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AFTER RADIOTHERAPY FOR PROSTATE CANCER

Susan L. Tucker, PH.D.* Rex CHEUNG, M.D., P4.D.," Lei Dong, P4.D.* H. Heten Liu, Pu.D.*
Howarp D. THAMES, PH.D.* Eucene H. Huang, M.D.," DesoraH Kusan, M.D.," anD
RADHE MoHAN, PH.D.}

Departments of *Biostatistics and Applied MathematitRadiation Oncology andRadiation Physics, The University of Texas
M. D. Anderson Cancer Center, Houston, TX

Purpose: To compare the fits of various normal tissue complication probability (NTCP) models to a common set
of late rectal toxicity data, with the aim of identifying the best model for predicting late rectal injury after
irradiation.

Methods and Materials: Late toxicity data from 128 prostate cancer patients treated on protocol with three-
dimensional conformal radiotherapy at The University of Texas M.D. Anderson Cancer Center (UTMDACC)
were analyzed. The dose—volume histogram for total rectal volume, including contents, was obtained for each
patient, and the presence or absence of Grade 2 or worse rectal bleeding within 2 years of treatment was scored.
Five different NTCP models were fitted to the data using maximum likelihood analysis: the Lyman model, the
mean dose model, a parallel architecture model, and models based on either a cutoff dose or a cutoff volume.
Results: All five of the NTCP models considered provided very similar fits to the UTMDACC rectal bleeding
data. In particular, none of the more highly parameterized models (the four-parameter parallel model, three-
parameter Lyman model, or three-parameter cutoff dose and volume models) provided a better fit than the
simplest of the models, the two-parameter NTCP model describing rectal bleeding as a probit function of mean
dose to rectum.

Conclusion: No dose—volume response model has yet been identified that provides a better description of the
UTMDACC rectal toxicity data than the mean dose model. Because this model has relatively low predictive
accuracy, the need to identify a better model remains. © 2004 Elsevier Inc.

Prostate cancer, Rectal toxicity, Normal tissue complication probability, Lyman model, Parallel model.

INTRODUCTION assess and compare the vast number of possible dose dis-
tributions to select the safest and most effective plan for
Radiotherapy (RT) is one of the primary treatment modal- each patient. To this end, numerous studies have sought to
ities for localized prostate cancer, with doses of 65-70 Gy quantify the dose—volume response relationship for late
commonly prescribed when conventional treatment plans rectal injury after RT(6-21)
are used1). Conformal techniques including three-dimen-  To date, no consensus has been reached on the optimal
sional-conformal RT (3D-CRT) and intensity-modulated method for estimating the risk of late rectal injury as a
RT (IMRT) have allowed dose escalation to the prostate function of dose and volume. In part, this is because of the
beyond 70 Gy with improved prostate-specific antigen difficulty involved in comparing the results of multiple
(PSA) control and acceptable toxici(g—5) However, the  analyses. Published studies have used various criteria to
need for additional improvement remains, both to increase contour the rectum, a variety of different scoring systems to
tumor control and to improve the quality of life of prostate grade late rectal toxicity and have selected varying levels of
cancer survivors by reducing the risk of toxicity to adjacent injury to categorize patients into those with or without
normal tissues, including the rectum. complications. The extent of patient follow-up has also
Many of the possible 3D-CRT and IMRT dose distribu- varied among the studies, with a minimum follow-up time
tions to tumor and normal tissue are highly complex and required for some studies but not for others. Additionally, in
cannot be adequately compared simply by visual inspectionsome studies, the time-to-complication data have been an-
of the plans. Quantitative methods are vitally needed to alyzed using the Cox proportional hazards model, and in
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others, the complication data were dichotomized as a binary
endpoint (rectal toxicity: yes vs. no). When the data were
dichotomized, a cutoff time was imposed in some studies
(e.g., rectal toxicity within 2 years) but not in others (any
rectal toxicity during patient follow-up). These differences
in data specification make it difficult to assess and compare
the accuracy of the mathematical models themselves in
predicting complication risk.

In arecent study (22), we used the Lyman normal tissue
complication probability (NTCP) model (23) to perform a
dose-volume response analysis of rectal toxicity in a cohort
of prostate cancer patients treated with 3D-CRT at The
University of Texas M.D. Anderson Cancer Center (UTM-
DACC). In the present study, we continued the analysis of
these same data by investigating the fits of other complica-
tion probability models. By keeping the clinical data fixed
while investigating models of increasing complexity, we
hoped to gain a better understanding of the behavior and
predictive accuracy of the various models. Ultimately, the
goal isto identify the optimal quantitative method for com-
paring treatment plans with regard to the potential for late
rectal toxicity.

