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Abstract—In-stent restenosis is commonly observed in coronary
arteries after intervention. Intravascular brachytherapy has been
found effective in reducing the recurrence of restenosis after stent
placement. Conventional dosing models for brachytherapy with
beta (β) radiation neglect vessel geometry as well as the position of
the delivery catheter. This paper demonstrates in computer simu-
lations on phantoms and on in-vivo patient data that the estimated
dose distribution varies substantially in curved vessels. In simu-
lated phantoms of 50 mm length with a shape corresponding to
a 60–180◦ segment of a respectively sized torus, the average dose
in 2 mm depth was decreased by 2.70–7.48% at the outer curva-
ture and increased by 2.95–9.70% at the inner curvature as com-
pared to a straight phantom. In-vivo data were represented in a
geometrically correct three-dimensional model that was derived
by fusion of intravascular ultrasound (IVUS) and biplane angio-
graphy. These data were compared to a simplified tubular model
reflecting common assumptions of conventional dosing schemes.
The simplified model yielded significantly lower estimates of the
delivered radiation and the dose variability as compared to a ge-
ometrically correct model (p< 0.001). The estimated dose in 10
vessel segments of 8 patients was on average 8.76% lower at the
lumen/plaque and 6.52% lower at the media/adventitia interfaces
(simplified tubular model relative to geometrically correct model).
The differences in dose estimates between the two models were sig-
nificantly higher in the right coronary artery as compared to the
left coronary artery ( p< 0.001).

Index Terms— Coronary atherosclerosis, in-stent restenosis,
intravascular brachytherapy, dose-distribution models, multi-
modality imaging.

I. I NTRODUCTION

CORONARY atherosclerosis is a widespread disease, re-
sulting in plaque accumulation and narrowing of the

vessel lumen (stenosis). Treatment of local coronary artery
stenoses usually involves dilatation of the vessel lumen by per-
cutaneous transluminal coronary angioplasty (PTCA) and stent
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placement [1]. In this procedure, a stainless steel stent mounted
on an angioplasty balloon is inserted into the vessel lumen
and inflated, thus widening the obstructed area by compress-
ing plaque and expanding the media-adventitial border. De-
spite a successful initial procedure, 20–30% of patients return
with clinical symptoms and sequelae due to neointimal forma-
tion with a previously placed stent, resulting inin-stent resteno-
sis [2]. This process can be observed using intravascular ultra-
sound (IVUS) as demonstrated in Figure 1. To reduce the in-
cidence of repeat restenosis, intravascular brachytherapy with
either beta (β) or gamma (γ) radiation has been shown to be ef-
fective after repeat balloon dilation [3]–[5]. A comprehensive
tutorial-style review can be found in [6]. In-stent restenosis was
also analyzed in porcine and more recently rat studies [7]–[9].
The typical approach involves a catheter that is delivered to the
treatment site within the stented region. A train ofβ-seeds or a
γ-wire is sent to the treatment site, where it dwells for a calcu-
lated period of time, before it is retracted and the catheter with-
drawn. The radiation dose diminishes as a function of distance
from the source train [10],[11]. Towards both ends of the source
train, fall-off zonesare present where subtherapeutic doses may
be delivered. Given the differing penetration properties ofβ-
and γ-energy, the radiation types vary in the degree of dose
fall off, as well as their ability to effectively dose calcific and
stented regions of the vessel [12]. Whenever the treated vessel
segment exceeds the length covered by the train, the irradiation
may be performed in subsegments (Fig. 2), which requires care
when positioning the catheter to avoid over- or underdosing at
the overlapping ends of the source trains. A detailed descrip-
tion of the different zones defined in intravascular brachyther-
apy can be found in [13].

This manuscript focuses on beta (β) radiation, where the ap-
plication time is usually determined from source activity and
the angiographically estimated vessel diameter. Convention-
ally, a simplified model is used, assuming a straight vessel with
the catheter centered and a constant-diameter circular cross sec-
tion. However, the irradiation pattern of the sources is com-
plex [11]. Furthermore, vessel shape, curvature, and catheter
location have a substantial impact on the actual dose deliv-
ered [10], [14], but are not considered in the current models
of dose delivery. There is currently no universally accepted
gold standard available for validating dose estimates since ex-
perimental methods frequently include distortions as well [11],
[15]. The primary aim of this study was therefore to com-
pare intravascular-brachytherapy dosing models using three-
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dimensional (3-D) computer simulations in an effort to estimate
the influence of vessel shape and catheter position on dose dis-
tribution. To assess errors in delivered doses following the con-
ventionally used dosing schemes, the actual differences in pre-
dicted dose distribution between a simplified tubular model and
a geometrically correct 3-D model were quantified.

