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Abstract—In-stent restenosis is commonly observed in coronary placement [1]. In this procedure, a stainless steel stent mounted
arteries after intervention. Intravascular brachytherapy has been on an angioplasty balloon is inserted into the vessel lumen
found effective in reducing the recurrence of restenosis after stent and inflated, thus widening the obstructed area by compress-
placement. Conventional dosing models for brachytherapy with . ' . . .
beta (3) radiation neglect vessel geometry as well as the position of'ng plaque and ex_pa_lr_wdlng the media-adventitial b_order. De-
the delivery catheter. This paper demonstrates in computer simu- SPite a successful initial procedure, 20—-30% of patients return
lations on phantoms and on in-vivo patient data that the estimated with clinical symptoms and sequelae due to neointimal forma-
dose distribution varies substantially in curved vessels. In simu- tion with a previously placed stent, resultingimstent resteno-

lated phantoms of 50mm length with a shape corresponding 10 gis 21 This process can be observed using intravascular ultra-
a 60-180 segment of a respectively sized torus, the average dose d (IVUS d trated in i 1T d the i
in 2mm depth was decreased by 2.70-7.48% at the outer curva- sound ( ) as demonstrated in Figure 1. To reduce the in-

ture and increased by 2.95-9.70% at the inner curvature as com- cidence of repeat restenosis, intravascular brachytherapy with
pared to a straight phantom. In-vivo data were represented in a either beta§) or gamma-) radiation has been shown to be ef-
geometrically correct three-dimensional model that was derived fective after repeat balloon dilation [3]-[5]. A comprehensive
by fusion of intravascular ultrasound (IVUS) and biplane angio-  y1rig|-style review can be found in [6]. In-stent restenosis was

graphy. These data were compared to a simplified tubular model | | di . d " t studi 7119
reflecting common assumptions of conventional dosing schemes &ISC @nalyzed in porcine and more recently rat studies [7]-[9].

The simplified model yielded significantly lower estimates of the The typical approach involves a catheter that is delivered to the
delivered radiation and the dose variability as compared to a ge- treatment site within the stented region. A traind$eeds or a
ometrically correct model (p<0.001). The estimated dose in 10 ~-wire is sent to the treatment site, where it dwells for a calcu-
vessel segments of 8 patients was on average 8.76% lower at th§aiaq period of time, before it is retracted and the catheter with-
lumen/plaque and 6.52% lower at the media/adventitia interfaces drawn. The radiation dose diminishes as a function of distance
(simplified tubular model relative to geometrically correct model). : :
The differences in dose estimates between the two models were sigfrom the source train [10],[11]. Towards both ends of the source
nificantly higher in the right coronary artery as compared to the train, fall-off zonesare present where subtherapeutic doses may
left coronary artery (p < 0.001). be delivered. Given the differing penetration propertiesof
Index Terms— Coronary atherosclerosis, in-stent restenosis, and y-energy, the radiation types vary in the degree of dose
intravascular brachytherapy, dose-distribution models, multi- fall off, as well as their ability to effectively dose calcific and
modality imaging. stented regions of the vessel [12]. Whenever the treated vessel
segment exceeds the length covered by the train, the irradiation
I. INTRODUCTION may be performed in subsegments (Fig. 2), which requires care

ORONARY atherosclerosis is a widespread disease, #hen positioning the catheter to avoid over- or underdosing at

sulting in plaque accumulation and narrowing of théhe overlapping ends of the source trains. A detailed descrip-
vessel lumen (stenosis). Treatment of local coronary artdign of the different zones defined in intravascular brachyther-
stenoses usually involves dilatation of the vessel lumen by p@py can be found in [13].

cutaneous transluminal coronary angioplasty (PTCA) and stent.l_his manuscript focuses on bets) ¢adiation, where the ap-
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dimensional (3-D) computer simulations in an effort to estimatedelivery device, this train can be moved from the protective

the influence of vessel shape and catheter position on dose datainer to the tip of the delivery catheter and retracted after

tribution. To assess errors in delivered doses following the caihe specified irradiation time has passed.

