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Objective: To investigate radiochemotherapy (RChT)-
induced changes of transfer coefficient (K@) and
relative tumour blood volume (rTBV) estimated by
dynamic contrast-enhanced CT (DCE-CT) and fractal
analysis in head and neck tumours (HNTSs).

Methods: DCE-CT was performed in 15 patients with
inoperable HNTs before RChT, and after 2 and 5 weeks.
The dynamics of K'@"S and rTBV as well as lacunarity,
slope of log(lacunarity) vs log(box size), and fractal
dimension were compared with tumour behaviour during
RChT and in the 24-month follow-up.

Results: In 11 patients, an increase of K™ @"S and/or rTBV
after 20 Gy followed by a decrease of both parameters
after 50 Gy was noted. Except for one local recurrence,
no tumour residue was found during the follow-up. In
three patients with partial tumour reduction during
RChT, a decrease of K'"S accompanied by an increase

Combined radiochemotherapy (RChT) plays an important
role in the management of malignant head and neck tumours
(HNTs) and has been considered as the standard treatment
for clinically non-operable cases.' Experimental observa-
tions indicate that RChT, besides direct cytotoxic effect,
exerts its influence also on tumorangiogenesis.>* Folkman
and Camphausen® suggested that endothelial cells may represent
the principal targets for irradiation. Some studies reported the
upregulation of angiogenic pathways and activation of dif-
ferent growth factors during radiotherapy as a kind of tumour
response to radiation stress.>>*” By affecting endothelial cells
in the tumour’s vascular bed, chemotherapeutic agents in-
directly modify neovascularization and blood supply, thus
modulating tumour radiosensitivity.**’

in rTBV between 20 and 50 Gy was detected. In one
patient with continuous elevation of both parameters,
tumour progressed after RChT. Pre-treatment difference
in intratumoral heterogeneity with its decline under
RChT for the responders vs non-responders was
observed.

Conclusion: Initial growth of K" and/or rTBV followed
by further reduction of both parameters along with the
decline of the slope of log(lacunarity) vs log(box size)
was associated with positive radiochemotherapeutic
response. Increase of K@ and/or rTBV under RChT
indicated a poor outcome.

Advances in knowledge: The modification of K" and
rTBV as measured by DCE-CT may be applied for the
assessment of tumour sensitivity to chose RChT regimen
and, consequently, to reveal clinical impact allowing
individualization of RChT strategy in patients with HNT.

At the same time, malignant tumours display substantial
internal heterogeneity in cellular morphology, vasculari-
zation and metabolism.'*™"? Intrinsic pattern of micro-
environment and blood supply is among factors that are
influencing the efficacy of RChT in every individual
tumour.'”"?

Therefore, implementation of advanced imaging techni-
ques into clinical routine may provide morphological and
functional information that may help characterizing tu-
mour biology. Tumours with certain biological features,
potentially resistant to standard treatment regimens, could
then be treated with other measures, improving the chances
of success.'®
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Dynamic contrast-enhanced CT (DCE-CT) is an evolving
functional imaging method assessing vascularity and blood
supply in normal organs or in tumour tissue.'”

This work aimed to clarify the clinical relevance of DCE-CT in
patients with HNT. We hypothesized that transfer coefficient
(K"™) and relative tumour blood volume (rTBV) as well as
their intratumoral heterogeneity are additional functional
parameters associated with RChT outcome. To prove this, the
dynamics of K" and rTBV as well as lacunarity, slope of
log(lacunarity) vs log(box size), and fractal dimension was es-
timated by DCE-CT and fractal analysis. The influence of tu-
mour shape and size on lacunarity parameters thereby was
reduced by modification of the gliding box counting method.

