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ABSTRACT

Intravascular brachytherapy has shown to reduce re-occurrence of in-stent restenosis in coronary arteries. For beta
radiation, application time is determined from source activity and the angiographically estimated vessel diameter.
Conventionally used dosing models assume a straight vessel with the catheter centered and a constant-diameter
circular cross section. Aim of this study was to compare the actual dose delivered during in-vivo intravascular
brachytherapy with the target range determined from the patient’s prescribed dose. Furthermore, differences
in dose distribution between a simplified tubular model (STM) and a geometrically correct 3-D model (GCM)
obtained from fusion between biplane angiography and intravascular ultrasound were quantified. The tissue
enclosed by the segmented lumen/plaque and media/adventitia borders was simulated using a structured finite-
element mesh. The beta-radiation sources were modeled as 3-D objects in their angiographically determined
locations. The accumulated dose was estimated using a fixed distance function based on the patient-specific
radiation parameters. For visualization, the data was converted to VRML with the accumulated doses represented
by color encoding. The statistical comparison between STM and GCM models in 8 patients showed that the STM
significantly underestimates the dose delivered and its variability. The analysis revealed substantial deviations
from the target dose range in curved vessels.

Keywords: Intravascular brachytherapy, intravascular ultrasound, X-ray angiography, 3-D multimodality fu-
sion, image-guided procedures, beta radiation, coronary arteries, in-stent restenosis

1. INTRODUCTION

Coronary atherosclerosis is a common disease,1 treatment of which gains increasing importance. Local obstruc-
tions (stenoses) in the arteries are usually treated by balloon angioplasty (PTCA) and stenting. As illustrated
in Fig. 1, new plaque frequently accumulates at stented stenotic lesions, thus resulting in an in-stent restenosis.2

To reduce the risk of re-occurrence of such restenosis following PTCA in the stented vessel segment, the lesion
is treated afterwards with beta (β) or gamma (γ) radiation (intravascular brachytherapy).3–7 The radiation is
delivered by a “train” of sources that can be transported within a catheter into the vessel to be treated and re-
mains there for a specified time before the train is retracted. For β-radiation, this application time is determined
from the source activity and the angiographically estimated vessel diameter. Conventionally, a simplified model
is used, assuming a straight vessel with the catheter centered and a constant-diameter circular cross section.
However, vessel shape, curvature, and catheter location have a substantial impact on the actual dose delivered,8

but are not considered in the current radiation models. The aim of this study was therefore to determine the
actual dose delivered during in-vivo intravascular brachytherapy and to quantify the differences in dose distri-
bution between a simplified tubular model and a geometrically correct three-dimensional (3-D) model derived
from fusion between biplane angiography and intravascular ultrasound (IVUS). Figure 2 shows the appearance
of in-stent restenosis in an in-vivo IVUS example. Our dosing model used for the simulations was adapted from
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Figure 1. In-stent restenosis: (a) healthy vessel with media (dark), intimal layer with slight diffuse plaque (gray),
and lumen (light gray); (b) stenosis with typical outward remodelling; (c) treated vessel segment, the lumen has been
restored and a stent placed; (d) cross-sectional view with stent struts; (e) cross-sectional view after in-stent restenosis has
developed.

experimental studies performed by Soares et al.9, 10 It has to be kept in mind however that dose prescription
is still not well defined,7 and that experimental gold standards which would provide the physically determined
true doses for validation yet have to be established. Therefore, this study mainly focuses on determination of
the relative impact of vessel curvature and catheter eccentricity on the dose delivered.

2. METHODS

To generate the geometrically correct model of the irradiated vessel segment, a well-established fusion system
was used.11–13 Our system utilizes biplane angiography to extract the vessel geometry as well as IVUS to obtain
cross-sectional information. The IVUS transducer is placed well distally of the treated area, its location imaged
with biplane angiography, and then pulled back using an automated pullback device. Filled with diluted contrast
dye, the vessel lumen outline is also depicted in the angiograms and serves as a reference for the 3-D matching of
the orientation of the IVUS frames (Fig. 3). The resulting data is sorted by heart phase according to the ECG
signal,13 segmented for lumen/plaque and media/adventitia borders, and then mapped into 3-D space based upon
the angiographically determined pullback trajectory.11, 12 The tissue enclosed by the segmented lumen/plaque
and media/adventitia borders is then modeled as a structured finite-element mesh with 4 layers and 72 radial
segments per IVUS frame (Fig. 4). The location of the brachytherapy catheter is estimated relative to the stented
segment from angiographic images. The simplified tubular model used for comparison was 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.14

