10−8 ng/mg drug/tissue) and migration with IC50= 1 pM [19]
(8.7× 10−7 ng/mg drug/tissue). As such, the concentration of extra-
cellular drug provides an independent computational predictor of bio-
logical effects in the tissue, particularly when>1×10−6 ng/mg. For
anhydrous paclitaxel coating in healthy porcine iliofemoral arteries this
is predicted to occur at 102 d.

3.2.2. Dihydrate paclitaxel coating
Data on the in vivo retention of paclitaxel in dihydrate coated PCB

treated rabbit aorta [38] are notable for the slow dissolution of the
lumenal coating which persists for 4.5 d and a sustained plateau be-
tween 7 and 28 d owing to the slow dissolution of the tissue embedded
coating (Fig. 5A). Simulations using the dihydrate paclitaxel dissolution
parameters (Table 2) and the same diffusion coefficient and receptor
binding parameters as for porcine iliofemoral arteries predicted the
contribution of dissolved drug to tissue retention. The concentration of
non-specific binding sites was adjusted to the measured partition
coefficient of paclitaxel in rabbit aorta, which is 1.9-fold higher than in
porcine iliofemoral arteries [36]. Despite some differences in parameter
values, the predicted trends were similar to those in porcine arteries.
Simulated soluble drug concentrations at the coating-tissue interface
reached 89% maximal concentration (0.89·Cmax) within the first hour,
and thereafter only slowly approached the maximal equilibrium level
(Cmax=4.3 nM) (Fig. 5B), as cells slowly siphoned extracellular drug.
Simulated bulk tissue concentrations of dissolved paclitaxel mirrored

Table 2
Dissolution rate constants of paclitaxel coatings based on their crystallinity.

Paclitaxel form Aqueous solubility (μg/mL or μM) Lumenal dissolution rate constants, kL (d−1) Tissue dissolution rate constants, kT (d−1)

Amorphous 30 μg/mL (35 μM)a 315.7 3.3d

Anhydrous crystal 3.5 μg/mL (3.5 μM)b 10.5 0.069
Dihydrate crystal 0.75 μg/mL (0.88 μM)c 52.1 0.593

a Based on [7,40].
b Based on [6], though published values range up to 6 μg/mL [41].
c Average of published values for Dihydrate paclitaxel, 0.36–1.0 μg/mL [6,7].
d Estimated from the lumenal dissolution rate constant, assuming the same lumenal to tissue scaling as for dihydrate paclitaxel.

Fig. 4. Resolving in vivo tissue retention into solid anhydrous and dissolved paclitaxel for porcine iliofemoral arteries. (A) In vivo dissolution of the IN.PACT coating
follows piecewise kinetics up to 45 d post treatment. (B) Simulated extracellular (Cex) and intracellular (Cin) concentrations of soluble paclitaxel at the coating-tissue
interface normalized to theoretical Cmax=1.3 nM (Eq. (7)). (C) Simulated bulk tissue concentrations of dissolved paclitaxel, receptor bound (red dashed) and total
concentrating of free and bound drug (black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

A.R. Tzafriri, et al. Journal of Controlled Release 310 (2019) 94–102

98



this trend and closely tracked the bulk tissue concentration of receptor-
bound drug (Fig. 5C) as only a miniscule fraction of low affinity binding
sites were drug-bound. Receptor-bound drug dominated tissue reten-
tion of soluble paclitaxel even more once the coating was predicted to
have fully dissolved by ~60 d and sustained drug in the tissue through
90 d (Fig. 5C). Notably, concentrations of receptors inferred from IN.-
PACT treated porcine iliofemoral arteries (Brec,max=4.2 μM) ade-
quately predicted paclitaxel retention in rabbit aorta. Tissue content
levels are predicted to reach a 0.01 ng/mg lower limit of detection at
~120 d and average soluble extracellular concentrations to remain>
1×10−6 ng/mg for ~130 d.