The studies described in this manuscript are based on
the Novoste Beta-Cath system utilizing the Strontium/Yttrium
(90Sr/Y) β-isotope. In a 30–40 mm train, 12–16 sealed ra-
diation sources are provided. The total dose accumulating
at any given point of the vessel was estimated by using a
fixed distance function derived from experimental data and the
actually applied radiation parameters. Computer simulations
were performed on a model considering parameters of vessel
size and curvature as well as catheter position and straight-
ness. Generation of the geometrically correct in-vivo model
is a challenging task. Previous analyses of dose distribution
were limited to single or stacked IVUS frames and did not al-
ways cover the full vessel segment that was irradiated [4], [5],
[10]. Identification of the location of the source train was re-
stricted to two-dimensional (2-D) interactive registration from
angiograms [13]. While IVUS is well-suited to obtain high-
resolution information about the cross-sectional vessel geome-
try and plaque composition [16], [17], it does not provide suffi-
cient spatial information for an actual 3-D reconstruction. This
fact results in the commonly used stacking of the frames re-
gardless of the real vessel course in 3-D [10], [16]. X-ray
angiography allows extraction of the vessel geometry from pro-
jectional images, e.g., for quantitative coronary angiography
(QCA) [1], [18], [19], and also to obtain 3-D lumen reconstruc-
tions from biplane angiography [20]–[23]. However, angio-
graphy does not provide any directly visible information for the
vessel wall, and the viewing angle substantially impacts accu-
racy of both 2-D and 3-D measurements due to foreshortening
and overlapping [21], [24]. By fusion of the data from both
modalities, the maximum of information can be extracted [1],
[25]–[28].

To reconstruct the actual 3-D vessel geometry for our in-
vivo studies, we combined the IVUS data obtained after PTCA
and brachytherapy with the corresponding images from biplane
angiography (Fig. 3) utilizing a well-established fusion system
[28]–[30]. Figure 4 shows the fusion result for the patient intro-
duced in the previous figures. A finite-element mesh was gen-
erated from the reconstructed vessel and then used as input for
the brachytherapy simulation system. The results were statisti-
cally evaluated for the impact of vessel geometry and catheter
position. On the in-vivo data, a comprehensive comparison be-
tween geometrically correct and simplified dose models was
performed.

II. M ETHODS

A. Dose-Distribution Model

The characteristics of the Novoste Beta-Cathβ-radiation
catheter used for brachytherapy at the University of Iowa Hos-
pitals and Clinics were modeled from previously reported ex-
periments on dose distribution [11]. The catheter consists of a
hydraulic setup with 12 or 16 sources connected in a train. With

a delivery device, this train can be moved from the protective
container to the tip of the delivery catheter and retracted after
the specified irradiation time has passed.

A one-dimensional distance function has been employed to
simulate the dose fall-off, based on data from Soares, Halpern,
and Wang for90Sr/Y radionuclides [11]. Their comprehensive
data have been condensed to obtain a sufficiently accurate dose
estimate with reasonable computational effort. For each source
i, the dose in Gray (Gy) for any pointp in a distance ofdpi was
determined as follows:

Di(dpi) =
C ·Ai · t · g(dpi)

dpi
2 (1)

with g(d) = a0 + a1 ·d + a2 ·d2 + a3 ·d3 + a4 ·d4 (2)

Dp =
∑

i

Di(dpi) (3)

whereC is a dose rate constant specific for the brachyther-
apy device;Ai is the activity of the source in giga-Becquerels
(GBq), with usually the sameAi for all i within a train; t is
the application time in seconds; andg(d) is a radial dose func-
tion with polynomial coefficientsa0 to a4 derived from exper-
imental results. The polynome has been validated for a range
0.75 mm≤ dpi≤ 9.0 mm. The minimum results from the diam-
eter of the delivery catheter (5F = 1.6 mm). For distances above
9.0 mm, the dose was assumed to be zero. The total doseDp

for point p was determined as the sum of the individual doses
delivered from all sourcesi.

As shown in Fig. 5, the shape of the simulated train source
substantially affects the dose distribution. The above model
assumes apoint source, i.e., all radiation is emitted from the
same point for each source. However, a source element is not
accurately represented by just a single point. Expanding the
source homogeneously over the length of a train element would
not reflect the actual shape of the source either. Such alin-
ear arrangement suggests a constant level of radiation at each
distance. As a compromise of computational cost and model
accuracy, the activity of a single source is distributed over the
active lengthof the element. For the Novoste Beta-Cath sys-
tem, this is 2.3 mm for each straight element of 2.5 mm total
length. To simulate the active length while keeping the point-
source model, the total activityAi of a source is distributed over
ni equidistant subsourcesj with Aij = Ai/ni.

B. Computer Models

The basic shape of the computer phantom used for testing
was a 50 mm tube with nine coaxial layers between 1.0 and
5.0 mm radius in 0.5 mm intervals, and was represented as a
structured finite-element mesh. With respect to the world co-
ordinate system defined in [22], [31], the tube was aligned
along they-axis. The longitudinal resolution of this shape was
10µm, and the width of the radial segments 1◦. Theβ-radiation
catheter was simulated by a centered source train of 12 ele-
ments with 2.5 mm length each. The irradiation parameters
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were taken from an actual patient with a prescribed dose (PD) of
18.4 Gy at 2 mm depth (C = 0.0164 Gy/GBqs,Ai = 0.136 GBq,
andt = 180 sec). Note that the assumption of a single set of ir-
radiation parameters is sufficient, since different values would
only scale the dose distribution linearly.