METHODS AND MATERIALS

Patients

We prospectively enrolled 15 consecutive patients (median age,
51 years; range, 47—74 years) with histologically proven, clini-
cally inoperable oropharyngeal or hypopharyngeal squamous
cell carcinoma (stages T3ANOMO—T4N2cMO) into this study.
Details of the patient’s cohort have been published previously.'®
Further inclusion criteria comprised no previous therapy (che-
motherapy, surgery), no metal teeth implants causing beam-
hardening artefacts and follow-up time of 24 months in surviving
patients (n=12) or till last visit before death (n=3). Clinical
follow up included physical status observations, routine radi-
ology examination including abdominal ultrasound, whole-body
fluorine-18 fludeoxyglucose (FDG) positron emission tomography
(PET)/CT and/or MRI of the neck as well as laboratory tests and
survival history. The study protocol was approved by the in-
stitutional review board of Medical Faculty and University Hospital
Carl Gustav Carus, Dresden, Germany. All patients gave written
informed consent. Determination of responder/non-responder was
based on CT data using World Health Organization criteria."

Treatment

All patients were treated with radiotherapy with curative in-
tention. Simultaneously, all these patients received chemother-
apy that consisted of intravenous infusion of cisplatin
(30mgm 2 per week) during the 6 weeks of radiotherapy and
5-fluorouracil (600 mgm™? per day) during Days 1-5 of the first
week only. After treatment, all patients were divided into res-
ponders group (no residual tumour was seen after completing
the RChT) and non-responders group (partial tumour re-
gression or progression under the RChT).

Imaging

DCE-CT was performed before RChT, and after 2 weeks (20 Gy
for two cycles cisplatin + one cycle 5-fluorouracil) and 5 weeks
(50 Gy for five cycles cisplatin + one cycle 5-fluorouracil) of
RChT using PET/CT scanner (Biograph 16; Siemens Healthcare
Sector, Knoxville, TE). The patients were placed in treatment
position on a flat-top couch mounted to the conventional
curved diagnostic couch of the PET/CT scanner. Positioning of
patients was carried out with lateral and sagittal lasers. Specific
head immobilization device attached to the flat-top couch was
used to exactly reproduce positioning as during radiotherapy.
For quantitative evaluation of blood supply, we used X-ray CT.
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In contrast to dynamic MRI, here the change of Hounsfield unit
values is proportional to the amount of contrast medium in
a voxel. So, for the concept of this study, a more robust and
therefore reliable measurement strategy was evaluated as more
important than the avoidance of an additional radiation expo-
sure, which is small compared with the therapy dose.

As previously published'® plain CT was performed through the
tumour to receive baseline data for further blood supply pa-
rameter measurements. Thereafter, DCE-CT was acquired
through the same region following intravenous administration
of contrast agent (4 mls™!, 100ml of Ultravist® 370; Bayer
Schering Pharma AG, Berlin, Germany) with saline flushing
using a double head power injector (Injectron CT 2, Medtron,
Saarbriicken, Germany) through an 18-G antecubital cannula.
Patients were warned to avoid taking deep breaths when expe-
riencing a “hot flush” owing to rapid bolus injection of iodin-
ated contrast agent. Images were acquired during shallow
respiration. The following scanning parameters were used:
120kV; 150 mAs; rotation time, 0.5 s; reconstruction width,
1.5mm; and field of view, 250 mm. 30 images were collected
continuously over 60s (1 image per 2s).

Image analysis

Acquired data were transferred to a Syngo Multimodality
Workplace (Siemens Healthcare Sector, Erlangen, Germany) for
analysis. The K™ and rTBV were estimated by modified Patlak
analysis using pixel-based software (VPCT; Siemens Healthcare
Sector) vyielding colour-coded maps of spatial distribution of
these parameters. The input function required for modelling of
temporal contrast agent distribution was derived from external
carotid artery in all cases. The K™ represents passage of
contrast agent between the blood and the extravascular extra-
cellular space and is cumulatively affected by both flow and
permeability surface area product.’>*' The rTBV is a quantita-
tive measure for the volume percentage of capillary blood in
a voxel filled with tumour tissue.

Intratumoral blood supply heterogeneity was determined from
DCE-CT data by means of lacunarity, slope of log(lacunarity) vs
log(box size), and fractal dimension using fractal analysis. For
evaluation of lacunarity, parameter maps were processed with an
in-house program written in IDL (Exelis Visual Information
Solutions, Inc., Boulder, Co).

