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Abstract

Objective: Intraoperative radiotherapy (IORT) after surgical resection using a low-kV-X-ray

source is a proven method used in cancer treatment. However, the shape and size of the targeted

surface area are limited to the size of the available applicators. This can lead to nonconformal and

therefore suboptimal treatment for many patients.

Methods: A system is proposed comprising an X-ray source with an applicator for surface

irradiation mounted on a robotic arm. This is controlled by an algorithm designed for planning

the required continuous path, enabling irradiation of any desired shape with a controlled dose

distribution.

Results: The system is shown to be capable of irradiating areas composed of rectangles on a

flat surface with a homogeneity index of less than 7% inside the targeted area.

Conclusion: The presented results demonstrate the potential of the proposed setup to elimi-

nate the current limitations, leading to better treatment of patients.
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1 INTRODUCTION

Cancer-associated mortality is a leading cause of death worldwide.1,2

Approximately 50% of all cancer patients receive radiotherapy at least

once during the course of their disease.3 In recent years, develop-

ments of new techniques such as low-kV intraoperative radiotherapy
(IORT) have led to several new therapeutic options for cancer patients.

Currently, IORT is primarily (and increasingly) used in breast cancer

patients.4 Primary treatment of breast cancer with IORT is a straight-

forward approach because of the spherical (typically not irregular)

wound cavity.5 In a recently published analysis, 78.7% of all IORTs were

performed in breast cancer patients, followed by 8.9% in patients with

rectal carcinoma. Sarcoma patients accounted for a share of 3.6% of

all IORT procedures.4 IORT is an efficient method for tumour control

in patients where a residual tumour cannot be removed by surgery

(R1 or R2 resection).6,7 Owing to its radiation hygiene and biology the

INTRABEAM® system by Carl Zeiss Meditec AG is ideally suited for

this kind of therapy.8 With today's systems, the irradiation of only a flat,

circular area with a diameter up to 6 cm is possible. More complex or

larger target areas cannot be irradiated by IORT with a reproducibly

controlled dose distribution. Larger areas cannot be covered evenly

since a manual shift of the applicator position would lead to unpre-

dictable dose overlaps and peaks. Thus, the irradiated area is limited

because the radiation source must be static. Many patients who could

potentially benefit from this kind of therapy are excluded by these

limitations. The same problem exists in the treatment of cutaneous

metastases by means of IORT. Skin metastases are associated with sig-

nificant morbidity in cancer patients. Ulcerated lesions may lead to

bleeding and local infections.9,10 Furthermore, the patient's quality of

life is reduced by cutaneous metastases11; the causes are the compli-

cations mentioned above and/or the mental burden of the visibility of

the disease. Although there are various noninvasive methods for the

treatment of skin metastases,12 a complete remission is achieved only

in a minority of cases. Several robotic brachytherapy systems have been

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2018 The Authors The International Journal of Medical Robotics and Computer Assisted Surgery Published by John Wiley & Sons Ltd.

Int J Med Robotics Comput Assist Surg. 2018;14:e1899. wileyonlinelibrary.com/journal/rcs 1 of 10
https://doi.org/10.1002/rcs.1899

https://doi.org/10.1002/rcs.1899
http://orcid.org/0000-0002-7323-6861
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 of 10 ROTHFUSS ET AL.

described.13,14 Most of the systems have been developed for source

placement in the prostate or in the lung. To the best of our knowledge,

no robotic systems for the low-kV INTRABEAM® system have been

described. Besides the treatment of skin metastases, robotic guidance

could improve the dose distribution of the INTRABEAM® system in

intraoperative scenarios with irregular treatment volumes as seen in

sarcoma surgery.15 Due to the favorable biological and physical proper-

ties of the low-kV radiation, the IORT system would be a useful addition

to the existing treatment methods, as long as it were possible to achieve

a predictable and reproducible dose distribution on the irradiated

surface.