ventionally used dosing schemes, the actual differences in preA one-dimensional distance function has been employed to

dicted dose distribution between a simplified tubular model as@mulate the dose fall-off, based on data from Soares, Halpern,

a geometrically correct 3-D model were quantified. and Wang fof°Sr/Y radionuclides [11]. Their comprehensive
The studies described in this manuscript are based data have been condensed to obtain a sufficiently accurate dose

the Novoste Beta-Cath system utilizing the Strontium/Yttriurastimate with reasonable computational effort. For each source

(°°Sr/Y) p-isotope. In a 30—40 mm train, 12-16 sealed ra; the dose in Gray (Gy) for any poiptin a distance ofi,,; was

diation sources are provided. The total dose accumulatidgtermined as follows:

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  pD;(d,;) = M (1)

1\YUpr 2

were performed on a model considering parameters of vessel dp

size and curvature as well as catheter position and straight- )

ness. Generation of the geometrically correct in-vivo model With g(d) = ao+a1-d+ az-d* + as-d® + as-d* (2)

is a challenging task. Previous analyses of dose distribution

were limited to single or stacked IVUS frames and did not al- D, = Z D;(dy;) (3)

ways cover the full vessel segment that was irradiated [4], [5], i

[10]. Identification of the location of the source train was re-

stricted to two-dimensional (2-D) interactive registration froru/hereC is a dose rate constant specific for the brachyther-

angiog_ram.s [13]. While IVUS is well—suite_d to obtain higlh'a y device;A; is the activity of the source in giga-Becquerels
resolution information about the cross-sectional vessel geon(‘u

" X : (GBq), with usually the samel; for all i within a train; ¢ is
try and plaque composition [16], [17], it does not provide Sum,the application time in seconds; angl) is a radial dose func-
cient spatial information for an actual 3-D reconstruction. Th

ton with polynomial coefficients to a4 derived from exper-

fact results in the commonly used stacking of the frames r&5qal results. The polynome has been validated for a range
gardless of the real vessel course in 3-D [10], [16]. X-rag7

: ) . Cror point p was determined as the sum of the individual doses
tions from biplane angiography [20]-[23]. However, angiogaivered from all sources

graphy does not provide any directly visible information for the As shown in Fig. 5, the shape of the simulated train source

vessel wall, and the viewing angle substantially impacts aC(_:§UbstantiaIIy affects the dose distribution. The above model
racy of both 2-D and 3-D measurements due to foreshorteningy, oq amoint source, i.e., all radiation is emitted from the

and overlapping [21], [24]. By fusion of the data from both, o oint for each source. However, a source element is not
modalities, the maximum of information can be extracted [1.

[25]-[28]. ccurately represented by just a single point. Expanding the

_source homogeneously over the length of a train element would

_TO recpnstruct the _actual 3-D vessel geometry for our Mot reflect the actual shape of the source either. Sulih-a
vivo studies, we combined the [VUS data obtained after PTC r arrangement suggests a constant level of radiation at each

and brachytherapy with the corresponding images from bipla&%tance. As a compromise of computational cost and model

angiography (Fig. 3) utilizing a well-established f“S“?” SYSte'g'ccuracy, the activity of a single source is distributed over the
[28]_[3.0 I Flgurez_lshoyvs the fuspn_ result for the patient intrQy ;o lengthof the element. For the Novoste Beta-Cath sys-
duced in the previous figures. A finite-element mesh Was 98Hm, this is 2.3mm for each straight element of 2.5mm total
erated from the reconstructed vessel and then used as 'npuﬁéﬂbth. To simulate the active length while keeping the point-

the brachytherapy simulation system. The results were statigliy  ce model, the total activity; of a source is distributed over

cally'evaluated fgr the impact of vessel geometry and Pathevt%requidistant subsourcgawith A;; = A; /n,.
position. On the in-vivo data, a comprehensive comparison be-

tween geometrically correct and simplified dose models was
performed. B. Computer Models