Lacunarity is a measure of structural heterogeneity (non-
uniformity) or degree of structural variance within an object
depending on neighbourhood size.”>** Higher lacunarity values
indicate higher structural heterogeneity, that is, more non-
uniformity of structures within an image. The slope of
log(lacunarity) vs log(box size) describes the degree to which the
heterogeneity pattern looks like a fractal structure. For a clear
fractal image, this slope should be equal to zero. Negative values
indicate a more uniform characteristic for larger structures. The
fractal dimension is a measure of the complexity of a fractal
structure (for instance, linear structures have a fractal index of one,
squares one of two, the Sierpinski’s triangle is described with
a fractal index of about 1.585). We applied the definition used in
Goh et al.**
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To make precise differentiation between tumour and normal
neck tissues, regions of interest (ROIs) at the primary tumour
site were visually determined from combined FDG-PET/CT
images and subsequently transferred manually to DCE-CT data
sets for analysis. ROI delineation as well as quantitative esti-
mation of K" and rTBV was carried out by an experienced
professional (radiological experience of more than 15 years).
First, K™ and rTBV maps were masked to show tumour data
only using ROIs on CT images. Thereafter, masked K™ and
rTBV maps were binarized using median local adaptive thresh-
olding with a 13 X 13 pixel neighbourhood. Finally, mean lacu-
narity, the slope of log(lacunarity) vs log(box size) and fractal
dimension were evaluated from binarized parameter maps by
means of a gliding box counting method setting the pixel to one if
the pixel value x is in a certain range r around the median m in the
neighbourhood (m—r = x = m+7r) and to zero otherwise.
Considering the limited size of tumour areas in calculation of
lacunarity parameters, we normalized the sum of marked pixels in
the binary image contained in the gliding box (the so-called
“mass”) to the number of pixels in the box that belong to the
tumour ROL This way, we avoided contributions to the lacunarity,
which in fact are caused by the outer shape of the tumour. For the
fractal dimension, we applied the definition used in Goh et al.**

Statistics

A statistical analysis was performed using Microsoft Excel®
(Microsoft, Redmond, WA). For both K™ and rTBV, we used
the Wilcoxon test for univariate group comparisons between the
values befor RChT, and after 20 Gy and 50 Gy. This test checks
for significantly different numbers of positive and negative pair
differences. Therefore, it is sensitive for significant changes of
the median values during the course of RChT. Mean values were
tested for significant difference by means of the Welch modifi-
cation of the #-test for samples with unknown, possible different
variances. The p-values of =<0.05 were considered to be statis-
tically significant. As a simple inhomogeneity parameter, we
calculated the half difference between the 84.2% and 15.8%
percentiles (percentile difference). For gaussian-distributed val-
ues, this parameter is equal to the standard deviation. In addi-
tion, on a qualitative base, we tried to find characteristic patterns
of changes in K™ and rTBV during RChT for the end points
“complete tumour regression at the end of RChT”, “partial tu-
mour regression at the end of RChT”, “local tumour pro-
gression” and “patient died” in the 24-month follow-up.

RESULTS

We observed two different patterns of K™ and rTBV dynamics
during RChT associated with tumour response and patient
survival. Clinically, the appropriate groups are characterized by
the following behaviour: responders: 11 patients with complete
tumour regression to the end of RChT [1 patient with local
tumour progression after the end of this study (follow-up after
12 months) belongs to the responder group as well]; non res-
ponders: 4 patients with no (1 patient) or partial tumour re-
gression only (3 patients), 2 of them died within the 12-month
follow-up period. The characteristics of K™ and rTBV dy-
namics are illustrated in Figure 1 and Tables 1 and 2. In the
responders group, an increase of K™ and/or rTBV after 20 Gy
was followed by a decline of both parameters after 50 Gy

(p <0.05). A steeper rising and sloping of K™ and rTBV under
RChT correlated with more distinct morphological tumour re-
gression in four patients. By contrast, in one patient with con-
tinuous elevation of both K™ and rTBV under RChT, no
response during treatment and severe tumour progression in the
first 6 months of follow-up was observed.

