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Purpose: Toxicity dose—response models describe the correlation between dose delivered to an organ
and a given toxic endpoint. Duodenal toxicity is a dose limiting factor in the treatment of pancreatic
cancer with radiation but the relationship between dose and toxicity in the duodenum is not well
understood. While there have been limited studies into duodenal toxicity through investigations of
the volume of the organ receiving dose over a specific threshold, both dose-volume and dose-surface
histograms lack spatial information about the dose distribution, which may be important in deter-
mining normal tissue response. Due to the complex geometry of the duodenum, previous methods
for unwrapping tubular organs for spatial modeling of toxicity are insufficient. A geometrically
robust method for producing 2D dose surface maps (DSMs), specifically for the duodenum, has been
developed and tested in order to characterize the spatial dose distribution.

Methods: The organ contour is defined using Delaunay triangulation. The user selects a start and end
coordinate in the structure and a path is found by regulating both length and curvature. This path is
discretized and rays are cast from each point on the plane normal to the vector between the previous
and the next point on the path and the dose at the closest perimeter point recorded. These angular
perimeter slices are “unwrapped” from the edge distal to the pancreas to ensure the high dose region
(proximal to the tumor) falls in the centre of the dose map. Gamma analysis is used to quantify the
robustness of this method and the effect of overlapping planes.

Results: This method was used to extract DSMs for 15 duodena, with one esophagus case to illustrate
the application to simpler geometries. Visual comparison indicates that a 3030 map provides
sufficient resolution to view gross spatial features of interest. A lookup table is created to store the
area (cm?) represented by each pixel in the DSMs in order to allow spatial descriptors in absolute
size. The method described in this paper is robust, requires minimal human interaction, has been
shown to be generalizable to simpler geometries, and uses readily available commercial software.
The difference seen in DSMs due to overlapping planes is large and justifies the need for a solution
that removes such planes.

Conclusions: This is the first time 2D dose surface maps have been produced for the du-
odenum and provide spatial dose distribution information which can be explored to create
models that may improve toxicity prediction in treatments for locally advanced pancreatic can-
cer. © 2016 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1118/1.4964790]

Key words: radiotherapy, dose-surface map, organ unwrapping, toxicity predictors, duodenal
toxicity
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Unwrapping 3D complex hollow organs for spatial dose surface analysis

1. INTRODUCTION

Pancreatic cancer is the fifth most common cause of cancer
death in the UK, but the five- and ten-year survival rates have
only slightly improved since the early 1970s; the overall five-
year survival is still less than a bleak 5%.' In locally advanced
pancreatic cancer (LAPC), seen at diagnosis in around 30%
of pancreatic cancer patients,” local failure is still a major
problem®= with local tumor progression being reported in
25%—62% of patients.® It is thought that better local control
can be achieved by escalating the dose to the pancreas but
duodenal toxicity has proven to be a major dose limiting factor
for these efforts.>!! To better understand this normal tissue
toxicity, it is important to model the relationship between the
dose delivered to the organ and the resulting complication.
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Previous studies that seek to relate dose to the duodenum to
toxicity have reported various statistically significant metrics.
Cattaneo et al.'? report that it is the volume of the duodenum
receiving more than 40 or 45 Gy that is correlated to GI toxicity
grade >2 whereas Kelly et al.’ conclude that it is the volume
receiving more than 55 Gy. When considering grade >3 GI
toxicity, Huang et al.' found correlation with the volume of
the duodenum receiving more than between 20 and 35 Gy and
Nakamura et al.'* found correlation between upper GI bleed-
ing and the volume of the stomach and duodenum receiving
more than 50 Gy. These studies are summarized in Table I.
Dose-volume histograms (DVHs) are a standard tool in
radiotherapy treatment planning to ensure target coverage and
normal tissue sparing. DVHs provide statistical information
on the dose distribution within a volume of interest (VOI)

O]
© Author(s) 2016. 6009
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TasLe I. Summary of some studies correlating dose-volume metrics to duo-
denal toxicity.

Authors Toxicity Metric

Cattaneo et al.
Kelly et al.
Huang et al.