The basic shape of the computer phantom used for testing
Il. METHODS was a 50 mm tube with nine coaxial layers between 1.0 and
o 5.0 mm radius in 0.5 mm intervals, and was represented as a
A. Dose-Distribution Model structured finite-element mesh. With respect to the world co-
The characteristics of the Novoste Beta-Cathradiation ordinate system defined in [22], [31], the tube was aligned
catheter used for brachytherapy at the University of lowa Hoalong they-axis. The longitudinal resolution of this shape was
pitals and Clinics were modeled from previously reported ef:0um, and the width of the radial segments TheS-radiation
periments on dose distribution [11]. The catheter consists otatheter was simulated by a centered source train of 12 ele-
hydraulic setup with 12 or 16 sources connected in a train. Withents with 2.5mm length each. The irradiation parameters
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were taken from an actual patient with a prescribed dose (PD)signal, segmented for lumen/plaque and media/adventitia bor-
18.4 Gy at 2 mm depth{=0.0164 Gy/GBgsA; =0.136 GBq, ders, and then mapped into 3-D space based upon the angio-
andt =180 sec). Note that the assumption of a single set of graphically determined pullback trajectory (Fig. 4). In contrast
radiation parameters is sufficient, since different values would other systems [10], [16], the pullback was continuous and
only scale the dose distribution linearly. ECG-gating was performed as a post-processing step [32]. This
To allow for a comprehensive set of scenarios, the cathek&eps the imaging time in a clinically acceptable range while
could be moved to an out-of-center or oblique position, @till delivering accurate data.
superimposed with a cosine-wave to provide varying out-of- The location of a given IVUS frame results directly from its
center locations between the ends and the center portion. Tihee-stamp along with the pullback speed, thus allowing one
resulting tubular coordinatés,, ys, 2] were then mapped ontoto calculate the pullback length completed when this specific
a torus segment with an enclosed angle of up to°18®por- frame was imaged. However, determination of the frame orien-
tantly, the radius' of the torus depends on the angles [0, 7] tation is more complex and may be ambiguous [25]. We have
of the enclosed segment. In the following, a vessel curvaturegshployed a two-step solution to this problem. In the first step,
 implies that- is chosen to yield the lengtiof the straight ves- changes in orientation from frame to frame were established
sel over a torus segment with an enclosed angle[Bfg. 6(a)]. analytically based on differential geometry, followed by a 3-
We simulated curvatures far of 0°, 6C(°, 120°, and 180 for D matching of the overall frame set against the angiographic
a vessel length of 50 mm. This model sufficiently representutline of the vessel lumen [29], [30]. After the 3-D model of
curvatures commonly found in coronary arterties. To obtainthe vessel was available, the tissue enclosed by the segmented
segment of a torus with radiusthat corresponds to the desiredumen/plaque and media/adventitia borders was represented us-
curvatures with the total lengthl preserved, the final vertexing a structured finite-element mesh with 4 layers and 72 radial

andg-source coordinates;, y;, z;| were determined by: 5° segments per IVUS frame. Train length and radiation pa-
rameters were obtained from the patient file. The location of
T (zs+7) - cos(p) — the brachytherapy catheter was estimated relative to the stented
ye | = | (s +7)-sin(p) (4) segment from the corresponding angiographic images (Fig. 2).
2 24 Whenever biplane angiography with diluted contrast dye was

also used for imaging the source train, its location was accu-

, i rately established by 3-D measurement.
for0 < k < wwithr = [/xk andy = y,/r [Fig. 6(a)]. For

k = 0, vector [z, y;, z;] equals directlyx,, ys, z5s]. Sincer L
was calculated[ relative ]to t%e centerling[ler@hthr-l simulated D. Simplified Tubular Model

vessel, the locations of the sources had to be recalculated whefh0 determine the impact of simplifications in widely used
additional shifts or a cosine waveform were superimposed BAsSing models that assume a centric catheter and neglect the
the catheter path [Figs. 6(b), (c)]. This adjustment ensured thelipss-sectional shape of the vessel, a simplified tubular model
2.5mm spacing. The elements retained their shape in acctfs created for each vessel. This model was directly derived
dance with the physical properties of the real source elemer{f@M the 3-D geometrically correct model by straightening,

i.e., they were not bent with the curvature but rather alignégntering of the catheter, and reshaping each contour to co-axial
with the local centerline tangents. 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-
C. 3-D Reconstruction of In-Vivo Data ometry reconstructed with the fusion approach and to manipu-