In another three non-responders, a slight decrease of K™"
under RChT accompanied by a marked increase of rTBV be-
tween 20 and 50 Gy was detected. Concerning the homogeneity
parameters derived from both K™ and rTBV parameter
images, at the beginning of the therapy, we observed a significant
difference of the slopes of log(lacunarity) vs log(box size) for the
responders vs non-responders group mean values (p <0.05).
The steeper negative slope in the non-responders group indi-
cates larger dependence of the inhomogeneity on the structure
size. Subsequent decrease of the absolute value of this slope was
revealed during RChT in both groups. The fractal dimension of
the rTBV images tends to decrease for the responders and to
increase for the non-responders. Figure 1 presents dynamics of
K™ and rTBV during RChT. Corresponding images are shown
in Figure 2. The significance matrix for the parameter changes
between the therapy steps mentioned above is shown in Table 1.

No correlation was found between any of these parameters and
tumour behaviour in the 24-month follow-up. A high correla-
tion between the percentile difference and the lacunarity of the
parameter images of K™ was noted (correlation coefficient,
0.78). For that of rTBV, for the lacunarity of rTBYV, it was less
pronounced (correlation coefficient, 0.48).

DISCUSSION

We used DCE-CT and fractal analysis to study RChT-induced
changes of vascularity in HNTs. We are not aware of similar
studies investigating modifications of intratumoral vascularity
and blood supply heterogeneity in HNTs under RChT. In the
responders group, we found a growth of K™ and/or rTBV
during the first 2 weeks of treatment (20 Gy), followed by
a continuous decrease of both parameters during the following
3 weeks of treatment (50 Gy). Quite similarly, Cao et al®® in-
vestigating the effect of radiation therapy on the blood-brain
barrier permeability of primary brain tumours using dynamic-
enhanced MRI noted a gradual decrease of K™ as soon as
1 month after the treatment. More recently, Almeida-Freitas
et al”® reported a significant reduction in K™ values of cerebral
metastasis 4-8 weeks after stereotactic radiosurgery. An increase
of one or both parameters at the beginning of treatment should
not be misinterpreted as increasing resistance. It may be in-
dicative of an increased extracellular space in tumours exhibiting
progressively permeable vessel walls or an increasing number of
tumour microvessels, which may result in increased radiosen-
sitivity and better local control, as presented before.””*® This
hypothesis could be tested by application of the Tofts model for
example. During the second period of treatment (3-5 weeks),
a cytotoxic effect of irradiation together with cisplatin may have
manifested itself on endothelial cells of vessels, which may have
led to thrombosis and occlusion of small vessels. Additionally,
changes of these parameters after 20 and 50 Gy, respectively,
might be affected by an initial increase of blood supply owing to
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Figure 1. (@) Dynamics of transfer coefficient (K™") and relative tumour blood volume (rTBV) during radiochemotherapy (RChT) in
the responders group. (b) Dynamics of K" and rTBV during RChT in patients showing morphologically partial response or local

tumour progress (non-responders group).
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the loss of overall tumour cell volume, followed by its decrease
overcompensating this initial effect as a result of occlusion and/
or destruction of tumour vessels. This is in good agreement with
a tendency to decrease tumour blood volume after 50 Gy in the
partial responders group in contrast to further increasing rTBV
in the non-responders. Established individual variations of K"*"°
and rTBV during the treatment indicate, however, that patho-
morphological mechanisms of RChT-induced changes of tu-
mour vascularity and blood supply as well as their impact on
outcome are not fully understood. The outlier in our “res-
ponders” group underlines this. On the basis of the accepted
models of tumour pathophysiology, the drop of K™ between
20 and 50 Gy in the non-responders group is not completely
comprehensible. It may be explained through the fact that under
flow-limited conditions, K™ equals the blood plasma flow per
unit volume of tissue.”’ Therefore, if tumour supplying smaller
arteries would be affected by the therapy, K™ could be reduced
owing to decreased blood flow even if number and size of the
capillaries (and thus the rTBV) were not (or not yet) changed. In

agreement with the earlier published data,”*° local tumour
progress was diagnosed during follow-up in a patient showing an
elevation of both K™ and rTBV under RChT. This event could be
explained by the hypothesis that ionizing irradiation may in some
instances provoke undesired effects through the induction of the
vascular endothelial growth factor and its receptors in residual
tumour cells, which is a powerful antiapoptotic factor for endo-
thelial cells."> Failure of chemotherapy to compensate these un-
desired effects may lead to local tumour relapse.”®