Simulation of the intravascular brachytherapy procedure with 90Sr/Y isotopes was performed by modeling
the 12–16 β-radiation sources as line objects in 3-D. Each source consists of a 2.5 mm long element, 2.3 mm of
which are considered the active length. The dose accumulating at any given point of the vessel was estimated
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Figure 2. Example of in-stent (ISR) restenosis as visualized with in-vivo intravascular ultrasound; while the media is
clearly visible in the upper-left corner as a dark band, it is less well visible behind the stent struts due to the compression
of plaque during PTCA; blood speckle may make it difficult to differentiate between lumen and plaque (inset).

by using a fixed distance function based on previously published experimental data and the actually applied
radiation parameters. In brief, the β-radiation received at any given point of the tissue is the sum Dp of the
doses it received from all sources i of the radiation train:

Di(rpi) =
C · Ai · t · g(rpi)

rpi
2

Dp =
∑

i

Di(rpi)

where C is a dose rate constant specific for the brachytherapy device; Ai is the activity of the source in giga-
Becquerels (GBq), with usually the same Ai for all i within a train; t is the application time in seconds; and g(r) is
a polynomial-based radial dose function.9, 14 Figure 5 shows the dose distribution for a typical dose prescription.

In addition to the simulation on in-vivo patient data, computer-generated phantoms were used to quantify
the impact of vessel curvature and catheter eccentricity analytically.14 In brief, 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. It was
represented as a structured finite-element mesh with a longitudinal resolution of 10µm and a 1◦ width of the
radial segments. To simulate vessel curvature, the tube could be “bent” by mapping it onto a torus segment
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Figure 3. Biplane X-ray angiograms showing the irradiated vessel segment, the vessel lumen outline using diluted contrast
dye, and the IVUS catheter within the lumen.

with an enclosed angle of up to 180◦ (Fig. 6). The eccentricity of the catheter was simulated by either linear
offset or the superposition of a cosine waveform within that torus segment.

For each grid node, i.e., each intersection of the grid lines as shown in Fig. 4, the dose Dp(f, l, s) received from
all of the sources i was determined using above equations, where f is the frame number, l the layer number, and s
specifies the radial segment. The respective doses were annotated to each of the nodes of the finite-element mesh.
Other parameters, such as plaque thickness and local curvature,15 are determined as well and added to the model
in the same way. The finite-element meshes along with the simulation results were modeled in Tecplot∗ format.
For quantitative analysis, the Tecplot data were converted for import into spreadsheet applications. For platform-
independent 3-D visualization, the data was split into layers, triangulated, and converted to VRML16 with the
accumulated doses represented by color encoding (Fig. 7). The statistical analysis included the calculation of
the mean dose and its standard deviation for all elements in the four individual layers of either geometrically
correct or simplified tubular models. Furthermore, the percentages of elements receiving the target range defined
by a patient-specific prescribed dose, as well as underdosing below and overdosing above certain thresholds were
calculated.

3. RESULTS

The current set of individuals includes 11 patients subjected to intravascular brachytherapy, 8 of which were
evaluated thus far in this ongoing study. Two patients had adjacent irradiations in the same vessel to cover a

∗Tecplot is a registered trademark of Amtec Engineering Inc., Bellevue, WA 98009, USA
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Figure 4. Reconstructed 3-D model of the vessel seen in Figs. 2–3, showing the grid structure with four layers and 72
radial segments; the longitudinal resolution is a factor of pullback speed and heart rate.