GI toxicity grade >2 Duodenum V40, V45
Duodenum V55
Duodenum V20-35

Stomach + Duodenum V50

GI toxicity grade >2
GI toxicity grade >3

Nakamura et al. Upper GI bleeding

but this reduces a 3D dose distribution to a 1D histogram. It
also assumes that the entire VOI is equally important and this
is unlikely to be the case for all organs. For hollow organs,
such as the rectum, it has been suggested that dose-surface
histograms (DSHs) can provide more useful information in
understanding tissue response'>~!7 although clinically DVHs
are still almost universally used for all organs at risk (OARS).
For example the QUANTEC review, which does not separate
the duodenum from the rest of the small bowel, recommends
the absolute volume of small bowel receiving more than 15 Gy
should be limited to 120 cm? (if delineating bowel loops) for
nonSBRT treatments. '

Both DVHs and DSHs are still crucially missing spatial
information about the dose distribution. For hollow organs,
it is likely the spatial distribution such as longitudinal and
circumferential distribution will be relevant for dose tolerance.
Additionally, having the spatial distribution can also aid in
searching for mechanistic explanations of toxicity. It has been
demonstrated in studies of the rectum!®?° that the spatial
features in the dose distribution can be useful in predicting
toxicity in normal tissue. This information can be preserved
in hollow organs by building a 2D DSM. These DSMs can
be interpreted in various ways in order to extract information
about toxicity. Average DSMs for patients with and without
toxicity can be analyzed,' as can lateral and longitudinal
extent,’%?! and percentage of circumference receiving more
than some dose threshold.?! DSMs can also be used as inputs
for a classification method based on neural networks.?

In order to build a 2D DSM from a 3D tubular organ,
it is necessary to “unwrap” the 3D structure. This has been
done previously on structures with simple geometries, such as
the esophagus and rectum.’!?*2* Munbodh et al.'® unwrap the
rectum using a conformal mapping procedure?® originally used
for virtual colonography. Hoogeman et al.>® find the central
axis of the rectum using the approximate minimum distance
field approach and then create orthogonal cross-sections as
described by Zhou et al.?! for the esophagus and the rectum.
Buettner et al.’%*> generate DSMs for the rectum slice-by-
slice in a similar fashion to Tucker et al.,’® moving through
the structure in the superior-inferior (SI) direction and creating
planes which model the perimeter. In this paper, simple organs
refer to those where it is possible to move through the organ
considering each CT transaxial plane as independent. This is
not possible when considering geometrically complex organs
such as the duodenum as seen in Fig. 1.

While this problem is new in the field of dose surface map
creation, it has been seen in the field of virtual colonography.
The aim of virtual colongraphy is surface visualization of
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Fic. 1. Left: CT axis slices through the duodenum would not represent a
physically meaningful spatial dose. Right: A new axis is required for slices
in the duodenum to represent a physically meaningful spatial dose.

the colon and virtual colon navigation in order to aid polyp
detection. Therefore the methodologies developed for these
goals may not best suit the requirements for dose-surface map
creation. One way the shared problem of sampling a surface in
an area of high curvature was tackled in virtual colonography
was by casting nonlinear rays from the centre line.”’® The
methods used to curve the rays, such as using electric fields
in Wang et al.,” give a high resolution of the surface but
are computationally expensive and such surface detail is not
necessarily required in the case where the dose to a single
surface point is desired.

In this paper, a new method is presented to simply and
meaningfully unwrap the 3D surface dose to a 2D dose-
surface map in an effort to preserve the spatial distribution
of the dose. The addition of spatial dose information to better
understand the relationship between the spatial distribution of
dose and duodenal toxicity could play a crucial role in future
escalation studies and lead to improved local control in LAPC
radiotherapy treatments. This method is also generalizable to
other hollow organs.

2. MATERIALS AND METHODS
2.A. Unwrapping 3D complex hollow organs

The methodology described requires the definition of a new
axis, a set of nonoverlapping slices which sample the organ,
determination of the dose at the perimeter of these slices, and
the ability to extract spatial information from the dose-surface
maps in terms of absolute area (cm?).

Figure 1 shows that considering transaxial CT slices can
result in a single slice containing segments from two different
parts of the duodenum. Therefore, a new axis is defined which
creates slices oriented normal to a curved line through the organ.