METHODS AND MATERIALS

Patient population

The Institutional Review Board of the UTMDACC ap-
proved this retrospective analysis. In connection with an
earlier study (11), the medical records were reviewed for all
patients with localized, biopsy-confirmed prostate cancer
treated with definitive 3D-CRT at the UTMDACC between
1992 and 1999, received no hormonal therapy, had a min-
imum follow-up of 24 months, and had 3D treatment plans
that could be recovered from the institutional archives. Of
the 163 patients meeting these criteria, 128 had been in-
cluded in the 78-Gy arm of the UTMDA CC dose-escalation
trial (4); they were treated with 46 Gy at 2 Gy/fraction to the
isocenter using a conventional four-field box technique,
followed by a six-field 3D-CRT boost to 78 Gy using two
lateral and four oblique fields. Because these 128 protocol
patients were scored prospectively for rectal toxicity, they
were selected as the population for the present data analysis,
as well as for our previous modeling study (22).

Dose-volume histograms

The treatment plans were recovered from the institutional
archives and analyzed to obtain a rectal dose-volume his-
togram (DVH) for each patient. The rectum was outlined 11
cm in length starting 2 cm below the inferiormost aspect of
the ischial tuberosities. The entire rectal volume was con-
toured, including the rectal wall and contents. The dose bins
for the DVH were 0.1 Gy in size for all patients, and the
doses represent total doses, not corrected for fractionation.
Unless otherwise specified, the term DVH aways refers to
the relative DVH, normalized to 100% of the outlined rectal
volume for each patient.
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Table 1. UTMDACC modified toxicity score for late rectal

complications
Grade Description
1 Excess bowel movements twice baseline; slight rectal
discharge or blood
2 Two or more antidiarrheal agents weekly; two or

fewer coagulations for bleeding; occasional steroids
for ulceration; occasion dilation; intermittent use of
incontinence pads; regular nonnarcotic or
occasional narcotic for pain

3 Two or more antidiarrheal agents daily; three or
more coagulations or any transfusion; prolonged
steroids per enema; hyperbaric oxygen for
bleeding/ulceration; regular dilation; persistent use
of incontinence pads; regular narcotics for pain

4 Dysfunction requiring surgery; perforation; life-
threatening bleeding

Abbreviation: UTMDACC = The University of Texas M.D.
Anderson Cancer Center.

Assessment of rectal toxicity

Follow-up examinations for these 128 protocol patients
were performed every 3—6 months during the first 2 years after
RT, and annually theresfter. Late rectal complications, defined
as those occurring =6 months after RT completion, were
graded using a modified toxicity scale based on criteria from
the Radiation Therapy Oncology Group (24), the Late Effects
Normal Tissue Task Force (25), and Fox Chase Cancer Center
(26) (Table 1). The endpoint selected for the present data
analyss was Grade 2 or worse late rectal bleeding within 2
years of treatment. This was the same endpoint used for our
previous modeling study (22). Because dl patients in this
cohort had at least 2 years of follow-up, the status of the
endpoint (yes/no) was known for all patients.

NTCP models

Several different dose—volume response models were fit-
ted to the binary rectal bleeding data (Grade 2 or worse
rectal bleeding within 2 years of treatment: yes/no). Each of
the models considered has the same general form. First, a
summary measure p is extracted from the DVH, and sec-
ond, the complication probability is modeled as a sigmoid
(S-shaped) function of the summary measure p.

Numerous mathematical expressions could be selected to
model the sigmoid curve linking the summary measure w to
the complication probability. These include the probit
model, the logistic model, the complementary log-log
model, or any of these applied to atransformation of w such
as In(w). For consistency, we used the probit model
throughout this study, except as specified otherwise. The
probit model has the form

1 S(—pso) ,
NTCP(un) = —— —u2)d 1
W= pp|  eRCUWAL @

and includes two unknown parameters. a quantity s deter-
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mining the slope of the sigmoid curve, and a parameter s,
determining its position. us, corresponds to the value of
for which NTCP(u) = 50%. In the literature, the parameter
sis sometimes replaced by the parameter m = (s- ugy) *as
a measure of slope.