larger segment, thus the following data are based on a total of 10 irradiated vessel segments. The prescribed doses
ranged from 18.4 to 25.3 Gy in 2 mm distance from the radiation catheter. The target range describes the desired
range of doses within the entire vessel wall rather than in a single distance layer and was defined as a dose window
of ±5 Gy centered at the prescribed dose. Between 20,160 and 61,920 grid points were generated per vessel, where
(depending on train length and longitudinal grid resolution) from 15,264 to 29,664 grid points were located within
the boundaries of the radiation source trains. As simulated, the target range of doses was delivered for 46.1%
of the media/adventitia elements within the train boundaries over all 10 vessel segments; underdosing (<10 Gy)
occurred in 0.8% at the lumen/plaque and 14.0% at the media/adventitia borders; overdosing (>30 Gy) was found
in 6.3% of the media/adventitia elements. Within the set of patients, between 16.9 and 68.7% of media/adventitia
elements satisfied their individual target range, thus indicating a high variability between subjects. In comparison
of the simplified tubular (STM) vs. the geometrically correct model (GCM), the STM suggested significantly and
systematically lower doses within the train boundaries (p<0.001). The average underestimation of dose of the
STM relative to the GCM within the four layers was 3.04 Gy (lumen/plaque) to 1.13 Gy (media/adventitia). By
ignoring vessel contour and catheter location, the STM also estimates a significantly lower level of dose variability
than estimated from the GCM (p<0.001). The tubular STM predicted standard deviations of dose from 5.11 Gy
at the lumen/plaque interface to 3.71 Gy at the media/adventitia interface, thus substantially lower than the
dose variation of 11.93 Gy and 6.72 Gy, respectively, as assessed by the geometrically correct GCM.

The simulations on the computer-generated phantoms supported the hypothesis that vessel curvature and
catheter eccentricity influence dose distribution. The torus experiments (Fig. 6) revealed that the dose increases
towards the inner curvature and decreases towards the outer curvature with stronger bending of the tube: at 60◦

curvature, inside doses were increased by 2.95% and outside doses were decreased by 2.70%; a 180◦ torus segment
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Figure 5. Fall-off curve for in the center of the brachytherapy train, simulated in layers of 0.5 mm intervals; dosing
parameters included C =0.0164 Gy/GBqs, Ai =0.136 GBq, and t =180 s.

showed an inside increase of 9.70% with an outside decrease of 7.48% relative to the straight tube. Catheter
eccentricity has an even larger impact: with a simulated 18.389 Gy in 2 mm distance, shifting the source train
by 0.5 mm towards that point increased radiation to 26.405 Gy, shifting the train 0.5 mm away from that point
decreased radiation to 13.069 Gy. The values are approximately double and halve, respectively, of the original
dose for an offset of 1.0 mm in either direction.

4. DISCUSSION

The presented study performing computer simulations on in-vivo data and on computer-generated phantoms
demonstrated that vessel curvature and eccentricity of the delivery catheter have a substantial impact on the
dose distribution. Common assumptions made in conventional dose-delivery models are likely to introduce
systematic and significant errors. As illustrated in Fig. 7, the dose distribution is biased towards higher doses at
the outer curvature of a strongly curved vessel like the right coronary artery, since the delivery catheter is forced
against the vessel wall. A more homogeneous distribution, but still with very high local variances, can be seen
in straighter vessels.

While it has to be kept in mind that the estimated absolute dose values yet remain unvalidated, and the
dose model can and will be improved in the future, the tendencies derived from this study are already obvious.
For example, the underestimation of dose variability by the STM as compared to the GCM will remain valid
regardless of the absolute values. Another problem is that the overall processing pipeline of data acquisition,
segmentation, and analysis is time-consuming and needs manual supervision. Especially, the segmentation of
the IVUS data is a challenging task due to ambiguities, calcific shadowing, and compressed plaque (Fig. 2).17, 18

Further research will also be performed towards the differentiation between plaque types, which then can be used
in a more sophisticated dosing model, e.g., based on Monte-Carlo simulations.19, 20

5. CONCLUSIONS

In conclusion, dose-assessment models for intravascular brachytherapy that do not consider factors like the
location of the radiation catheter within the vessel as well as the shape and curvature of the vessel result in
significant underestimation of dose variability and the radiation delivered as compared to a geometrically correct
model. We have developed a method to estimate the actual dose delivered to each point of the treated vessel
segment, as accurately reconstructed by fusion from biplane angiography and intravascular ultrasound, thus
allowing to identify possible locations of over- or underdosing in the actual geometry of the patient’s vessel.
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Figure 6. Simulation results on a 120◦-torus (50 mm arc length with a 30mm 12-source centered radiation train) with
a prescribed dose of 18.4 Gy at 2mm distance; the increase of dose towards the inner curvature is clearly demonstrated
(this figure is available in color on the CD version or the authors’ web page).
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Figure 7. Calculated dose distribution visualized in VRML and split up into the four layers; (a) of the vessel shown in
Figs. 2–4 with a strong curvature and eccentricity of the brachytherapy catheter; (b) a moderately curved vessel segment
of an in-vivo left-anterior-descending artery (this figure is available in color on the CD version or the authors’ web page).
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