To allow for a comprehensive set of scenarios, the catheter
could be moved to an out-of-center or oblique position, or
superimposed with a cosine-wave to provide varying out-of-
center locations between the ends and the center portion. The
resulting tubular coordinates[xs, ys, zs] were then mapped onto
a torus segment with an enclosed angle of up to 180◦. Impor-
tantly, the radiusr of the torus depends on the angleκ ∈ [0, π]
of the enclosed segment. In the following, a vessel curvature of
κ implies thatr is chosen to yield the lengthl of the straight ves-
sel over a torus segment with an enclosed angle ofκ [Fig. 6(a)].
We simulated curvatures forκ of 0◦, 60◦, 120◦, and 180◦ for
a vessel lengthl of 50 mm. This model sufficiently represents
curvatures commonly found in coronary arterties. To obtain a
segment of a torus with radiusr that corresponds to the desired
curvatureκ with the total lengthl preserved, the final vertex
andβ-source coordinates[xt, yt, zt] were determined by:




xt

yt

zt


 =




(xs + r) · cos(ϕ)− r
(xs + r) · sin(ϕ)
zs


 (4)

for 0 < κ ≤ π with r = l/κ andϕ = ys/r [Fig. 6(a)]. For
κ = 0, vector [xt, yt, zt] equals directly[xs, ys, zs]. Sincer
was calculated relative to the centerline lengthl of the simulated
vessel, the locations of the sources had to be recalculated when
additional shifts or a cosine waveform were superimposed on
the catheter path [Figs. 6(b), (c)]. This adjustment ensured their
2.5 mm spacing. The elements retained their shape in accor-
dance with the physical properties of the real source elements,
i.e., they were not bent with the curvature but rather aligned
with the local centerline tangents.

C. 3-D Reconstruction of In-Vivo Data

The geometrically correct model of the irradiated vessel seg-
ment was generated using biplane angiography to extract the
vessel geometry and IVUS to obtain cross-sectional informa-
tion [29], [30]. IVUS imaging was performed using a 40 MHz
CVIS ClearView system, and a biplane Philips Integris BH-
5000 device was used for X-ray angiography. IVUS data were
recorded on S-VHS tape and afterwards digitized, whereas the
angiographic data were directly available in digital DICOM for-
mat. Physiological data (electrocardiography, ECG) for gating
were recorded on the audio track of the tape as well as in the
DICOM dataset. For imaging, the IVUS transducer was placed
well distally of the treated area and its location imaged with
biplane angiography (Fig. 3). The IVUS transducer was then
pulled back at 0.5 mm/s using an automated pullback device.
Filled with diluted contrast dye, the vessel lumen outline was
also depicted in the angiograms and served as a reference for
the 3-D matching of the orientation of the IVUS frames. The
resulting data were sorted by heart phase according to the ECG

signal, segmented for lumen/plaque and media/adventitia bor-
ders, and then mapped into 3-D space based upon the angio-
graphically determined pullback trajectory (Fig. 4). In contrast
to other systems [10], [16], the pullback was continuous and
ECG-gating was performed as a post-processing step [32]. This
keeps the imaging time in a clinically acceptable range while
still delivering accurate data.

The location of a given IVUS frame results directly from its
time-stamp along with the pullback speed, thus allowing one
to calculate the pullback length completed when this specific
frame was imaged. However, determination of the frame orien-
tation is more complex and may be ambiguous [25]. We have
employed a two-step solution to this problem. In the first step,
changes in orientation from frame to frame were established
analytically based on differential geometry, followed by a 3-
D matching of the overall frame set against the angiographic
outline of the vessel lumen [29], [30]. After the 3-D model of
the vessel was available, the tissue enclosed by the segmented
lumen/plaque and media/adventitia borders was represented us-
ing a structured finite-element mesh with 4 layers and 72 radial
5◦ segments per IVUS frame. Train length and radiation pa-
rameters were obtained from the patient file. The location of
the brachytherapy catheter was estimated relative to the stented
segment from the corresponding angiographic images (Fig. 2).
Whenever biplane angiography with diluted contrast dye was
also used for imaging the source train, its location was accu-
rately established by 3-D measurement.

D. Simplified Tubular Model

To determine the impact of simplifications in widely used
dosing models that assume a centric catheter and neglect the
cross-sectional shape of the vessel, a simplified tubular model
was created for each vessel. This model was directly derived
from the 3-D geometrically correct model by straightening,
centering of the catheter, and reshaping each contour to co-axial
circles with the same per-frame mean diameters as determined
from the original data. The computer-simulation tool presented
in Section II-B was therefore modified to accept the 3-D ge-
ometry reconstructed with the fusion approach and to manipu-
late the tubular structure to match the longitudinal radius profile
of the in-vivo data. To allow for an accurate comparison, the
length and mesh resolution of the simplified tubular model was
the same as for the corresponding geometrically correct model.