The creation of overlapping slices should be avoided.
This is especially key in areas of high curvature where it
would result in a spatially meaningless dose distribution.
Overlap occurs due to poor definition of the central axis,
from which the plane is defined. If a simple geometric central
axis is used, as in work with organs such as the rectum and
esophagus, the overlap problem remains. A new definition of
the central axis which considers the curvature of the duodenum
can greatly reduce the problem of overlapping planes. To
completely remove any overlap, a further automated step to
create nonoverlapping polygons is described.
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Fic. 2. The need for human visual spline selection is shown. Left: Using the
central axis leads to overlapping planes. Right: Using spline points near the
edge of high curvature can avoid creating overlapping planes.

The complete methodology can be summarily split into
four sections, as follows.

2.A.1. Image definition

The contours of the organ of interest and associated
dose distribution were exported in DICOM format from an
ecLIPSE (v10.0.28, Varian, Palo Alto, CA) treatment planning
system to mMatLaB (R2014b, The MathWorks, Inc., Natick,
MA) using the computational environment for radiotherapy
research (cERR).%’ The surface of the organ is defined by finding
the alpha shape of the 3D point cloud of the contour using
Delaunay triangulation. An alpha shape can be thought of as
the resulting volume when a sphere of radius r is rolled around
the point cloud. By setting r to be greater than the CT slice
thickness, the alpha shape defines the volume of the structure.

2.A.2. Racecar path

A new central axis is defined to ensure that slices through
the organ do not overlap in regions of high curvature. A more
desirable path than the geometric central axis is one that moves
close to the edges of high curvature, similar to a path favored
by a racecar through a track (Fig. 2) but in 3D. A user selects
a start and end point in the organ and a path between these
points is found considering both length and curvature based
on the method described in Ref. 30, which demonstrates the
possibility of incorporating higher-order regularization such
as curvature to shortest path problems. The path through the
organ regulates both length and curvature, with a weighting
of 1:10 in this case, to produce the desired racecar path. A
spline is fit to the points on this racecar path using Hobby’s

algorithm.?! The spline is discretized to 200 equally spaced
points which defines the new central axis spline (CAS). An
example CAS from a clinical patient is seen in Fig. 3.

2.A.3. Ray casting

Orthogonal planes are created at each CAS point with a
normal defined as the vector between the previous and the next
point. The surface dose for each plan is found using a two step
process. First, eight rays (45° apart) are cast radially outward
on these planes from the CAS point toward the surface. The
centroid of these surface points approximates the center of the
organ in each plane and is set as the new centers. This is done in
order to more uniformly sample the surface points in the sec-
ond step. Next, moving radially outward from the new center
on each plane, 30 rays (12° apart) are cast toward the surface.
Once the ray reaches the surface, the dose is recorded. The final
position and associated dose of the 30 rays together make up
an angular slice for each CAS point. An example is shown in
Fig. 4 with five CAS points used to create angular slices.

If there are overlapping slices, a fixed start and end slice on
either side of the overlapping planes is defined [highlighted in
black in Fig. 5(a)], as is the number of slices that overlap
in between (n =2 in Fig. 5). Each fixed slice is a 30
edged polygon (triacontagon) on a plane and the vertices
of these two polygons are connected [shown in Fig. 5(b)].
These connecting lines are split into the number of slices
required between the start and end slices (n =2 in Fig. 5)
and the resulting triacontagons represent the nonoverlapping
polygons [shown in red in Figs. 5(c) and 5(d)] which replace
the overlapping slices from the original selection. These
nonoverlapping polygons may not lie on a single plane but
they do meaningfully represent the surface between the two
fixed slices.

2.A.4. Unwrapping

In the case of the duodenum, an unwrapping marker is
defined as the centroid of the PTV. The perimeter point that
is closest to the centroid on each angular slice is placed in
the middle of the dose map, ensuring the “cutting” of the
duodenum takes place on the side distal to the pancreas and
the tumor (Fig. 6). For other structures, an unwrapping point
or side must be decided. Since the angular slices sample the

Fi. 3. The “racecar” path found between a user-defined start and end point in a duodenum point cloud.