3.3. Hindered diffusivity elevates the dosing concentration and prolongs
retention

Paclitaxel diffusion in dense and calcified plaque is significantly
hindered relative to diffusion in healthy animal arteries, potentially up
to 300-fold [42]. Hence, for clinical relevance it is informative to
evaluate the influence of reducing the diffusion coefficient 10-and 100-
fold compared to the healthy animal baseline. Based on the estimated
dissolution rate constant of anhydrous paclitaxel (Table 2) the IN.PACT
coating, 10- and 100-fold reductions in diffusivity extend coating dis-
solution time (TT, Eq. (5T)) by only 0.2 and 1.7 d, respectively, while
increasing the maximal dosing concentration 10- and 96-fold and the
fraction of bound receptors 4.5- and 7.6-fold, respectively. Conse-
quently, receptor-mediated retention of dissolved drug is substantially
prolonged, with predicted detectable tissue levels (> 0.01 ng/mg) up to
210 d for a 10-fold diffusive hindrance (Fig. 6A) and up to 3 years for a
100-fold diffusive hindrance (Fig. 6B). Notably, free extracellular pa-
clitaxel concentration is predicted to exceed 1×10−6 ng/mg even as
the average tissue concentration declines below 0.01 ng/mg (Fig. 6A,

B).

4. Discussion

Much that we know about arterial drug distribution and biological
effects has been gained through experience with drug release from
durable polymer coated stents wherein device explant allows for mea-
surement of residual drug in the coating and in the subjacent tissue.
Such neat separation is no longer possible for absorbable coatings that
deploy into the tissue and creates the need for the development of new
techniques for interpreting the local pharmacokinetics of coating de-
livery devices. This class of endovascular drug delivery devices has
been gaining popularity in clinical practice and includes drug-coated
balloons, a sub-class of polymer free drug-coated stents such as the
Zilver PTX, nano-particulate coated balloons and stents and the MiStent
with its absorbable polymer coating and embedded crystalline drug
load. For each of these devices, drug release is no longer synonymous
with elution of soluble drug, making it hard to infer the amount of
pharmacologically active drug in the tissue based on measured bulk in
vivo tissue content. Moreover, in contrast to stents where the entire drug
load abuts the tissue and locally releases drug, PCB only deliver a small
fraction (~10–15%) of their drug load locally to the subjacent artery,
with some adhering to the lumenal aspect and the rest distributing into
the wall. Given this relative lack of control over dosing it has been
difficult to unravel the contributions of coating design, procedural
parameters and lesion complexity to tissue dosing levels and kinetics.
This has been further complicated by the fact that while solid coating
dominates experimental tissue retention data, it is the solubilized drug
that exerts biological effects in the tissue. To address these challenges,
we rely on mechanistic computational modeling.

Fig. 5. Resolving in vivo tissue retention into solid dihydrate and dissolved paclitaxel for rabbit aorta. (A) In vivo dissolution of the dihydrate paclitaxel coating
follows beyond 28 d and up to 62 d post treatment. (B) Simulated extracellular (Cex) and intracellular (Cin) concentrations of soluble paclitaxel at the coating-tissue
interface normalized to theoretical Cmax=4.3 nM (Eq. (7)). (C) Simulated bulk tissue concentrations of dissolved paclitaxel, receptor bound (red dashed) and total
concentrating of free and bound drug (black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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4.1. Determinants of local dosing and retention of soluble drug

The current computational analysis reiterates and quantifies the
importance of coating parameters determining the rate of its dissolu-
tion, while providing new insights into the importance of tissue diffu-
sivity in determining dosing levels and persistence via the inverse de-
pendence of the maximal concentration of soluble drug in the tissue on
the transmural diffusion rate. As a result of diffusion, model predicted
concentrations of soluble extracellular paclitaxel in healthy animal ar-
teries are in the nanomolar range, 3-orders of magnitude lower than
would be implied by the solubility of paclitaxel. Nevertheless, owing to
the nanomolar affinities of paclitaxel to its intracellular receptors (mi-
crotubules), such levels of solubilized drug are sufficient to saturate a
sizable fraction of receptors in the tissue during coating dissolution,
providing receptor mediated effects and sustained retention after de-
pletion of solid drug depots in the tissue.