) o late the tubular structure to match the longitudinal radius profile
The geometrically correct model of the irradiated vessel segr the in-vivo data. To allow for an accurate comparison, the

ment was generated using biplane angiography to extract {Bgyth and mesh resolution of the simplified tubular model was

vessel geometry and IVUS to obtain cross-sectional informgye same as for the corresponding geometrically correct model.
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 e COmputer Models
angiographic data were directly available in digital DICOM for- Figure 5 shows the different source shapes that were tested.
mat. Physiological data (electrocardiography, ECG) for gatifithe irradiation parameters were chosen to obtain an 18.4 Gy
were recorded on the audio track of the tape as well as in tth@se at 2 mm. While the linear source produces an artificial ho-
DICOM dataset. For imaging, the IVUS transducer was placedogeneity of 18.388% 0.0001 Gy (meatt: standard deviation

well distally of the treated area and its location imaged wit8D) in this depth, the point source overestimates the variability
biplane angiography (Fig. 3). The IVUS transducer was thémdose as 18.3896 0.1911 Gy. The approach to model the ac-
pulled back at 0.5 mm/s using an automated pullback devitgize length only (thus, 2.3 of 2.5mm or 92%) yielded a dose
Filled with diluted contrast dye, the vessel lumen outline wasstimate of 18.388% 0.0166 Gy and was used in the following
also depicted in the angiograms and served as a referencestadies. Table | demonstrates the fall-off with increasing depth
the 3-D matching of the orientation of the IVUS frames. Th#or the two center elements and the two border elements. Note
resulting data were sorted by heart phase according to the E@@t the standard deviation in the center decreases for depths

IIl. RESULTS
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below approximately 4 mm and then increases again in moressel were generated. On average, 66% of grid points were lo-
distant layers. This is due to the varying overlap between thated within the boundaries of the radiation source trains. The
different sources contributing to the total dose for each singfese distribution for the patient presented in Figs. 1-4 is shown
point. For the same reason, the dose decreases more quickiyifig. 10 for the lumen/plague and media/adventitia interfaces.
distant layers at the train borders than in the center region. There is obviously a high variation of doses delivered to each

In the curved simulation with centered catheter [Figs. 6(@pint of a contour, e.g., 4.73-38.7 Gy in frame #164 of the me-
and 7], the average dose at the outer curvature decreadizdadventitia border.
by 7.48% to 17.014 Gy, while it was increased by 9.70% to In absolute values, 46.1% of the media/adventitia elements
20.172 Gy at the innermost curvature fer=180 at 2mm within the train boundaries received their dose target range. Un-
depth. A moderate curvature of 6@ver the 50 mm vessel derdosing £10 Gy) occurred in 0.8% at the lumen/plaque and
length resulted in a decrease of 2.70% at the outer and aniini4.0% of elements at the media/adventitia borders. Overdos-
crease of 2.95% at the inner curvature. The standard deviating (>30 Gy) was found in 6.3% of the media/adventitia ele-
on each side was contrary to the averages. For the d&k, it ments. The variability across patients was also considerable;
was increased at the outer curvature to 0.0254 Gy and decreas@@ to 68.7% of media/adventitia elements satisfied their indi-
to 0.0092 Gy at the inner curvature as compared to 0.0166 Ggual target range for the specific patient.
in the straight vessel. This corresponds with the fact that the
overlapping of the sources is stronger in the inner curvature as ) o
compared to the outer curvature. C. Geometrically Correct vs. Simplified Model