Each NTCP model considered in the present study was
fitted to the binary response data using maximum likelihood
analysis (27), in which the model parameters are chosen to
maximize the probability of occurrence of the observed data
by maximizing the log-likelihood (LL) of the model fit.
Confidence intervals for the estimated parameter values
were derived using the profile likelihood method (27). All
computations were performed using Stata (StataCorp, 2003,
Stata Statistical Software, release 8.0. College Station, TX).

Lyman model. The well-known Lyman model (23) fits
into the schema of the NTCP models described above.
Lyman proposed the use of Eq. (1), with the upper limit of
integration set equal to [D — TDgy(V)]J/[m - TDg(V)], to
model the complication probability after irradiation of an
organ fraction V to dose D. TDg(V), the dose corresponding
to a50% complication risk after irradiation of subvolumeV,
isassumed to be related to TDgy(1) by apower law: TDgy(V)
= TDg(1)/V" for some parameter n (23). Various DVH
reduction methods have been proposed to obtain a one-step
DVH for use in the Lyman model when the dose to the
organ is heterogeneous (28—31); these reduction methods
correspond to various choices for the summary measure w
of the inhomogeneous DV H.

In the present study, we used the Lyman model applied to
the effective dose D defined by Mohan et al. (31):

Dy = (JV(D) : D””dD)n @)

where v(D) is the function representing the differential
DVH. In discretized form,

Dyt = (Zvi : Diﬂn)n 3

where v; isthe volume of the dose bin corresponding to dose
D;. The Lyman model with D as the summary measure of
the DVH is mathematically equivalent to the Lyman model
combined with the Kutcher-Burman DVH reduction
scheme, in which the DVH is summarized as an effective
volume (28). The Lyman model using either the effective
dose or the effective volume as the summary measure of the
DVH has three unknown parameters, n, m, and TDgy(1); the
latter is denoted here ssimply by TDg,.

Equivalent uniform dose. The equivalent uniform dose
(EUD) is defined as

EUD =

1/a
ZVi : Dia) 4)

for some choice of parameter a (32, 33). If the EUD isfitted

to the complication data using the probit link, the EUD
model is mathematically equivalent, with the parameter a =
1/n, to the Lyman model based on either the effective dose
or the effective volume. Because we restricted attention in
the present study to the probit link, the EUD model was not
considered further.

Mean dose. The mean dose (MD) to an irradiated struc-
ture is

MD = Xv - D, (5)

which corresponds to the special case of Eq. (3) in which n
= 1. Fitting the MD to the complication data using the
probit link function leads to a model with two unknown
parameters. wso, denoted here by MDgg, and either s or m.
Although the resulting model never fits the data better than
the Lyman model, the improvement in fit resulting from
inclusion of the additional parameter n in the Lyman model
may or may not be statistically significant for a given data
Set.

Cutoff dose model. Dose-volume effects are often pre-
sented in terms of the proportion VD, of an organ receiving
doses greater than or equal to some cutoff dose, D, (e.g.,
V60 [corresponding to a cutoff dose of 60 Gy]). Mathemat-
icaly,

V(D) = J o u)du (6)

where v(D) again represents the differential DVH and D,
is the maximal dose. The discretized form of Eq. (6) is

VD.= > (M

i3(Di=Dc)

where the sum is over i such that D; = D... In the present
study, we fitted this model to the rectal bleeding data using
the probit link. The resulting model has three unknown
parameters. the optimal cutoff dose, D, the value of VD,
corresponding to a 50% complication risk, denoted here by
VD,(50), and either s or m. We investigated the fit of this
model based on both the relative volume (normalized to
total rectal volume for each patient) and absolute rectal
volume.

Cutoff volume model. By switching the roles of dose and
volume in the cutoff dose model, asimilar model is obtained
with a cutoff volume V, instead of a cutoff dose D.. Wethen
considered the minima dose, DV, to the hottest volume of
rectum of size V. (e.g., D20 [corresponding to 20% of the
organ)]). Fitting the values of DV, to the rectal bleeding data
using the probit link, a model with three parametersis again
obtained: the optimal cutoff volume, V,, the value of DV,
corresponding to 50% complication probability, denoted
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DV,(50), and either s or m. Again, both the relative volume
and the absolute rectal volume were considered.

Parallel architecture model. A number of authors have
described complication probability models for normal tis-
sues having a parallel architecture, in which each small
subvolume of the organ contributes independently to tissue
function, and in which a complication occurs if the propor-
tion of the organ damaged by radiation exceeds the func-
tional reserve (34-36).