Indeed, it is this dependence of late retention on receptor binding
that has allowed us to estimate the concentration of paclitaxel receptors
in healthy porcine iliofemoral arteries (3.7 ng receptors/g tissue) as
well as the persistence of solid drug in these arteries (45 d). The former
is only 20% higher than the estimated concentration of sirolimus re-
ceptors in coronary arteries (3.0 ng receptors/g tissue [30]), whereas
the latter is 4-fold longer than in vitro dissolution of the same coating in
pig plasma [21]. Slower in vivo coating dissolution is consistent with the
exposure of tissue embedded coating to slower convection relative to in
vitro dissolution experiments. Indeed, one would expect the disparity
between in vitro and in vivo dissolution rates of the same coating to be
even larger, suggesting that in vitro dissolution experiments assessed the
dissolution of IN.PACT coating that embolizes rather than that which is
transferred into the tissue. This could potentially explain histological
observations of this coating in downstream skeletal muscle up to 90 d,
long after crystals were no longer observed at the treatment site [43].
Thus, concerns for potential late toxicity owing to slow release of pa-
clitaxel from coating emboli are reflective of possible local toxicities for
a particular subset of coating formulations and morphologies, not a
class effect of crystalline coated PCB.

4.2. Clinical implications for paclitaxel coated balloons

The presented analysis provides a theoretical underpinning for the
ability of paclitaxel coating to sustain delivery of therapeutic drug doses
to arteries over long times. Importantly, the degree of dosing depends
not only on the amount of delivered coating and its solubility, but also
on the distance of the coating particles from the lumen and on the
permeability of the tissue. Particles closer to the lumen will be exposed
to greater washout and therefore dissolve more quickly. By contrast,
slower diffusion in diseased arteries may lead to slower particle dis-
solution and higher soluble drug concentrations in the tissue. Thus,

diseased arteries may hinder coating from penetrating beyond the mi-
neralized intima, thereby limiting drug exposure to the underlying
tissue, while allowing coating to lodge deeper into non-mineralized but
lower permeability areas that promote sustained local tissue exposure
at near solubility levels. Given the spatial variability in the composition,
mechanical properties and permeability of diseased tissue, tissue re-
gions of late drug retention might be small and not even be apparent in
macroscopic measurements of drug content. Yet even focal regions of
late retention are biologically significant, illustrating the power of
quantitative reasoning to highlight concern that may elude conven-
tional experimental techniques. This dependence of tissue dosing ki-
netics on tissue compliance and permeability implies a dependence on
coating morphology (e.g. particle size and shape) and therefore speaks
to a lack of a class effect. By the same token, it highlights the im-
portance of procedural parameters that modulate local tissue com-
pliance and permeability to drug, e.g. balloon inflation time, pressure
and balloon to artery ratio, and other more sophisticated adjunctive
vessel preparation technologies.

Taken together, the current analysis provides a potential theoretical
explanation for the persistent anti-restenotic effects of PCB for up to
several years post treatment owing to slow dissociation of paclitaxel
from its pharmacological receptor, and concomitantly low soluble drug
concentrations that are unlikely to be toxic locally. At the same time,
drug bound for months to years possibly exerting a durable local effect
could have off-target effects over time. However, this would require
that drug solubilized into the flowing blood stream in peripheral ar-
teries would then make its way through the entire circulation including
the lungs to lodge in other tissues, penetrate, bind and be retained in
biologically active form – an unlikely combination of occurrences.

4.3. Relevance to sirolimus coated balloons and stents

Similar to paclitaxel, sirolimus is a highly lipophilic small molecule
that inhibits cell proliferation and migration through high affinity
binding to intracellular receptors. These attributes and its wider ther-
apeutic window compared to paclitaxel have allowed sirolimus analogs
to supersede paclitaxel as the drugs of choice for elution from coronary
stents. In contrast, the formulation chemistry of PCB with its reliance on
excipients to optimize drug transfer and retention does not seem to be
applicable to sirolimus. However, alternative strategies for crystalline
sirolimus delivery have been developed that show promise in sustaining
tissue dosing in arterial tissue. In lieu of chemistry based formulation
strategies for reducing the dissolution rate of sirolimus crystals, en-
capsulation within polymer coatings on stents or balloons has emerged
as a promising alternative for achieving this goal. This is because
loading of crystalline drug into a polymer isolates the drug particles
from direct contact with blood or tissue, thereby ensuring that the
thickness of the stagnant boundary layer abutting solid drug particles is

Fig. 6. Hindered diffusion in atherosclerotic arteries prolongs drug retention. Simulations for anhydrous paclitaxel coating assuming a 10-fold (A) or 100-fold (B)
diffusive hindrance relative to the cased depicted in Fig. 4.
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insensitive to the differences in ambient convective forces and that
lumenal dissolution is tempered. This explains our earlier findings on
the MiStent, where we showed that the sirolimus microcrystals re-
maining on the stent and embedded into the tissue owing to coating
deployment all dissolved at the same constant rate over the course of
90 d [17,44].