1.1 System goals

The objective of the proposed system is the implementation of a

robot-assisted radiation therapy device to optimize IORT for sarcoma

and cutaneous metastases by uniform irradiation of larger, irregularly

shaped and uneven surfaces.

The maximum range for the target dose is defined by a realistic

treatment dose for the targeted surface. The prescription dose can

be derived from related treatments such as the TARGIT treatment for

breast cancer as described in.16 In complex intraoperative settings,

organs at risk, such as nerves, may limit the possible dose that can be

applied to the target structure. Manually guided IORT at the discretion

of the treating radiation oncologist is not reproducible and dose dis-

tributions can only be estimated. For our robotic approach, we applied

a margin to the target dose that is mainly derived from geometrical

uncertainties due to the high dose gradient of low-kV radiation. For

example, a geometrical error of 1 mm leads to a dose error of up to 15%

depending on the gradient of the dose fall-off in the specific location.

The overall time for planning and the delivery of the prescribed dose

itself can also be derived from the treatment time found acceptable

in. 16

This leads to the following required specifications:

• The range for the maximum target dose is 3 to 10 Gy.

• The margin for the target dose deviation is ±10%.

• The planning time combined with the treatment time should be less

than one hour.

1.2 Proposed system set-up

The proposed system consists of a low-kV X-ray source, a

beam-forming applicator for the X-ray source, a robotic arm and a path

planning system. The X-ray source with its applicator is mounted on

the robot's flange and thereby enables the surface irradiation. The sys-

tem setup is shown in figure 1. The robot path leading to a controlled

surface dose is computed by the path planning system, based on the

surface itself, the radiation characteristics of the X-ray sources and a

predefined plan for the target dose and the air-gap between the X-ray

source and the surface. The latter is introduced to fulfill the desire for

an irradiation system without direct patient contact to prevent injury

to the patient and to enable a much easier risk assessment for the

human–machine interaction.

FIGURE 1 System set-up with Zeiss INTRABEAM® mounted on the
Kuka LBR iiwa

FIGURE 2 INTRABEAM® XRS 4 X-ray source with its principal
components and their positions,17 © Carl Zeiss Meditec AG

2 MATERIALS: COMPONENTS

The resulting surface dose is strongly dependent on the characteris-

tics of the X-ray source and the robotic arm. For the X-ray source this

concerns mostly its radiation characteristics, whereas the motion char-

acteristics of the robotic arm have a significant impact on the resulting

dose and therefore the path planning. The following section will present

the components' characteristics in detail in order to enable to definition

of a simulation model enabling the simulation of the system's behaviour

and thus the desired path planning.

2.1 X-ray source

The low-kV X-ray source for the proposed set-up is the INTRABEAM®

with a Flat applicator, both by Carl Zeiss Meditec AG.

2.1.1 X-ray generation

The X-rays emitted by the XRS 4 are generated by a beam of acceler-

ated electrons hitting a gold target. A schematic drawing of the source

is depicted in figure 2.
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2.1.2 Beam shaping

As the X-ray photons are emitted in random directions during the elec-

tron deceleration, the bare probe's radiation characteristic is nearly

spherical. This means that isodose surfaces are spherical surfaces with

the probe's tip as the centre. This would cause a dose distribution

unsuitable for surface irradiation, so the dose distribution needs to be

changed. Therefore, an applicator is placed around the probe of the

X-ray source as described in.18 This applicator is made of metal, absorb-

ing most of the radiation except for the radiation directed towards

the circular window pointing away from the source. This results in a

cone-shaped beam distribution. A flattening filter is placed inside this

window. It is responsible for shaping the dose rate distribution inside

the beam cone, such that a nearly flat dose rate distribution is apparent

at a specific depth.

2.1.3 Beam characteristics

The dose rate distribution of the X-ray sources with the Flat applica-

tor described above can be seen in figure 3. In the far field (outside 6

mm depth) the isodose surfaces are spherical, as without any applica-

tor, with a centre near the tip of the probe. In the near field (inside 2

mm depth) the isodose surfaces are spherical as well, but with a cen-

tre beyond the probe or applicator. In between near and far field, the

isodose surfaces are close to planes.