Figures 8 and 9 demonstrate the dose changes when thg|l geometrically correct models were subsequently straight-
catheter is not in the center of the vessel. As Table | showshed as described in Section 1I-D. This process is illustrated
a difference of just 1mm in location can roughly double af Fig. 11. The resulting dose chart has a visually-apparent
halve the dose delivered. Consequently, the doses can reggivother distribution. The dose histograms in Fig. 12 show that
either 10 Gy or 40 Gy instead of the 18.4 Gy intended in thegge doses are more concentrated to specific ranges in the sim-
cases. To answer the question how out-of-center position of #ified model than they are in the geometrically correct model.
catheter and the curvature work in combination, two scenariggwever, this result is typically seen only in vessels which
were tested in the 120orus (Fig. 9, lower panel): (1) at themaintain a relatively constant diameter over their entire length.
center of the vessel, the catheter is eccentric towardsti® Table || summarizes the comparison results between simplified
curvature of the vessel, and (2) the catheter is eccentric towaf@lsular vs. the geometrically correct model. The tubular model
the outer curvature. To compensate for the fall-off zones angsulted in significantly and systematically lower estimates of
to have a longer segment covered, a 40 mm catheter was uggse within the train boundaries € 0.001). The average dose
in a 60 mm simulated vessel with a curvaturesef 120°. The estimate within the four layers was 3.04 Gy (lumen/plaque)
inner-curvature scenario resulted in a peak dose at the 2mimi.13 Gy (media/adventitia), or 8.76 to 6.52%, respectively,
level of 40.956 Gy, whereas the outer-curvature resulted indver as compared to the geometrically correct model. Note
lower peak of 38.617 Gy. The inner/outer-curvature ratio walat the difference between the two models is larger in vessels
even stronger in 5mm depth with 5.010 Gy vs. 4.289Gy.  with high overall curvature. The estimated doses differed sig-

nificantly more in the right coronary artery segments than in the

B. In-Vivo Patient Data segments of the left coronary artegy< 0.001; Table I, right

The current set of individuals in this ongoing study includeganel). Even in the least curved vessel, the dose difference be-
8 patients treated with intravascular brachytherapy. The pteseen geometrically correct and simplified tubular models was
scribed doses (PD) were determined from the visual estimatestil statistically significant. In addition to the lower estimates
the angiographic lumen size. The PD is still not well defineef the mean dose for the tubular model, it also suggests a sig-
for coronary angioplasty [6] and is usually specified as a deificantly lower level of dose variability than obtained from
sired radiation level at a given distance from the source trathe geometrically correct model by ignoring vessel contour and
However, the vessel wall is considered as a volume rather tteatheter locatiory(< 0.001). The tubular model predicted stan-
a single level, thus the PD definition is inherently insufficieneélard deviations of dose from 5.11 Gy at the lumen/plaque inter-
An individual target range is derived as a window around the FiBce to 3.71 Gy at the media/adventitia interface, thus substan-
that covers the expected range of doses between lumen/plaii@iey lower than the dose variations of 11.93 Gy and 6.72 Gy,
and media/adventitia borders. In our set of patients, the indivigspectively, as assessed by the geometrically correct model.
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 asPBGy (i.e., from Our comprehensive analysis performed in computer simu-
a minimum of 18-5> 12 Gy to a maximum of 2565 <30 Gy). lations on phantoms and on a set of patients demonstrated
In two patients, two subsequent irradiations were performedthat vessel curvature and out-of-center position of the deliv-
abutting locations to cover a longer segment of the restenagiy catheter have a substantial impact on the dose distribution.
vessel. Since the PD was different between the proximal awthile previous reports have shown the influence of an eccentric
the distal segments in one of these patients, the irradiations weagheter on circumferential dose variability in straightened ves-
considered individually. Grids with 41,86814,942 points per sel segments [4],[10], we performed a quantification of the dose