III. R ESULTS

A. Computer Models

Figure 5 shows the different source shapes that were tested.
The irradiation parameters were chosen to obtain an 18.4 Gy
dose at 2 mm. While the linear source produces an artificial ho-
mogeneity of 18.3887± 0.0001 Gy (mean± standard deviation
SD) in this depth, the point source overestimates the variability
in dose as 18.3896±0.1911 Gy. The approach to model the ac-
tive length only (thus, 2.3 of 2.5 mm or 92%) yielded a dose
estimate of 18.3889±0.0166 Gy and was used in the following
studies. Table I demonstrates the fall-off with increasing depth
for the two center elements and the two border elements. Note
that the standard deviation in the center decreases for depths
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below approximately 4 mm and then increases again in more
distant layers. This is due to the varying overlap between the
different sources contributing to the total dose for each single
point. For the same reason, the dose decreases more quickly in
distant layers at the train borders than in the center region.

In the curved simulation with centered catheter [Figs. 6(a)
and 7], the average dose at the outer curvature decreased
by 7.48% to 17.014 Gy, while it was increased by 9.70% to
20.172 Gy at the innermost curvature forκ = 180◦ at 2 mm
depth. A moderate curvature of 60◦ over the 50 mm vessel
length resulted in a decrease of 2.70% at the outer and an in-
crease of 2.95% at the inner curvature. The standard deviation
on each side was contrary to the averages. For the 180◦ case, it
was increased at the outer curvature to 0.0254 Gy and decreased
to 0.0092 Gy at the inner curvature as compared to 0.0166 Gy
in the straight vessel. This corresponds with the fact that the
overlapping of the sources is stronger in the inner curvature as
compared to the outer curvature.

Figures 8 and 9 demonstrate the dose changes when the
catheter is not in the center of the vessel. As Table I shows,
a difference of just 1 mm in location can roughly double or
halve the dose delivered. Consequently, the doses can reach
either 10 Gy or 40 Gy instead of the 18.4 Gy intended in these
cases. To answer the question how out-of-center position of the
catheter and the curvature work in combination, two scenarios
were tested in the 120◦ torus (Fig. 9, lower panel): (1) at the
center of the vessel, the catheter is eccentric towards theinner
curvature of the vessel, and (2) the catheter is eccentric towards
the outer curvature. To compensate for the fall-off zones and
to have a longer segment covered, a 40 mm catheter was used
in a 60 mm simulated vessel with a curvature ofκ = 120◦. The
inner-curvature scenario resulted in a peak dose at the 2 mm
level of 40.956 Gy, whereas the outer-curvature resulted in a
lower peak of 38.617 Gy. The inner/outer-curvature ratio was
even stronger in 5 mm depth with 5.010 Gy vs. 4.289 Gy.

B. In-Vivo Patient Data

The current set of individuals in this ongoing study includes
8 patients treated with intravascular brachytherapy. The pre-
scribed doses (PD) were determined from the visual estimate of
the angiographic lumen size. The PD is still not well defined
for coronary angioplasty [6] and is usually specified as a de-
sired radiation level at a given distance from the source train.
However, the vessel wall is considered as a volume rather than
a single level, thus the PD definition is inherently insufficient.
An individual target range is derived as a window around the PD
that covers the expected range of doses between lumen/plaque
and media/adventitia borders. In our set of patients, the individ-
ual PD values ranged from 18.4 to 25.3 Gy in a 2 mm distance
from the radiation catheter. Considering that the therapeutic
range of doses is between 12 and 30 Gy, the individual target
range for each irradiation was defined as PD±5 Gy (i.e., from
a minimum of 18−5≥ 12 Gy to a maximum of 25+5≤30 Gy).
In two patients, two subsequent irradiations were performed at
abutting locations to cover a longer segment of the restenotic
vessel. Since the PD was different between the proximal and
the distal segments in one of these patients, the irradiations were
considered individually. Grids with 41,868± 14,942 points per

vessel were generated. On average, 66% of grid points were lo-
cated within the boundaries of the radiation source trains. The
dose distribution for the patient presented in Figs. 1–4 is shown
in Fig. 10 for the lumen/plaque and media/adventitia interfaces.
There is obviously a high variation of doses delivered to each
point of a contour, e.g., 4.73–38.7 Gy in frame #164 of the me-
dia/adventitia border.

In absolute values, 46.1% of the media/adventitia elements
within the train boundaries received their dose target range. Un-
derdosing (<10 Gy) occurred in 0.8% at the lumen/plaque and
in 14.0% of elements at the media/adventitia borders. Overdos-
ing (>30 Gy) was found in 6.3% of the media/adventitia ele-
ments. The variability across patients was also considerable;
16.9 to 68.7% of media/adventitia elements satisfied their indi-
vidual target range for the specific patient.