2.2 Robotic system

The robotic arm used to move the X-ray source must fulfill two main

requirements besides being able to manage the weight of the source.

First, the robotic arm needs to be able to operate in cooperation with

humans without requiring a protective fence because the targeted

application requires the robot arm to move a distance of a few millime-

tres from the surface of a surgical wound cavity. Secondly, the robot's

motions should be as precise as possible to minimize the deviation from

the planned target surface dose. To fulfill these requirements, of which

the capability to operate in nearly direct contact with humans is by far

FIGURE 3 INTRABEAM® depth dose with a Flat applicator,19 © Carl
Zeiss Meditec AG

the harder to achieve, a KUKA LBR iiwa was used to implement the

robotic movements.

2.2.1 Motion model

In order to have an accurate representation of the source's posi-

tion x⃗Q(t) at any time t, the robot's motion characteristics need to be

included in the simulation model. The most important of those are the

motion characteristics associated with

• linear Cartesian motions with constant speed,

• blend up motions when starting a motion from a complete stop,

• blend down motions when ending a motion in a complete stop, and

• blend over motions when changing direction between two linear

Cartesian motions with constant speed.

The results of measurements of linear motions with the KUKA LBR

iiwa with the INTRABEAM® attached to its flange show a maximal

Cartesian error of 0.2 mm. Because of this, linear Cartesian motions

with constant speed are modeled as motions with constant speed and

direction because the inaccuracy of those motions is too small to have

a quantifiable effect on the resulting target surface dose D. The inac-

curacy is also assumed to be random, hence it cannot be included

in the model for the planning system. Therefore, the motions can be

expressed as

x⃗Q(tm) = x⃗s + v⃗ tm, 0 ≤ tm ≤ te (1)

where

v⃗ =
x⃗e − x⃗s|x⃗e − x⃗s| v

with the starting point x⃗s, the end point x⃗e, the motion speed v and the

time te at which the end point is reached.

Blend up and down motions are described using polynomial blending

functions, as described in20 using fifth-order polynomials

x⃗Q(tm) = b⃗0 + b⃗1tm + b⃗2t2
m + b⃗3t3

m + b⃗4t4
m + b⃗5t5

m (2)

where the polynomial coefficients are defined by the starting and end-

ing positions, velocities and accelerations of the blend trajectory. With

these parameters defined, the coefficients can be computed by solving

a linear equation as defined in.20

Blend over motions are defined by trigonometric blending functions

x⃗Q(tm) = −A⃗max
T2

𝜋2
sin

(
𝜋

T
t
)
+ v⃗0tm + x⃗Q(t0). (3)

All of those modelled motion characteristics have been parametrized

to fit the motion characteristics of the commercial robot system. An

evaluation of computed and recorded robotic motions has yielded a suf-

ficient representation of the actual motion characteristics of teh robot

by the model.

3 METHODS: PLANNING SYSTEM

The planning system's purpose is to plan a path for the radiation source

with the goal of achieving a resulting dose on the target surface that

fits the target dose. In order to achieve this goal, we have to be able to
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(A) (B)

FIGURE 4 Target dose Dt for a 20 mm by 20 mm field with margins. The target dose is constant inside the field and outside the field with spatial
margins (12 mm). In between, the target dose is interpolated from values inside and outside. In figure 4b the target dose (black, −−) is between the
upper and lower margins (grey, −−), which are computed from the target dose (±5% inside the field, +5,−0% outside the margins). The weight
(black, · · ·) is scaled to the maximal target dose

simulate the resulting dose based on the source's radiation characteris-

tics and its path. Therefore, a simulation for the resulting target surface

dose has been implemented.