Tumour tissues easily become hypoxic and necrotic because of
altered vascular architecture, rapid proliferation and insufficient
blood supply.® As published before,”” intratumoral heterogeneity
correlates well with the morphological response to the therapy,
at which tumours with higher internal heterogeneity show
poorer prognosis. In our study, already prior to the therapy,
significant differences between responders and non-responders
were seen concerning heterogeneity properties. In addition,
a reduction of “structured heterogeneity” was already observed
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Table 1. Significance matrix for parameter changes during radiochemotherapy

Radiation Blood Slope blood Fractal dimension Ktrans Slope . Frfictal rans
dose (Gy) volume volume (%) blood volume (%) (%) K™ (%) dimension K°
(%) (%)

Responders

0 vs 20 35 9.4 12.9 11.0 9.4 6.5

0 vs 50 0.7 2.7 6.5 0.4 1.7 5.3

20 vs 50 0.3 4.0 2.3 0.3 0.9 19.5
Non-responders

0 vs 20 25.0 3.6 25.0 11.6 1.7 11.6

0 vs 50 3.6 17.9 6.8 11.6 11.6 3.6

20 vs 50 3.6 11.6 11.6 25.0 17.9 1.7

K'ans transfer coefficient.
Slope, slope of log(lacunarity) vs log(box size).

p-values from the Wilcoxon test for asymmetric distribution of pair differences are shown. Significant changes are highlighted in grey.

after 20 Gy and was continued at 50 Gy for both K™ and rTBV.
These changes were seen in the lacunarity itself (although not
significant) as well as in the slope of log(lacunarity) vs log(box
size) (p < 0.05). Lacunarity and the width of the distribution of
parameters such as K™ or rTBV resp. both describe aspects of
inhomogeneity of the tissue region under investigation. Never-
theless, the easy-to-calculate difference between the 84.2% and
15.8% percentiles was not suitable as a surrogate parameter for
lacunarity measure. The continuous decline of their absolute
values could be interpreted as a reduction of structures of more
or less defined size. A higher fractal dimension indicates more
complex shapes forming the heterogeneity of the tumours—
hypothetically, for instance, owing to heterogeneous neovas-
cularization. In agreement with the measurements by Goh et al**
in the case of colorectal tumours, a higher fractal dimension
therefore might give evidence for higher malignancy with higher
probability for cell division resulting in higher radiosensitivity
and/or better response to chemotherapy. This hypothesis is in
agreement with the fractal dimensions measured in the K"*"°
as well as rTBV parametric images. For rTBV, such possible

Table 2. Median values from Figure 1

tendency was even less pronounced and also not significant—
so five of the six pairs of fractal dimensions are in agreement
with this hypothesis. The apparent deviation of the rTBV
fractal dimension after 50 Gy is non-significant (two-sided #-
test assuming equal variances: p =19.2% and assuming non-
equal variances: p = 5.2%). At a glance, therapy effects can be
demonstrated by means of the structural parameters from
fractal analysis. But its clinical value in HNTs still remains
questionable. Some works'®**?> showed that parameters are
useful in outcome prediction. However, in this study, no sig-
nificant correlation between pre-therapeutic values of K™ or
rTBV and outcome was found, which is in agreement with
earlier reports on other tumour entities.'>'* It may be postulated
that these parameters have prognostic value only in certain limits.
Pronounced heterogeneity of intratumoral microcirculatory
milieu, the existence of heterogeneous hypoxic regions, makes
it difficult to predict tumour response to treatment in a par-
ticular case.”® Another reason for these discrepancies might be
the differences in treatment regimens and the observed end
points.”®

Radiation dose Blood Slope blood Fractal dimension Kirans Slope Fractal
(Gy) volume volume blood volume Krens dimension K™