C. Geometrically Correct vs. Simplified Model

All geometrically correct models were subsequently straight-
ened as described in Section II-D. This process is illustrated
in Fig. 11. The resulting dose chart has a visually-apparent
smoother distribution. The dose histograms in Fig. 12 show that
the doses are more concentrated to specific ranges in the sim-
plified model than they are in the geometrically correct model.
However, this result is typically seen only in vessels which
maintain a relatively constant diameter over their entire length.
Table II summarizes the comparison results between simplified
tubular vs. the geometrically correct model. The tubular model
resulted in significantly and systematically lower estimates of
dose within the train boundaries (p < 0.001). The average dose
estimate within the four layers was 3.04 Gy (lumen/plaque)
to 1.13 Gy (media/adventitia), or 8.76 to 6.52%, respectively,
lower as compared to the geometrically correct model. Note
that the difference between the two models is larger in vessels
with high overall curvature. The estimated doses differed sig-
nificantly more in the right coronary artery segments than in the
segments of the left coronary artery (p< 0.001; Table II, right
panel). Even in the least curved vessel, the dose difference be-
tween geometrically correct and simplified tubular models was
still statistically significant. In addition to the lower estimates
of the mean dose for the tubular model, it also suggests a sig-
nificantly lower level of dose variability than obtained from
the geometrically correct model by ignoring vessel contour and
catheter location (p< 0.001). The tubular model predicted stan-
dard deviations of dose from 5.11 Gy at the lumen/plaque inter-
face to 3.71 Gy at the media/adventitia interface, thus substan-
tially lower than the dose variations of 11.93 Gy and 6.72 Gy,
respectively, as assessed by the geometrically correct model.

IV. D ISCUSSION

Our comprehensive analysis performed in computer simu-
lations on phantoms and on a set of patients demonstrated
that vessel curvature and out-of-center position of the deliv-
ery catheter have a substantial impact on the dose distribution.
While previous reports have shown the influence of an eccentric
catheter on circumferential dose variability in straightened ves-
sel segments [4],[10], we performed a quantification of the dose
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distribution in curved phantoms and in geometrically correct 3-
D models derived from in-vivo patient data. Our results suggest
that common assumptions made in conventional dose-delivery
models introduce systematic and significant errors. However, it
has to be kept in mind that a thorough validation in-vivo or ex-
vivo that would include direct measurements of the actual doses
delivered has not been performed thus far but will certainly be a
focus in future research. Even thoughabsolutedose values yet
remain unvalidated, thetendenciesderived from this study are
obvious. Especially, the lower dose variability suggested by a
simplified model as compared to a geometrically correct model
is expected to remain valid regardless of absolute values.

The fusion-reconstruction model assumes that the delivery
catheter follows the path of the IVUS catheter used for ves-
sel imaging. This assumption is sufficiently accurate consider-
ing visual estimates of the brachytherapy catheter location in
the angiographic images. Additionally, limitations and ambi-
guities of the IVUS data occasionally interfere with the accu-
racy of wall layer segmentation (lumen/plaque and especially
the media/adventitia interfaces). While the first limitation can
be overcome by using biplane angiography and diluted contrast
dye imaging of the advanced brachytherapy catheter, the second
problem is inherent to IVUS. For example, shadowing from
calcified plaque obstructs recognition of the media on IVUS
images, thus requiring interpolation of non-visualized segment
locations. Similarly, this interface may be difficult to identify
in stented areas due to compressed plaque and reverberations
from the stent structures (Fig. 1). One focus of our ongoing re-
search is the improvement of the IVUS segmentation methods
to reduce the amount of manual corrections required [33].

Another desirable extension of our approach is to incorpo-
rate a more sophisticated dose model with the imaging param-
eters. The current dosimetry model assumes that all tissues
have unit density. IVUS allows for detection of basic plaque
tissue properties directly from the image data (soft and calcific
plaque [17]). A recent study using radio-frequency IVUS re-
ported improved sensitivity and specificity for plaque classifi-
cation as compared to conventional IVUS imaging and also dis-
crimination between early and advanced stages of plaque [34].
Therefore, the finite-element mesh representing the vessel wall
could be extended to contain qualifiers for different tissue and
plaque types. The dosimetric perturbations caused by calci-
fied plaques and other tissue heterogeneities have been well
documented [12], [14], [35]. Coupling tissue-characterization
data from our geometrically correct 3-D reconstructions with
a more sophisticated dose model, such as the EGSnrc Monte
Carlo code [36], would provide a much more accurate repre-
sentation of the actual doses delivered to patient-specific ge-
ometries. Dose-volume histograms as proposed in [10] can be
calculated for each volume between two layers over an entire
vessel segment or locally with one of the volumetric measure-
ment methods described in [37].

The representation of the vessel as a finite-element structure
could also be extended towards a 4-D modeling, i.e., 3-D plus
time. We have already employed 4-D modeling in the quan-
tification of local wall shear stress [32]. The influence of vessel
motion on dose distribution was already addressed in [14], how-
ever not in 3-D space. In accordance with IVUS data, angio-

graphic images, and a given tissue model, the movement of the
vessel could be accurately reproduced. Furthermore, the 4-D
model would consider any movement of the delivery catheter
within the vessel over the heart cycle. This should be of special
value in vessel segments with relatively low curvature, where
the delivery catheter is not forced to rest against the vessel wall.