3.1 Target surface dose

The radiation source's dose rate can be described by a dose kernel. This

dose kernel describes the dose rate Ḋ(t, x⃗) at time t for any position x⃗

where xDK is the position relative to the source's position x⃗Q(t),

Ḋ(t, x⃗) = Ḋ(x⃗DK − x⃗Q(t)). (4)

The target surface dose D(t, x⃗) at any point x⃗ on the target surface for

any given time t is given by integration of (4):

D(t, x⃗) = ∫
t

t0

Ḋ(x⃗DK − x⃗Q(𝜏))d𝜏 + D(t0, x⃗). (5)

3.2 Definition of the problem

With these models for the target surface dose and the source motion,

the path planning problem can be expressed as an optimization problem

with the objective of finding the source path that minimizes the differ-

ence between target dose and actual dose.

The minimization problem is defined as

minimize
x⃗Q

𝑓 (Dd(T, x⃗))

subject to x⃗Q ∈ C2

(6)

where f(Dd) is the positive definite cost function defining the cost of a

deviation between target dose Dt and actual dose,

Dd(T, x⃗) = Dt(T, x⃗) − D(T, x⃗),

in short Dd(x⃗). This cost function was chosen as

𝑓 (Dd(x⃗)) = ∫A
w(x⃗)𝑓i(Dd(x⃗))dx⃗ (7)

where 𝑓i(Dd(x⃗)) is made to distinguish between areas where the devia-

tion Dd is inside or outside predefined margins:

𝑓i(Dd(x⃗)) =
{

Dd(x⃗)2 Dd(x⃗) inside margins
2Dd(x⃗)2 Dd(x⃗) outside margins.

Equation 7 can also be expressed, for an area with discrete pixels, as

𝑓 (Dd(x⃗)) =
∑

xi𝑗 in A

w(xi𝑗 )𝑓i(Dd(xi𝑗 )).

An example for a target dose Dt for a target field of 20 mm by 20 mm

and a target value of 1 is depicted in figure 4. Inside the target field,

the target value is constant and the upper and lower dose margins are

dependent on the target value (±1%). Outside the target field, a linear

gradient is assumed because the target with dose margins is still depen-

dent on the target value. Outside this spatial margin, a target value of

0 is assumed, while an upper dose margin of 1% of the maximum target

value for the field is assumed to account for scattered radiation.

3.3 Definition of the pattern

In order to simplify the minimization problem (6), the source's move-

ment x⃗Q is restricted to two particular patterns.

While both patterns are defined as movements in a plane parallel to

the targeted surface with a constant distance to the former, the paral-

lel paths pattern (PPP) consists of parallel, equidistant segments con-

nected by blend motions (figure 5). Each segment has the same motion

speed. This pattern is defined by six scalar parameters:

• v ∈ R+: motion speed

• n ∈ N+: number of path segments

• d ∈ R+: distance between segments

• xs, 𝑦s ∈ R: x and y components of the start point

• l ∈ R: length of the segments.
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FIGURE 5 Paths of a PPP for xs = ys = 0 mm, d = 1.09 mm, n = 11 and
ye = 10.9 mm with defining frames (black, ×), segments (blue) and
blends (grey)
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FIGURE 6 Paths of a CPPP for xs = ys = 0 mm, d1 = d2 = 1.09 mm and
n1 = n2 = 11 with defining frames (black, ×), first PPP segments (blue),
second PPP segments (red) and blends (grey)

A PPP that started at its southwest corner (which can be assumed

without loss of generality) can end in its southeast and northeast cor-

ners, depending on the parity of the number of major paths.

The crossed parallel paths pattern (CPPP) consists of two perpendic-

ular PPPs (figure 6) and is defined by eight parameters:

• v1, v2 ∈ R+: motion speed for each PPP

• n1, n2 ∈ N+: number of segments for each PPP

• d1, d2 ∈ R+: distance between segments for each PPP

• xs, 𝑦s ∈ R: x and y components of the start point.

A CPPP that started at the southwest corner (which can also be

assumed without loss of generality) can end in each of its corners.