Medical Physics, Vol. 43, No. 11, November 2016
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Fic. 4. An example of five out of 30 angular slices from the adjusted center point on the racecar path. The 30 rays cast from the center to the surface are shown.
The surface points are connected in red for visual representation of the resulting polygons. (See color online version.)

inner and outer edges differently, a lookup grid is also saved
defining the size of each point on the 2D DSM to enable
conversion from number of pixels back to absolute volume.

2.B. Method robustness

The robustness to spatial sampling errors due to overlap-
ping planes was investigated. Gamma analysis*> was used to
compare the dose maps produced as it is already widely used to
compare dose distributions in radiotherapy. Gamma analysis
was chosen over dose difference histograms because it is not
critical if two similar points are in the exact same place on
the dose map. Because we are interested in extracting spatial
features gamma analysis does not penalize similar points if

a)

)

they are close to each other in both maps. While in this case
for gamma analysis the dose difference criterion remains as a
percentage, the distance to agreement is adjusted to represent
number of pixels (from the 30x 30 grid) rather than an absolute
difference. We have accepted gamma at the 3%/3 px level as
95% for the purpose of this work.

2.B.1. Slice selection robustness

Only 30 slices are used to describe the final DSM from the
discretized CAS points. The process for selecting these slices,
including whether or not this process results in slice overlap,
was studied and the effect on the resultant dose-surface map
quantified.

b)

d)

Fic. 5. (a) The two central slices overlap. The two nonoverlapping slices either side are highlighted in black and set as the fixed start and end slices. (b) The 30
vertices of the fixed polygons are connected and the lines between them (in blue) are split into the number of required slices (in this case two slices need to be
replaced). [(c) and (d)] Two views of the resulting nonflat polygons (in red) created between the two flat polygons (in black). (See color online version.)

Medical Physics, Vol. 43, No. 11, November 2016
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Fic. 6. The point on each angular slice closest to the centroid of the PTV is placed on the middle of the dose map.

2.B.2. Overlap fix (polygon) robustness

This method has a built-in step which removes any
overlapping slices that remain after selecting a central axis
spline (Fig. 5). Each slice is a planar (flat) 30 sided
polygon and this method replaces overlapping slices with 30
sided nonplanar polygons which uniformly sample the space
previously sampled by these overlapping slices. The effect of
using 30 sided nonplanar polygons instead of planar polygons
on the dose-surface map was studied.

3. RESULTS
3.A. Dose-surface maps

The new method described in Sec. 2 was successfully used
to unwrap 15 duodena from the ARCII clinical trial (Fig. 7).

Position Along CAS [slice]

o

Dist  Prox

——]

Each panel in Fig. 7 represents the DSM for a duodenum for
a specific patient. The duodenum was contoured according
to RTOG guidelines and reviewed by a radiologist. An
esophagus from a lung cancer treatment (with a prescription
of 60 Gy in 30 fractions to the planning target volume) was
also unwrapped to show the generalizability of this method
(Fig. 8). Figure 8 also shows a comparison between a DSM
produced using a slice by slice unwrapping technique and
a DSM produced using the method described in this paper.
A gamma comparison at 3%/3 px shows a 96% agreement.
Visual comparisons of dose maps with various dimensions
show that a 30 x 30 pixel dose map provides a sufficient
resolution to view features of interest.

Lookup tables were created to provide dimensions of each
pixel by calculating the distances to the next circumferential
point and to the circumferential point in the next slice in order

65

-

-
\

L&

m

40

30

Position Around Circumference [ray]

Fic. 7. Dose surface map for 15 unwrapped duodena with different dose distributions. The x and y axis labels are for each individual DSM. In the y-direction,
each map comprises of the slices through the duodenum from superior (top) to inferior (bottom). In the x-direction, each map comprises of the surface points at
each slice unwrapped from the point distal to the PTV so the center of each DSM is the point on the circumference most proximal to the PTV.
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Position Along CAS [slice]
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FiG. 8. Dose surface map for an esophagus unwrapped slice-by-slice (left) and using the method described in this paper (right). The y-direction comprises of
the slices through the duodenum from superior (top) to inferior (bottom). The x-direction comprises of the surface points at each slice unwrapped from the point
distal to the PTV so the center of each DSM is the point on the circumference most proximal to the PTV.

to extract absolute feature size. The lookup table is specific to
each duodenum, and is in the form of a 30 X 30 matrix where
each cell contains the x and y dimensions of the corresponding
pixel on the dose surface map. Averages, instead of individual
pixel size calculations, were found to be unsuitable due to
the range of variations (up to 6 mm in one dataset) between
pixels. These variations are seen due to the orientation of slices
around areas of high curvature.