V. CONCLUSIONS

In intravascular brachytherapy, dose delivery depends on the
shape and curvature of the vessel as well as on the position of
the radiation catheter train within the vessel. Our simulation re-
sults obtained in this study imply that intravascular brachyther-
apy dose-assessment models that do not consider these factors
suggest a significantly reduced dose variability. Compared to a
geometrically correct model, the conventional models also pro-
vide on average lower values of radiation doses. Consequently,
a significant percentage of tissue within the target zone at the
media-adventitial area may not reach its prescribed dosing pa-
rameters. The existence of this dosing variability may result in
less effective treatment, paradoxical stimulatory effects on the
neointima, or overdosing resulting in tissue necrosis. Despite
the current limitations in determination of the absolute dose de-
livered, the presented study improves the evaluation of potential
shortcomings in clinical procedures. Our method to determine
the dose at each point of the treated vessel segment in real 3-
D from data fusion allows us to identify potential locations of
over- or underdosing in the actual geometry of the patient’s ves-
sel. This will likely provide valuable input into changes of radi-
ation protocols and possibly the design of future brachytherapy
catheters.
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A. F. W. van der Steen, P. C. Levendag, and P. W. Serruys, “Guidance
of intracoronary radiation therapy based on dose-volume histograms de-
rived from quantitative intravascular ultrasound,”IEEE Transactions on
Medical Imaging, vol. 17, no. 5, pp. 772–778, Oct. 1998.

[11] C. G. Soares, D. G. Halpern, and C. K. Wang, “Calibration and charac-
terization ofβ-particle sources for intravascular brachytherapy,”Medical
Physics, vol. 25, no. 3, pp. 339–346, Mar. 1998.

[12] X. A. Li, R. Wang, C. Yu, and M. Suntharalingam, “Beta versus gamma
for catheter-based intravascular brachytherapy: Dosimetric perspectives
in the presence of metallic stents and calcified plaques,”International
Journal of Radiation Oncology· Biology · Physics, vol. 46, no. 4,
pp. 1043–1049, Mar. 2000.

[13] G. Koning, J. C. Tuinenburg, E. Hekking, J. Peelen, A. van Weert,
D. Bergkamp, B. Goedhart, and J. H. C. Reiber, “A novel measurement
technique to assess the effects of coronary brachytherapy in clinical tri-
als,” IEEE Transactions on Medical Imaging, vol. 21, no. 10, pp. 1254–
1263, Oct. 2002.

[14] V. Sehgal, Z. Li, J. R. Palta, and W. E. Bolch, “Dosimetric effect of source
centering and residual plaque forβ-emitting catheter-based intravascular
brachytherapy sources,”Medical Physics, vol. 28, no. 10, pp. 2162–2171,
Oct. 2001.

[15] R. Nath, H. I. Amols, C. W. Coffey, D. M. Duggan, S. K. Jani, Z. Li, M. C.
Schell, C. G. Soares, J. S. Whiting, P. E. Cole, I. R. Crocker, and R. S.
Schwartz, “Intravascular brachytherapy physics: Report of the AAPM
radiation therapy committee task group #60,”Medical Physics, vol. 26,
no. 2, pp. 119–152, Feb. 1999.

[16] C. von Birgelen, E. A. de Vrey, G. S. Mintz, A. Nicosia, N. Bruin-
ing, W. Li, C. J. Slager, J. R. T. C. Roelandt, P. W. Serruys, and P. J.
de Feyter, “ECG-gated three-dimensional intravascular ultrasound: Fea-
sibility and reproducibility of the automated analysis of coronary lumen
and atherosclerotic plaque dimensions in humans,”Circulation, vol. 96,
no. 9, pp. 2944–2952, Nov. 1997.

[17] X. Zhang, C. R. McKay, and M. Sonka, “Tissue characterization in in-
travascular ultrasound images,”IEEE Transactions on Medical Imaging,
vol. 17, no. 6, pp. 889–899, Dec. 1998.

[18] R. L. Kirkeeide, P. Fung, R. W. Smalling, and K. L. Gould, “Automated
evaluation of vessel diameter from arteriograms,” inProc. Computers in
Cardiology 1982, Los Alamitos CA, pp. 215–218, IEEE-CS Press, 1982.

[19] P. J. de Feyter, P. W. Serruys, M. J. Davies, P. Richardson, J. Lubsen, and
M. F. Oliver, “Quantitative coronary angiography to measure progression
and regression of coronary atherosclerosis; value, limitations, and impli-
cations for clinical trials,”Circulation, vol. 84, no. 1, pp. 412–423, July
1991.

[20] C. Seiler, R. L. Kirkeeide, and K. L. Gould, “Basic structure-function
relations of the epicardial coronary vascular tree; basis of quantitative
coronary arteriography for diffuse coronary artery disease,”Circulation,
vol. 85, no. 6, pp. 1987–2003, June 1992.

[21] A. Wahle, E. Wellnhofer, I. Mugaragu, H. U. Sauer, H. Oswald, and
E. Fleck, “Assessment of diffuse coronary artery disease by quantitative
analysis of coronary morphology based upon 3-D reconstruction from
biplane angiograms,”IEEE Transactions on Medical Imaging, vol. 14,
no. 2, pp. 230–241, June 1995.