With these patterns, any exit direction is possible for any rectangular

field. This enables the pattern to be chosen in order to fit the current

need for concatenation.

Applying these patterns with (1), (2) and (3) to the minimization

problem (6), this becomes

minimize
(xs ,𝑦s ,𝑦e ,n,d,v)

∑
xi𝑗 in A

w(xi𝑗 )𝑓i(Dd(xi𝑗 ))

subject to (xs, 𝑦s, 𝑦e) ∈ R, n ∈ N
+, (d, v) ∈ R

+

(8)

for a PPP and

minimize
(xs ,𝑦s ,nk ,dk ,vk )

∑
xi𝑗 in A

w(xi𝑗 )𝑓i(Dd(xi𝑗 )), k ∈ (1,2)

subject to (xs, 𝑦s) ∈ R, nk ∈ N
+, (dk, vk) ∈ R

+

(9)

for a CPPP and with

𝑓i(Dd(xi𝑗 )) =
{

Dd(xi𝑗 )2 Dd(xi𝑗 ) inside margins
2Dd(xi𝑗 )2 Dd(xi𝑗 ) outside margins.

These are solvable for rectangular target areas using a solver for mixed

integer optimization problems for nonlinear objective functions such as

the genetic algorithm implemented in MATLAB®.21 However, the time

needed to compute the optimal solution is too long to comply with the

system goals, due to the significant amount of time needed to compute

the solution for each target surface dose D(T).

3.4 Solution to the problem

In order to make the optimization problem (6) solvable in an acceptable

computation time, the symmetry in the solution of the target surface

dose due to linear motions with constant speed is used.

Figure 7 shows the resulting target surface dose for a single linear

path DSP starting at x⃗s = [0,−25] and ending at x⃗s = [0,25]. In the y

interval [−15,15] the dose is constant for a constant x. The gradients

outside this interval occur because of shorter irradiation times due to

the start and endpoint of the path and the acceleration. Therefore, a

slice at one constant y is representative of the whole y interval and can

be used to find solutions to the optimization problem for the parame-

ters xs, n, d and v, because the resulting dose D is inversely proportional

to the speed v. The resulting 1-dimensional dose D1(x) for a PPP along

its major direction is

D1(x) = Di1(x) +
n−1∑
i=0

DSP(x − xs + id,0)1
v

with the initial 1-dimensional dose Di1.

This simplifies the minimization problem in its discrete form to

minimize
(xs ,n,d,v)

∑
xi

w(xi)𝑓i(Dt1(xi) − D1(xi))

subject to xs ∈ R, n ∈ N
+, (d, v) ∈ R

+

(10)

with

𝑓i(Dd1(xi)) =
{

Dd1(xi)2 Dd1(xi) inside margins
2Dd1(xi)2 Dd1(xi) outside margins.

The simplified form of the minimization problem (10) can be solved by

the genetic algorithm in a reasonable time.

The previously unknown values for the parameters ys and ye of a

PPP could be obtained by solving (8) while fixing the parameters xs, n,

d and v. However, this would not sufficiently reduce the computation

time. Once again, making use of the symmetry of the solution of (5) for

a PPP with assumed values for ys and ye has the potential to reduce
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(A) (B) (C)

FIGURE 7 Resulting dose DSP(T) for a single linear path from x⃗s = [0,−25] to x⃗e = [0,25]. The resulting dose DSP(T) is constant for any given value
of x inside the y interval [−15,15], enabling the use of the symmetry about y = 0 to speed up the computation

the computation time significantly. A change in the parameter ys can be

achieved by shifting the resulting dose D in the y direction. A change

in the parameter ye can be achieved by shrinking or expanding the con-

stant part in the middle (around 𝑦e−𝑦s

2
). These two operations reduce the

computation time for the solution of (8) and yield, together with the

method described above, a solution for (8) in a reasonable time.