3.B. Robustness
3.B.1. Slice selection robustness

Different ways of uniformly sampling the 200 central axis
spline points were compared and the gamma analysis results
show very similar dose maps (Table II). First, a reference DSM
was chosen where every six points between CAS points 14 and
188 were selected (i.e., 14, 20, 26... 182, 188). There was no
overlap in this selection. A shift was introduced and two further
slice selections with no overlap were created using every six
slices between 10 and 184 (Shift 1) and 18—-192 (Shift 2). The
3%/3 px gamma results showed there is nearly no difference
in dose maps based on starting slice.

The selection of the reference dose-surface map is arbitrary
and is not supposed to represent a gold standard. Since the
unwrapping of the duodenum has never been done before,
there is no gold standard with which to compare this method.
The comparison to a reference DSM, however, still shows the
robustness of the method to variations in slice selection.

Additionally, the reference DSM (14-188 every 6 points)
with no overlap was compared to a DSM with the same

TasLe II. Slice selection robustness. 3%/3 px gamma results comparing a
reference selection (every six points from 14 to 188 with no overlap) for
three patients to Shift 1 (every six from 10 to 184 with no overlap), Shift 2
(every six from 18 to 192 with no overlap), and Overlap (every six from 14
to 188 with overlap).

Shift 1 (%) Shift 2 (%) Overlap (%)
Duodenum 1 99 99 91
Duodenum 2 100 100 100
Duodenum 3 100 100 52

slice selection (14—188 every 6) but with overlapping slices
(Overlap). This was done for the three patients by creating
an additional central axis spline for testing purposes which
resulted in overlap. In these cases, the gamma is reduced to
below the accepted threshold of 95% in two out of the three
duodena (91%, 100%, 52%).

3.B.2. Overlap fix (polygon) robustness

In some cases with overlap, 30 sided planar polygons are
replaced by 30 sided nonplanar polygons. The validity of using
nonplanar polygons instead of flat polygons in areas of overlap
was tested by replacing flat polygons with nonplanar polygons
in two duodena that had no overlap. Planes were replaced in
two straight edges of the duodenum (S1, §2) and one bend
(B). The DSMs produced by replacing three and five slices
were compared to the original nonoverlapping plane DSMs
and were found to be very similar (Table III).

4. DISCUSSION
4.A. Dose-surface maps

To our knowledge, this paper is the first to present 2D
dose-surface maps of the duodenum and does so from clinical
trial data. This is the first description of a new methodology
for creating DSMs which generates a new coordinate system,
defined as the position along the central axis spline, which
overcomes the problems of the simple transaxial CT slice
approach. This method has been successfully demonstrated,

TasLe III. Robustness (gamma 3%/3 px) of replacing 3 (3) or 5 (5) planes
with 30 sided polygons in two straight sections of the duodenum (S'1, S2)
and one bend (B) for two datasets (Duodenum 1, Duodenum 3).

Duodenum 1 (%) Duodenum 3 (%)

S1(3) 100 100
52(3) 100 100
B (3) 100 100
51(5) 99 100
52(5) 100 100
B (5) 100 100

Medical Physics, Vol. 43, No. 11, November 2016
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is robust, requires minimal human interaction, and has been
shown to be generalizable.

The panel of DSMs in Fig. 7 shows a large variation
in dose distribution for the 15 duodena. Even though each
patient was treated to the same prescription, the different tumor
locations and patient anatomy resulted in very different dose
distributions.

In the more complex cases where overlap cannot be
completely overcome using just the central axis spline,
nonplanar polygons between fixed planar polygons are used
to evenly and meaningfully sample the entire organ. This
technique has only been required in one duodenal case out
of fifteen duodena so far. The robustness of using nonplanar
polygons instead of flat polygons has been shown to have very
little effect on the resulting dose-surface map when there is no
overlap in the slices. Therefore, the DSMs produced using the
overlap fix method described when the overlap is not overcome
through the initial central axis spline selection provide a valid
description of the surface dose.