[22] A. Wahle, H. Oswald, and E. Fleck, “3-D heart-vessel reconstruction
from biplane angiograms,”IEEE Computer Graphics and Applications,
vol. 16, no. 1, pp. 65–73, Jan. 1996.

[23] E. Wellnhofer, A. Wahle, and E. Fleck, “Progression of coronary
atherosclerosis quantified by analysis of 3-D reconstruction of left coro-
nary arteries,”Atherosclerosis, vol. 160, no. 2, pp. 483–493, Feb. 2002.

[24] S. Y. J. Chen and J. D. Carroll, “3-D reconstruction of coronary arterial
tree to optimize angiographic visualization,”IEEE Transactions on Med-
ical Imaging, vol. 19, no. 4, pp. 318–336, Apr. 2000.

[25] M. Laban, J. A. Oomen, C. J. Slager, J. J. Wentzel, R. Krams, J. C. H.
Schuurbiers, A. den Boer, C. von Birgelen, P. W. Serruys, and P. J.
de Feyter, “ANGUS: A new approach to three-dimensional reconstruc-

tion of coronary vessels by combined use of angiography and intravascu-
lar ultrasound,” inProc. Computers in Cardiology 1995, Piscataway NJ,
pp. 325–328, IEEE Press, 1995.

[26] J. L. Evans, K. H. Ng, S. G. Wiet, M. J. Vonesh, W. B. Burns, M. G.
Radvany, B. J. Kane, C. J. Davidson, S. I. Roth, B. L. Kramer, S. N.
Meyers, and D. D. McPherson, “Accurate three-dimensional reconstruc-
tion of intravascular ultrasound data; spatially correct three-dimensional
reconstructions,”Circulation, vol. 93, no. 3, pp. 567–576, Feb. 1996.

[27] C. Pellot, I. Bloch, A. Herment, and F. Sureda, “An attempt to 3-D re-
construct vessel morphology from X-ray projections and intravascular
ultrasounds modeling and fusion,”Computerized Medical Imaging and
Graphics, vol. 20, no. 3, pp. 141–151, May/June 1996.

[28] G. P. M. Prause, S. C. DeJong, C. R. McKay, and M. Sonka, “Towards
a geometrically correct 3-D reconstruction of tortuous coronary arter-
ies based on biplane angiography and intravascular ultrasound,”Inter-
national Journal of Cardiac Imaging, vol. 13, no. 6, pp. 451–462, Dec.
1997.

[29] A. Wahle, G. P. M. Prause, S. C. DeJong, and M. Sonka, “Geometrically
correct 3-D reconstruction of intravascular ultrasound images by fusion
with biplane angiography — methods and validation,”IEEE Transactions
on Medical Imaging, vol. 18, no. 8, pp. 686–699, Aug. 1999.

[30] A. Wahle, G. P. M. Prause, C. von Birgelen, R. Erbel, and M. Sonka, “Fu-
sion of angiography and intravascular ultrasound in-vivo: Establishing
the absolute 3-D frame orientation,”IEEE Transactions on Biomedical
Engineering, vol. 46, no. 10, pp. 1176–1180, Oct. 1999.

[31] H. Wollschl̈ager, P. Lee, A. Zeiher, U. Solzbach, T. Bonzel, and H. Just,
“Mathematical tools for spatial computations with biplane isocentric X-
ray equipment,”Biomedizinische Technik, vol. 31, no. 5, pp. 101–106,
May 1986.

[32] A. Wahle, S. C. Mitchell, S. D. Ramaswamy, K. B. Chandran, and
M. Sonka, “Four-dimensional coronary morphology and computational
hemodynamics,” inMedical Imaging 2001: Image Processing, M. Sonka
and K. M. Hanson, eds., vol. 4322, Bellingham WA, pp. 743–754, SPIE
Proceedings, 2001.

[33] S. C. Mitchell, J. G. Bosch, B. P. F. Lelieveldt, R. J. van der Geest, J. H. C.
Reiber, and M. Sonka, “3-D active appearance models: Segmentation
of cardiac MR and ultrasound images,”IEEE Transactions on Medical
Imaging, vol. 21, no. 9, pp. 1167–1178, Sept. 2002.
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TABLE I
DOSE DISTRIBUTION FOR EACH LAYER OF A STRAIGHT VESSEL WITH A PRESCRIBED DOSEPD = 18.4 GY AT 2 MM FOR CENTER AND BORDER

ELEMENTS; THE FALL-OFF ZONES OUTSIDE THE TRAIN BOUNDARIES HAVE BEEN DISCARDED.