The same logic applies to the simplification of the minimization

problem (9). In the case of a CPPP, the minimization problem (10) has

to be solved twice: once for the first major direction with a halved tar-

get dose Dt1 and the parameters xs, n1, d1 and v1, and then again with

an initial dose D10 for the second major direction and the parameters

n2, d2 and v2. The initial dose D10 for the second solution of (10) can be

obtained by computing the solution of (5) for a PPP as described above.

3.5 Adjoining fields

For fields composed of several rectangular fields, it is simple to start

with the rectangular field furthest to the left. With the solution for this

field's target surface dose, the initial dose for any field adjoining this

field can be determined. The solution for the first of the adjacent fields

can be computed by using either a PPP or a CPPP depending on the path

exit requirements for any further fields. With this solution, the initial

field for any field adjacent to the second can be computed. This process

goes on, again using PPPs or CPPPs defined by the current need, until

the solution for the last rectangular field has been computed.

3.6 Experimental set-up

An experiment has been conducted in order to test the model for

the simulation of the target surface dose and the source motion. The

experimental set-up, which can be seen in figure 1 and,22 consists of

a Kuka LBR iiwa mounted on an optics breadboard, a holder for the

INTRABEAM® X-ray source, to mount it on the robot's flange and a

Gafchromic EBT-3® (EBT-3) radiation-sensitive film, which is placed on

top of three SolidWater slabs, which are in turn placed on the optics

breadboard. In preparation for the experimental validation, radiation

source paths for two different shapes with a constant target dose and a

PPP and a CPPP each have been computed. The paths have been trans-

ferred from the planning system to the robot using a csv file defining

the frames, which define the pattern path. First, the paths have been

executed once, using a superimposed force normal to the SolidWater

slabs and the robot's force-sensing capabilities to measure the actual

position of the target surface in the robot's coordinates. These mea-

surements were then used to suppress the known absolute accuracy

of the robot and the unknown exact thickness of the SolidWater slabs.

After realizing this setup, the radiation source was turned on and subse-

quently the robot motion was started. Once the trajectory of the source

was completed, the source was turned off. The irradiated EBT-3 films

were then calibrated to absolute dose using reference films with known

irradiated dose measured by an ionization chamber (PTW Freiburg

23342) with the same setup but constant position. The calibration

method is explained more detailed by Kalkan et al.23

4 RESULTS

4.1 Planning results

Three different paths have been planned for the experimental valida-

tion of the presented models and methods: 2 for a rectangular field with

a PPP and a CPPP path and 1 for an ‘L’-shaped field with a PPP. The

parameter sets for the computed patterns are summarized in table 1.

Each field is characterized by the mean value, the standard deviation

TABLE 1 Parameter sets for the planned patterns

Field Pattern Parameters

Rectangular PPP v = 1.791 mm s−1 n = 64

d = 1.125 mm xs = −5.361 mm

ys = −5.744 mm ye = 51.503 mm

CPPP v1 = 2.798 mm s−1 n1 = 50

d1 = 1.440 mm xs = −5.202 mm

v2 = 2.107 mm s−1 n2 = 31

d2 = 1.897 mm ys = −4.7515 mm

‘L’ shape PPP(1) v = 1.397 mm s−1 n = 22

d = 1.430 mm xs = −4.744

ys = −5.109 mm ye = 63.506 mm

PPP(2) v = 1.408 mm s−1 n = 28

d = 1.4279 mm xs = 6.777 mm

ys = −5.560 mm ye = 45.499 mm
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FIGURE 8 Resulting dose D(T) for a planned source path for a rectangular field of 60 mm by 47 mm using a PPP. Figures 8b and 8c show the
resulting dose (red, −−) and (blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the resulting dose inside the field
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FIGURE 9 Resulting dose D(T) for a planned source path for a rectangular field of 60 mm by 47 mm using a CPPP. Figures 9b and 9c show the
resulting dose (red, −−) and (blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the resulting dose inside the field
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FIGURE 10 Resulting dose D(T) for a planned source path for an ‘L’-shaped field of 60 mm by 20 mm and of 40 mm by 41 mm using two PPPs.
Figures 10b and 10c show the resulting dose (red, −−) and (blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the
resulting dose inside the field

and the homogeneity inside the target field. As a homogeneity measure

we used the homogeneity index as described in formula D of 24:

HI =
D5 − D95

D𝑝

× 100

where D5 and D95 are the minimum dose in 5% and 95% of the target

volume with the highest actual dose and Dp is the prescribed dose. The

ideal value is zero when D5 and D95 are equal.