The problem of overlapping planes when unwrapping
organs was acknowledged in work unwrapping the rectum?3
where this was avoided but not quantified. In other work it has
been ignored. In virtual colonography overlapping planes are
avoided by bending the rays cast from the centre line. In this
paper we present an alternative solution which keeps the rays
linear but moves the central axis. We have also quantified the
effect of overlapping planes on dose surface maps for the first
time.

Due to the complex shape of the duodenal surface, the
DSMs present a relative space that can be converted to absolute
size. The curvature of the organ is such that the distances
between pixels on the dose map vary. For this reason, a pixel-
specific lookup table was created to convert from pixels to
surface area. Therefore, extracted features from the DSM can
either be described in absolute size or in relative position along
the organ.

Compared to previous methods applied to other or-
gans,?"?32* which can only be used when the CT transaxial
slices can be unwrapped individually, this approach allows
for the unwrapping of any tubular organ and also provides
a mechanism for checking and fixing overlapping planes.
However, this thorough approach to a generalizable nonover-
lapping tubular unwrapping technique also leads to an element
of human interaction in the selection of start and end points.

Validation of this method is a multifaceted problem. There
may be a need to validate the unwrapping geometry but also,
and we believe more importantly, there will be a need to
validate the predictive model that can now be built using
spatial information from the DSMs against clinical toxicity
data. A means of validation of the unwrapping geometry that
is currently being explored is the use of a post-operative
pathological sample which can be physically cut open and
unwrapped. There is currently no commercial software or
alternative method which can produce DSMs of the duodenum
against which we could validate our approach.

Future use of the dose-surface map could include better
planning constraints, toxicity models, and daily maps to check
whether the delivered dose matches the planned dose.

Medical Physics, Vol. 43, No. 11, November 2016

4.B. Robustness

Although dose-surface maps have been produced for
other organs, their robustness has not been quantified. A
preliminary study was undertaken to investigate the effect of
different sampling techniques, overlap, and different length
and curvature penalties on the dose map.

The most spatially meaningful sampling of the organ
requires uniform slice selection throughout the duodenum
and that the angular slices do not overlap. The robustness
of the dose-surface maps to where these slices start and end
shows that there are only very small differences (gamma 3%/3
px > 99%). These differences increase when looking at the
effect of overlapping planes where gamma (3%/3 px) can
be reduced to as low as 52% compared to a nonoverlapping
selection, highlighting the need for a solution to the plane
overlap problem.

The effect of overlapping planes on the dose surface map
was expected because each overlapping plane results in a
spatially meaningless row on the dose-surface map. The effect
of overlap varied for the three duodena studied. On one duo-
denum, overlap had almost no effect whereas on another the
gamma 3%/3 px between the nonoverlap DSM and the overlap
DSM was 52%. This range is also expected as overlap can
mean just the edge of two planes overlapping as seen in Fig. 5
or it can mean a few planes overlapping with a few planes. In
areas of high curvature this can lead to sampling from an area
of the surface that is very distant to the area intended.

This suggests that the overlapping problem causes the most
change to the DSMs and needs to be considered in future work.

In areas of high curvature or complex geometry, the racecar
algorithm requires a minimum of one voxel separation between
two outside surfaces to ensure that the anatomy of the organ is
honored and the path does not “jump” between two areas. How-
ever, in reality such curvature does not occur in the duodenum.
Additionally, such curvature would present a greater obstacle at
the contouring stage. If such a case would need to be solved, an
increase in grid resolution using interpolation could be added
to solve such edge cases.

5. CONCLUSIONS

Dose-surface maps produced provide previously unexam-
ined information on the spatial dose distribution in the duo-
denum which can now be explored to create models that may
improve duodenal toxicity predictions. When unwrapping 3D
hollow organs to a 2D dose surface-map, care must be taken
to ensure slices do not overlap. Spatial dose metrics will be
extracted from the DSMs and the best predictors for duodenal
toxicity will be identified.
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