Depth Train Center Train Border
[mm] (mean± standard deviation) [Gy]

1.0 39.898± 0.32342 31.270± 4.930
1.5 26.405± 0.06962 19.835± 3.153
2.0 18.389± 0.01656 13.411± 2.110
2.5 13.069± 0.00430 9.329± 1.443
3.0 9.345± 0.00126 6.567± 0.998
3.5 6.665± 0.00039 4.630± 0.692
4.0 4.713± 0.00009 3.247± 0.480
4.5 3.286± 0.00023 2.251± 0.330
5.0 2.247± 0.00032 1.534± 0.224

TABLE II
COMPARISON BETWEEN GEOMETRICALLY CORRECT MODELGCM AND SIMPLIFIED TUBULAR MODEL STM OVER ALL 10 VESSEL SEGMENTS. NOTE

THAT SD HERE IS THE MEAN INDIVIDUAL STANDARD DEVIATION OF ALL SEGMENTS AND THEREFORE NOT AFFECTED BY DIFFERENT PRESCRIBED

DOSESPD. THE %-REDUCTION OF ESTIMATED DOSESSTM VS. GCM IS LISTED SEPARATELY FOR THE THREE MAIN VESSELS.

Layer GCM [Gy] STM [Gy] Difference means [%GCM]
(mean±SD) (mean±SD) All LAD LCX RCA

n = 10 n = 10 n = 10 n = 3 n = 2 n = 5

Lumen/Plaque 34.70± 11.93 31.66±5.11 8.76 6.54 7.62 10.44
Intermediate 1 26.71± 8.76 24.85±4.14 6.96 4.77 6.58 8.38
Intermediate 2 21.28± 7.41 19.92±3.84 6.39 3.95 6.70 7.74
Media/Adven. 17.31± 6.72 16.18±3.71 6.52 3.82 7.35 7.86
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(1)
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(b)

Fig. 1. Intravascular ultrasound images of a patient’s right coronary artery
with in-stent restenosis after PTCA andβ-radiation treatment: (a) unstented
vessel segment, (b) segment with stent; (1) media/adventitia interface, (2) lu-
men/plaque interface, (3) 2.9F imaging catheter, (4) stent struts, (5) plaque ac-
cumulation from in-stent restenosis, (6) plaque compressed during PTCA.

Segment 2

Segment 1

Fig. 2. In this case, brachytherapy was performed in two adjacent locations
with a 12-source 30 mmβ-catheter and identical irradiation parameters; note
that only the markers are visible in the angiograms, which are not part of the
active area.

41RAO

35LAO

Fig. 3. Biplane angiographic images of the artery depicted in Fig. 1 showing
the IVUS catheter before the pullback start; note the out-of-center position of
the catheter.

#174

#0

#63

Fig. 4. Result of the fusion between the IVUS set from Fig. 1 and the angio-
grams in Fig. 3 from a posterior view; some IVUS frames have been inserted
for illustration of the mapping process (frame numbering in direction of the
IVUS pullback).
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0mm

Point Source

Marker
(inactive)

Linear Source

Simulated Sources

BetaCath Active Length Actual Source

-15mm +15mm

Fig. 5. Impact of the shape and active area of the simulated source on the
heterogeneity of the dose distribution; the prescribed dose (PD) was derived
from actual in-vivo calculations.

κ

60

y = 0mm +25mm

0 deg

-25mm

r

180

120

(a)

(b)

(c)

Fig. 6. Simulated vessel (a) forκ of 0◦, 60◦, 120◦, and 180◦, with sources
shown for 0◦ and 120◦, (b) displacement by 1 mm towards the positivey-axis,
and (c) cosine wave with 1 mm amplitude; the shaded area indicates the 2 mm
distance range in thex/y-plane.

Fig. 7. Simulated vessels in Fig. 6(a) with a prescribed dose of PD = 18.4 Gy;
the 0◦ angle corresponds to the outer side of the curvature, wheras the 180◦
angle corresponds to the inner side of the curvature.

(1)

(2)

(3)

Fig. 8. Dose distribution of the oblique catheter as shown in Fig. 6(b), where
the three lines represent top-down (1) the points on the vessel side the catheter
is moving to, (2) the points on the vessel wall which are orthogonal to the
catheter movement, and (3) the points on the vessel side the catheter is moving
away from; note that the dose is reduced by the fall-off zones before reaching
the actual 1 mm eccentric position.



IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING — FINAL MANUSCRIPT 00347-2002 10

Scenario Outer Curvature

Scenario Inner Curvature

40mm 16-Source Train within 60mm Simulated Vessel

Fig. 9. Combination of the 120◦ torus segment shown in Fig. 6(a) with the
cosine waveform from Fig. 6(c); if the eccentricity is directed towards the inner
curvature, the effects of curvature and eccentricity are combined, whereas they
are partially offsetting each other when the eccentricity tends towards the outer
curvature.

Fig. 10. Dose distribution in the in-vivo example for the innermost and out-
ermost layer, with 72 circumferential grid points per contour and 134 contours
over the 60 mm irradiated segment.
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Tubular
Geometrically

Model
Correct Model

Simplified

Segment 2

Segment 1

Lumen

Plaque+
Media

Fig. 11. Generation of the simplified tubular model from the 3-D fusion and
corresponding dose distribution; due to the circular shape, all points within a
contour receive the same dose.

Fig. 12. Dose histograms summarizing the results shown in Figs. 10/11 for all
four layers in both the geometrically correct and simplified tubular models.
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