4.1.1 Rectangular field

The rectangular field is the simplest possible shape for the presented

path planning algorithm. The field has a size of 60 mm by 47 mm and

a target dose of Dt = 5 Gy. The planning results, which can be seen in

Figure 8 for a PPP and in Figure 9 for a CPPP, exhibit a homogeneity

index inside the actual target field of less than 2.5% and a gradient width

of 13 mm.

4.1.2 ‘L’ field

An ‘L’-shaped field is more complex than the previously presented rect-

angular shape, consisting of two rectangular fields for which the paths

can be computed in the fashion described in section 3.5. The field is

comprised of two rectangular fields, one of size 60 mm by 20 mm and
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FIGURE 11 Resulting dose D(T) for the executed source path as shown in Figure 8. Figures 11b and 11c show the resulting dose (red, −−) and
(blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the resulting dose inside the field
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FIGURE 12 Resulting dose D(T) for the executed source path as shown in Figure 9. Figures 12b and 12c show the resulting dose (red, −−) and
(blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the resulting dose inside the field
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FIGURE 13 Resulting dose D(T) for the executed source path as shown in Figure 10. Figures 13b and 13c show the resulting dose (red, −−) and
(blue, − · −) with the target dose as shown in Figure 4b zoomed in to better show the resulting dose inside the field

one of size 40 mm by 41 mm, starting at the southeast corner of the first

field. The target dose for both fields is Dt = 5 Gy. The planning results,

which are depicted in Figure 10, were computed using a PPP and exhibit

a resulting homogeneity index of less than 3% and a gradient width of

13 mm.

4.2 Experimental results

After computation of the paths for the experimental validation of the

models and the planning algorithm, the computed paths have been exe-

cuted as described in section 3.6 and the measured results calibrated

to absolute dose.

4.2.1 Rectangular field

The calibrated measurement results for the rectangular fields are

depicted in Figure 11 for the PPP and in Figure 12 for the CPPP. The

results for the rectangular field with the PPP exhibit a mean value of

5.113 Gy and a homogeneity index of 5.012% inside the target field

area. The results for the CPPP exhibit a mean value of 4.847 Gy with

a homogeneity index of 4.627%. The gradient width is 13 mm for both

patterns.

4.2.2 ‘L’ field

The calibrated measurement results for the ‘L’-shaped fields are

depicted in figure 13. The results exhibit a mean value of 5.067 Gy and
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TABLE 2 Mean values, standard deviation and homogeneity for the
target surface dose

Standard

Mean deviation Homogeneity

Field Pattern Results (Gy) (Gy) index

Rectangular PPP planned 4.977 0.0427 2.167%

experimental 5.113 0.0930 5.012%

CPPP planned 5.002 0.0461 2.352%

experimental 4.847 0.0809 4.627%

‘L’ shape PPP planned 4.995 0.0595 2.821%

experimental 5.067 0.1142 6.681%

a homogeneity index of 6.681% inside the target field area. The gra-

dient width is approximately 13 mm at all edges. The mean value, the

standard deviation and the homogeneity of all the results are summa-

rized in table 2.

5 DISCUSSION AND CONCLUSION

5.1 Curvilinear fields and non-flat surfaces

As shown by the concept of the Riemann sum, i.e. the potentially sim-

plest method to solve an integral, any curvilinear shape can be approx-

imated by rectangles, with a reasonable resolution for this application.