Responders

0 59.30 —0.54 0.98 27.94 —0.41 1.25

20 76.76 —0.60 0.91 31.62 —0.41 1.20

50 44.00 —0.51 0.79 21.71 —0.37 1.16
Non-responder

0 57.86 —0.62 0.78 31.49 —0.50 1.09

20 54.79 —0.63 0.78 27.83 —0.45 1.10

50 100.90 —0.54 0.92 26.37 —0.49 1.03

K'"s, transfer coefficient.
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Figure 2. (@) Dynamic contrast-enhanced CT (DCE-CT) colour-coded maps of relative tumour blood volume (rTVB) and transfer
coefficient (K'") before radiochemotherapy (RChT), and after 20 Gy and 50 Gy (responders group). (b) DCE-CT colour-coded
maps of rTVB and K" before RChT, and after 20 Gy and 50 Gy (non-responders group).
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We acknowledge some limitations of our study. As in other im-
aging studies including HNT patients, swallowing-related tumour
movement and artefacts caused by injection of high concen-
trations of iodine contrast agent may deteriorate DCE-CT data
acquisition and analysis. The input function required for
modelling of temporal contrast agent distribution was derived
from external carotid artery in all cases. The comparatively small
diameter of this vessel generates potential sampling errors
propagating into final analysis. The small size of tumours at least
in one direction (e.g. small rim of active tumour around a larger
necrotic area, especially after 20 and 50 Gy) is an essential source
of errors in fractal analysis. In this article, efforts have been
made to consider the influence of the tumour boundaries on the
fractal parameters by allowing for boxes that contain only partial
tumour tissue and performing appropriate normalization of their
weight. Finally, the relative small number of patients prohibits
definitive conclusions.

Nevertheless, our results can be corroborated in prospective
randomized studies to prove their relevance for clinical
practice.

CONCLUSION

Initial growth of K™ and/or rTBV followed by the reduction of
both parameters to the end of treatment along with the decline
of the slope of log(lacunarity) vs log(box size) was found to be
associated with positive radiochemotherapeutic response. Con-
tinuous increase of K**™ and/or rTBV under RChT indicated
a poor outcome. K" and rTBV as well as intratumoral het-
erogeneity parameters based on these parameters measured by
DCE-CT may be applied for the assessment of tumour sensitivity
to chose RChT regimen and, consequently, to reveal clinical
impact allowing individualization of RChT strategy in patients
with HNT.
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APPENDIX A contrast material (CM) concentration in the tissue C; to be ex-

The modified Patlak model [in Siemens Syngo New perfusion
CT (PCT)] calculates the unidirectional transendothelial transfer
constant with CT enhancement values after the peak contrast
enhancement has been reached and utilizes a built-in delay cor-
rection algorithm. This allows the estimation of transendothelial
transfer constant during the end of the first passage of contrast
but avoids erroneous elevation of transendothelial transfer con-
stant values secondary to delayed arrival of contrast, which would
occur in a standard application of the Patlak model to PCT data,
at least in the setting of acute cerebral ischaemia.’”®

APPENDIX B

Model selection: basically, all Tofts as well as adiabatic approx-
imation to the tissue homogeneity model (ATH) assume the

pressed as a convolution of the arterial input function with some
impulse response function H().

C:=AIF(r) X H(t)

For ATH, Hury(1)* is given by

0 t<T
HATH(t): Fp T=t< TC+T
FPEexp(—EFP/ve(t—TC—T)) t=T.+T1
(1)
For the Tofts model, Hryqs(£)*° is given by
Hrofis (£) =K"™exp( — kept) + 1,8(t) )
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According to Fusco et al,*' the following relations are valid be-
tween these two models:

Ktrans =EF (3)

vy =T.F (4)

The reliability analysis of Fusco et al showed that a separation of
transfer coefficient (K™) into extraction fraction E and flow F
results in estimation errors of much more than 100% (table 3 in
Fusco). In their fits, the capillary transit time did not leave their
starting estimate of 65 at all. By contrast, for the Tofts model, at
least K™ and k., estimates showed sufficient stability (table 4 in
Fusco). So, we preferred to apply the Tofts model owing to the
lower number of free parameters [four if a time shift between
arterial input function (AIF) and Cig. is included (equivalent to 7
in Hary as given above) vs 5 in Hary), expecting more stable
parameter estimates at all. For further improvement of the stability
of the fit procedure, we applied the Patlak model, which is a sim-
plification of the Tofts model by neglecting the back diffusion of
CM from the interstitial to the capillary space setting ke, to zero
and is included in the Siemens software. Owing to this simplifi-
cation, only the first part of the bolus passage is sufficiently de-
scribed correctly, giving the linear relationship between the ratio of
the CM concentrations in the tissue and the feeding arteries (after
appropriate shifting in time) and the “Patlak time”, which is the
ratio of the improper integral of AIF(f) and the AIF(¢) itself:

Ci(1)
AIF(t)

j— trans f()t AIF (T) dT
-k AIF() ®)

For pixels where the fit was not successful, the software applied
gives parameter values of zero. These pixels were excluded from
the further evaluations.