IV. DISCUSSION
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distribution in curved phantoms and in geometrically correct &raphic images, and a given tissue model, the movement of the
D models derived from in-vivo patient data. Our results suggestssel could be accurately reproduced. Furthermore, the 4-D
that common assumptions made in conventional dose-delivengdel would consider any movement of the delivery catheter
models introduce systematic and significant errors. Howevemiithin the vessel over the heart cycle. This should be of special
has to be kept in mind that a thorough validation in-vivo or exalue in vessel segments with relatively low curvature, where
vivo that would include direct measurements of the actual dosee delivery catheter is not forced to rest against the vessel wall.
delivered has not been performed thus far but will certainly be a
focus in future research. Even thougibsolutedose values yet
remain unvalidated, theendencieslerived from this study are
obvious. Especially, the lower dose variability suggested by aln intravascular brachytherapy, dose delivery depends on the
simplified model as compared to a geometrically correct modd1ape and curvature of the vessel as well as on the position of
is expected to remain valid regardless of absolute values. the radiation catheter train within the vessel. Our simulation re-
The fusion-reconstruction model assumes that the deIiveW'tS obtained in this study imply that intravascu]ar brachyther-
catheter follows the path of the IVUS catheter used for ve@PY dose-assessment models that do not consider these factors
sel imaging. This assumption is sufficiently accurate consid&499est a significantly reduced dose variability. Compared to a
ing visual estimates of the brachytherapy catheter location 9g0ometrically correct model, the conventional models also pro-
the angiographic images. Additionally, limitations and amb}/ide on average lower values of radiation doses. Consequently,
guities of the IVUS data occasionally interfere with the acci@ Significant percentage of tissue within the target zone at the
racy of wall layer segmentation (lumen/plague and especialjedia-adventitial area may not reach its prescribed dosing pa-
the media/adventitia interfaces). While the first limitation cafmeters. The existence of this dosing variability may result in
be overcome by using biplane angiography and diluted contr}&S effective treatment, paradoxical stimulatory effects on the
dye imaging of the advanced brachytherapy catheter, the secBR@INtima, or overdosing resulting in tissue necrosis. Despite
problem is inherent to IVUS. For example, shadowing froﬁﬁ‘e current limitations in detgrmmanon of the absplute dose dg—
calcified plague obstructs recognition of the media on IVUyered, the presented study improves the evaluation of potential
images, thus requiring interpolation of non-visualized segmeﬂ?ortcomlngs in cllnlf:al procedures. Our method to de'termlne
locations. Similarly, this interface may be difficult to identifyt€ dose at each point of the treated vessel segment in real 3-
in stented areas due to compressed plaque and reverberafidfEM data fusion allows us to identify potential locations of
from the stent structures (Fig. 1). One focus of our ongoing r8Yer- or underdosing in the actual geometry of the patient's ves-

search is the improvement of the IVUS segmentation methotfe- This will likely provide valuable inputinto changes of radi-
to reduce the amount of manual corrections required [33]. ation protocols and possibly the design of future brachytherapy

Another desirable extension of our approach is to incorpG2theters.
rate a more sophisticated dose model with the imaging param-
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DOSE DISTRIBUTION FOR EACH LAYER OF A STRAIGHT VESSEL WITH A PRESCRIBED DOSED =18.4 Gr AT 2MM FOR CENTER AND BORDER

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

Depth Train Center | Train Border
[mm] (meant standard deviation) [Gy]
1.0 39.898+ 0.32342| 31.270+4.930
15 26.405+0.06962| 19.835+ 3.153
2.0 18.389+0.01656| 13.411+2.110
25 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 Il
COMPARISON BETWEEN GEOMETRICALLY CORRECT MODEIGCM 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]

(meantSD) | (meantSD) 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 || 6.96 477 6.58 838
Intermediate 2|| 21.28+ 7.41| 19.92+3.84 || 6.39 395 6.70 7.74
Media/Adven. || 17.31+ 6.72| 16.18+3.71 || 6.52 382 735 7.86
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@)
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.

(b)

Fig. 1. Intravascular ultrasound images of a patient’s right coronary artery
with in-stent restenosis after PTCA apdradiation 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.

) . . ) _Fig. 4. Result of the fusion between the IVUS set from Fig. 1 and the angio-
Fig. 2. In this case, brachytherapy was performed in two adjacent locatijams in Fig. 3 from a posterior view; some IVUS frames have been inserted
with a 12-source 30 mng-catheter and identical irradiation parameters; notgyy jjlustration of the mapping process (frame numbering in direction of the
that only the markers are visible in the angiograms, which are not part of thgys pullback).
active area.
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Impact of Source Shape at 2mm Distance [PD=18.4 Gy]