Therefore any non-rectangular field is approximated by rectangles for

the purposes of this application. The approximating rectangles must

comply with a lower bound for their side length. This lower bound is

determined by an upper bound for the computation time and by the size

of the applicator used for the radiation source. Non-planar surfaces can

be approximated by planar surfaces for infinitesimal small parts of the

surface. The size of the surface-parts for which this is a valid assumption

is defined by the curvature of the surface. Therefore we can assume

the process for planning the planar surface to be valid for non-planar

surfaces as long as the radius of curvature for the non-planar surface is

large enough and the planar plan is projected onto the non-planar sur-

face for execution. Because of the reasoning presented above, we can

assume that the presented planning algorithm will be able to extend the

planning process to curvilinear fields on non-planar surfaces as long as

the radius of curvature for both field and surface is large enough. This

may be further improved by extending the planning process to non-flat

surfaces and the addition of other primitives as building blocks, for

instance trapezoids, for the fields.

5.2 Discussion

When comparing the results of the planning algorithm (Figures 8 to 10)

with the results of the calibrated measurements (Figures 11 to 13), it

can be seen that the experimental results fit the results from the plan-

ning algorithm both qualitatively and quantitatively. However, there is

a loss of accuracy between planned and experimental results.

The loss of accuracy in the experimental results can be explained by

several inaccuracies of the models. These are:

• noise of the robot/source motion

• numerical noise due to discretization in time and space

• numerical noise in the source model

• inaccuracy of the calibration algorithm

• inaccuracy of the SolidWater slabs in the low-kV range

• inadequate constancy of the sources' dose output

Another issue concerns the later implementation of the system in a

clinical setup. For a clinical system the robot used in this work, the LBR

iiwa by KUKA, might be too expensive. But as all of the planning code

is mostly independent of the robot itself, the portability to other sys-

tems should be straightforward. In order to do this, the motion model

would need to be adapted to another robotic system, which can be

achieved by changing the model's parameters or exchanging certain

motion models if needed. The far greater issue seems to be safe inter-

action between the robotic system and humans, which needs to be the

selection criterion for the robot to be used.

5.3 Conclusion and future work

The study shows that target surface areas can be irradiated with

acceptable homogeneity using source trajectories as calculated by the

developed algorithm.

The irradiation of the fields presented here took T = 36.4(±1.2)min-

utes for each field. The irradiation of a circular area of 6 cm diameter,

which represents a target area equal to the rectangular fields with a

dose of Dt = 5 Gy, takes about 20 minutes using the surface applicator.

The computation of any single field takes tc = 6.91(±1.68) minutes for

a PPP and tc = 11.43(±3.74) minutes for a CPPP running parallelized

on four Xeon E5 cores and can thus safely be assumed to be inside the

margins defined in section 1.1.

A major weakness of the system in its current form is the limitation to

flat surfaces. This limits medical applications to skin metastases located

in flat skin areas. Non-flat surfaces, which account for most medical

use cases, including intraoperative sites in sarcoma or rectal surgery,

call for a system with 3D capability. If 3D capability can be imple-

mented, the system will most likely be more accurate than any manual

approach using the INTRABEAM® system. In fact, there are limited

data on the actual accuracy of the routine manual approach using the

INTRABEAM® system because dose distributions during surgery are

not recorded and therefore the accuracy of the manual approach can-

not be exactly determined. For routine clinical implementation, it will be

vital to (a) determine the accuracy of IORT when an experienced radi-

ation oncologist guides the applicator manually and (b) implement full

3D capabilities.

However, the system may be improved further by a closed loop con-

trol for the surface distance as well as by a closed loop control for the

Cartesian speed based on the readings from the source's internal radi-

ation monitor. Other improvements include the capability to use an

alignment of the source that is not necessarily normal to the surface,

and the ability to turn the radiation source off and on during irradiation.

With or without these changes, the next step is to demonstrate tar-

geted radiation of a non-flat surface.
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