APPENDIX C

Homogeneity parameters: lacunarity is a measure of structural
heterogeneity (non-uniformity) or degree of structural variance
within an object depending on neighbourhood size.*>** Origi-
nally, the concept of lacunarity was developed to describe
a property of fractals, that is, of structures that show some self-
similarity meaning that some basic shape is repeated in smaller
dimensions.*” In this article, the gliding box algorithm is used
for the analysis of lacunarity. Basically, a box (in the two-
dimensional case a square) of size r (edge length) is placed
around a pixel of a binary image (where each pixel can have only
one of two states, e.g. bright or dark), and the number of pixels
with a certain state (e.g. bright) within the box are counted. The
conversion of CT parameter images to binary images is de-
scribed below. This count is called “mass” The box is then
shifted pixel by pixel, and the mass is determined for each po-
sition. A histogram of the masses occurred is generated and
normalized to a histogram sum of 1—giving a probability dis-
tribution Q(s) of all observed masses s. From this distribution,
the first and second moments are calculated:

Z(1)=)sQls, 7) (6)

2(2)=35"-Qls, 1) 7)
The lacunarity A then is given by:

_z(2)
S z(1)

A(r)

One can show that A represents something like the relative
variance of the distribution of masses. In our case, it depends on
the fraction of bright pixels, on the box size r and also on their
spatial distribution (in the sense of even or clustered). For an
ideal fractal structure of infinite size, the lacunarity should be
independent of the box size. For an image with bright regions of
well-defined size and spacing, lacunarity is high for box sizes
much less then this size (since almost all boxes are either empty
or full—resulting in a high variance of the distribution of
masses). For larger box sizes, the lacunarity decreases rapidly.
For regularly distributed bright spots, lacunarity will be equal to
one for any box size larger than the period length of the spot
distribution. So, the mean slope of log(A) as a function of log(r)
is a promising measure of the fractal character of an image.
In the case of perfusion-related images, noisy and/or homo-
geneously perfused structures should result in slopes close to
zero, whereas structures with certain poorer or better perfused
regions should give rise to larger negative slope values. Another
parameter evaluated is the fractal dimension. It describes the
complexity or space-filling capacity of a pattern. According to
Goh et al,** we determined it as the slope of log(box count) as
a function of log(r) (box count here is the number of boxes
needed to cover the structure, that is, the number of boxes with
a mass >0). Taking into account the limited spatial resolution of
CT imaging, we had to consider box sizes that were not negli-
gible compared with the tumour sizes. Moreover, owing to pixels
where the calculation of the blood supply parameters was not
successful, the number of boxes being not completely filled by
the tumour ROI was not negligible as well. Leaving them out in
some cases would reduce the tumour region too much. In-
cluding them with a reduced mass owing to their only partially
belonging to the ROI would artificially increase the lacunarity.
We dealt with that problem by switching to probabilities—we
normalized the number of bright pixels to the number of pixels
of the box belonging to the ROL.

APPENDIX D

Binarization: first, the images were normalized so that the me-
dian in the ROI was set to a value of 10. For each pixel, we used
a box-shaped neighbourhood, from which we considered only
the pixels belonging to the ROI analysed. We calculated the
median of this neighbourhood including the “pixel of interest”
itself and set the pixel to “bright”, when the pixel value was in a
range of that local median = a certain tolerance. By visual evalu-
ation, we found a neighbourhood size of 13 X 13 pixels and a range
of £0.1 (meaning *1% of the median of the ROI) optimum for a
sufficient balanced number of bright and dark pixels over the K™
and relative tumour blood volume ROIs for all patients.
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