Mean Dose Values at 2mm Level

18.8 Gy
s BetaCath
= Point
— Linear 20.0 Gy
18.4 Gy fr-vvmmemememeeeecfoodoo fored . Jomd . el el el end b
19.2 Gy
18.4 Gy
18.0 Gy frermmmemem A frmmmeeee L A
17.6 Gy s straight
——60deg
——120deg
- 180deg
17.6 Gy 16.8 Gy
15 10 5 0 5 10 15 0 15 30 45 60 75 90 105 120 135 150 165 180
Location along 30mm Source Train [mm] Outer Curvature towards Inner Curvature
-15mm omm +15mm Dose Standard Deviation at 2mm Level
| | |
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Marker
(inactive) 0,025 G
Simulated Sources ’ Y
‘ | 0.020 Gy === mnsemmmmmemmmm e s g TN n e
i | |
. . ) 0.015 Gy renmmmmemmm s s mms s e s e RN T ———t s e
Point Source Linear Source  BetaCath Active Length Actual Source
wmmmn straight
Fig. 5. Impact of the shape and active area of the simulated source on ggggy 1----. TB00BG L e

heterogeneity of the dose distribution; the prescribed dose (PD) was deri

from actual in-vivo calculations.

-25mm y =0mm +25mm
| ] 1
0 deg
60
120
. 180 -
~ -
~ -
~ -
~ -
~ -
~ _ -~
r S /\ -
~ K -
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N -
-~

(@)

(b)

(©

Fig. 6. Simulated vessel (a) far of 0°, 60°, 120°, and 180, with sources
shown for @ and 120, (b) displacement by 1 mm towards the positiraxis,

——120deg
= 180deg

0.005 Gy
0 15 30 45 60 75 90 105 120 135
Outer Curvature towards Inner Curvature

150 165 180

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

Dose Distribution with 1mm-Oblique Catheter

40 Gy

-2.0mm
-5.0mm

30 Gy

20 Gy

10 Gy

0 Gy

-25 -20 -15 -10 -5 0 5 10 15 20 25
Location along Simulated Vessel [mm]

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

and (c) cosine wave with 1 mm amplitude; the shaded area indicates the 2 Ay from; note that the dose is reduced by the fall-off zones before reaching

distance range in the/y-plane.

the actual 1 mm eccentric position.
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120-degree Curved Vessel with Eccentric Catheter In-Vivo Dose Distribution Lumen/Plaque Interface

S 60 Gy
40Gy | Inner Curvature
= Quter Curvature Maximum Eccentricity i,
e -Point Closest to Catheter %
B0 Gy freserrmeemmm sl %‘E
40 Gy Eon
Catheter Centered =
Side Points \ =
20 Gy frremrnenee e gresemeeeann e e
20 Gy
10 Gy f--oeeeeeeeees XA
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Point Farthest from Catheter
0Gy 0 Gy " T
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Location along Simulated Vessel [mm] IVUS Frame Number
In-Vivo Dose Distribution Media/Adventitia Interface
Scenario Inner Curvature AO G e
o b 20 Gy
Scenario Outer Curvature
40mm 16-Source Train within 60mm Simulated Vessel
0 Gy
20 40 60 80 100 120 140 160 180
. . . . . . IVUS Frame Number
Fig. 9. Combination of the 120torus segment shown in Fig. 6(a) with the

cosine waveform from Fig. 6(c); if the eccentricity is directed _towards the inn ig, 10. Dose distribution in the in-vivo example for the innermost and out-
curvature, the effects of curvature and eccentricity are combined, whereas t

are partially offsetting each other when the eccentricity tends towards the o %rotsht ela6y0e rrn;,nwfpr Zci ac;;%ugfgerrr:agéltal grid points per contour and 134 contours
curvature. :
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Geometrically
Correct Model

Simplified
Tubular
Model

Segment 2

Segment 1

O Lumen

O Plaque+
Media

In-Vivo Dose Distribution (simplified model)
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40 Gy
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Fig. 12. Dose histograms summarizing the results shown in Figs. 10/11 for all
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Fig. 11. Generation of the simplified tubular model from the 3-D fusion anidur layers in both the geometrically correct and simplified tubular models.
corresponding dose distribution; due to the circular shape, all points within a

contour receive the same dose.
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