4.4. Limitations and future directions

Several geometric and kinetic assumptions underlying the current
analysis should be revisited and informed by additional experimental
data when considering a more complete description of dissolution
controlled endovascular drug delivery stents. First, for simplicity, the
model focused on the case of homogeneous crystalline coatings com-
prised of a dominant solid form. This assumption is easily relaxed, but
requires specific and detailed information on coating formulation that
is currently unreported in the literature. Our hope is that this work will
encourage the reporting of coating composition in terms of the per-
centages of paclitaxel polymorphs rather than drug and excipient loads.
In addition, the assumption that lumen-adherent coating does not
contribute to dosing is based on a time scale argument that is invalid for
amorphous coatings and coatings that, include a fast dissolving com-
ponent, like the Lutonix PCB or the Zilver PTX (or the recently ap-
proved Eluvia stent owing to the incorporation of paclitaxel into a
durable polymer coating). Such coating components that dissolve
within minutes in plasma [21,35] likely also quickly dissolve on their
tissue contacting side and diffuse into the tissue concomitant with blood
clearance on their lumenal aspect and can be modeled using the same
tissue transport equations but with different boundary conditions [35].
This was not pursued in the current study owing to the lack of early
data on dissolution and or compositional information. Moreover, the
assumption of mass transfer limited dissolution can break down for
such amorphous drug components, leading to the possibility of solvent
mediated conversion to the most stable drug polymorph [45,46]. In-
deed, this theoretical possibility is supported by preclinical evidence
that amorphous coated PCB and the Lutonix PCB both give rise to a very
small fraction of sustainably retained tissue delivered coating. By con-
trast, our analysis indicates that phase mediated interconversion of
anhydrous paclitaxel into the more stable dihydrate form is extremely
unlikely owing to the fast diffusive clearance of paclitaxel at the
coating-tissue interface, as this does not allow time for crystallization
[45]. Geometric simplifications were related to the assumed distribu-
tion of lumenal and tissue embedded coating. For the purposes of a
general systems understanding, simulations considered an ideal situa-
tion wherein lumenal coating is spread across the entire treated lu-
menal interface. Yet published images of fluorescent drug distribution
on the mural interface show inhomogeneities [24] as does our own
unpublished work. Similarly, the assumption that tissue embedded
coating remains close to the lumen is also an over-simplification,
especially at later times. Consequently, the approximation of the dif-
fusion rate as D/L2 is a lower bound estimate. Future preclinical eva-
luations of novel devices of this class would therefore benefit from the
use of imaging techniques to better characterize coating distribution at
the lumen and within the tissue. Incorporation of such patterns into
computational models [17] would then allow for more quantitatively
and spatially accurate predictions of tissue dosing.

5. Conclusions

The notable clinical efficacy of paclitaxel coated balloons and stents
in the treatment of femoropopliteal arterial disease was achieved on the
basis of an empiric appreciation that sustained drug retention is re-
quisite for ensuring persistent inhibition of intimal hyperplasia.
Remarkably, clinical efficacy was achieved on the basis of only scant
appreciation of the determinants of local distribution and retention of
drug and its partitioning between solid coating, solubilized free and

bound extracellular and intracellular drug. This state of affairs has
hampered the adoption of these devices to other vascular beds and is no
longer acceptable now that the question of their safety has come under
renewed scrutiny despite the absence of a putative mechanism for
elevated mortality. Faced with this crisis we must seek new methods
and tools for understanding and controlling local drug delivery from
these and related devices. As we have illustrated herein, computational
modeling provides a flexible quantitative framework for explaining
data obtained in healthy animals, while offering unique insights into
the influence of, not only coating design parameters, but also of tissue
morphologies typical of the very disease states which these devices seek
to treat. In a fascinating way, mineralization which was long held to
only limit the efficacy of these devices via hindrance of drug distribu-
tion into artery wall, is now shown to also provide a mechanism for
sustained local retention owing to hindered diffusive clearance of drug.
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