In its simplest form, the parallel model contains four
parameters (37), which we denote here by s, Dgg, S, and
fzo. First, the model includes a local damage function P(D)
representing the probability of destroying organ function in
a small subvolume of tissue exposed to dose D. P(D)
increases with increasing dose and takes on values between
0 and 1. Severa authors have used a logistic function to
model P(D) (37-39), but we have used the probit model
here for consistency throughout in the choice of sigmoid
curves. The parameters of P(D) are slope sp and position
Dy (see Eq. 1).

The fraction of the organ damaged by RT, f,, is calcu-
lated by integrating the differential DVH against the local
damage function P(D):

foam = f "4(D) - P(D)dD &)

or, in discretized form:

foam = ZVi - P(D)) 9)

Finally, the complication probability is expressed as a
function of total organ damage, f,.,, using asecond sigmoid
curve to model the variation in functional reserve among
patients. We again used a probit model, with parameters s
and fz,. Note that as the slope (sp) of the local damage curve
P(D) becomes infinite, the paralel model converges to the
cutoff dose model with D, = Dg.

Akaike information criterion

For pairs of mathematical models in which one model is
nested inside the other (e.g., as the mean dose model is
nested inside the Lyman model, corresponding to the spe-
cial case n = 1), the models can be compared using the
likelihood ratio test. This test determines whether the larger
model provides a significantly better fit to the data than the
smaller model. For nonnested models, no such statistica
comparison exists, but the models can be compared infor-
mally using the Akaike information criterion (AIC). Thisis
amethod proposed by Akaike (40, 41) for adjusting the LL
by the number of parameters to assess whether the more
complex model is worth the associated computational cost
of estimating the additional parameters. The AIC is defined
as AIC = —2(LL) + 2k, where k is the number of model
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parameters. Models with smaller values of AIC are consid-
ered to provide a better fit to the data than models with
larger values of AIC.

RESULTS

Incidence of rectal bleeding

Twenty-nine (23%) of the 128 patients experienced
Grade 2 or worse late rectal bleeding within 2 years of
treatment. This included 1 patient who developed rectal
bleeding after 5 months (instead of 6 months) and was also
scored as having late complications. Patients with rectal
bleeding represented most patients with late rectal compli-
cations during thefirst 2 years, because only 2 other patients
were scored as having Grade 2 or worse late rectal compli-
cations during this period.

DVH comparison for patients with and without bleeding

Figure 1 illustrates the rectal DVHs for patients in this
study. Figure 1a shows the cumulative DVH (cDVH) for 20
patients selected at random. Figure l1aillustrates the amount
of patient-to-patient variability in the cDVH and demon-
strates that the cDVHs for most patients in the study have
qualitatively similar shapes; this is a consegquence of the
consistency in treatment technique (see “Methods and Ma-
terials,” “ Patient population”). Figure 1b shows the average
cDVH for those with and without bleeding; patients who
experienced Grade 2 or worse late rectal bleeding within 2
years had, on average, a greater percentage of rectum ex-
posed to each dose level for all except the very lowest dose
levels. Figures 1c, and d show the mean differentia DVH
(averaged at each dose point in increments of 0.5 Gy) for the
29 patients with rectal bleeding and the 99 patients without
rectal bleeding, respectively.

Lyman and mean dose models

Table 2 lists the parameters of the Lyman model derived
in our earlier study (22). Although it was possible to derive
a lower limit for the confidence interval on n, the upper
confidence limit of o reflects the fact that values of D, and
consequently the corresponding fit of the Lyman model,
changed very little for values of n greater than about 4 or 5.

Table 2 also lists the parameters of the mean dose model
fitted to the rectal bleeding data. For comparison with the
Lyman model, the parameter m = (s - uso) * is listed in
addition to the parameter s. As noted in “Methods and
Materials’, the Lyman model always provides a better fit to
the data than the mean dose model, but for the present data,
the improvement did not reach statistical significance (p =
0.569, likdihood ratio test). This lack of significant im-
provement was reflected in the fact that the confidence
interval for the Lyman volume parameter n contained the
value n = 1, corresponding to the mean dose model.

Cutoff dose model
The cutoff dose model was fitted to the rectal bleeding
data by an exhaustive method in which we considered each
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Fig. 1. (8) Rectal cumulative dose volume histogram (cDVH) curves for 20 randomly selected patients. (b) Average
cDVH curves for patients with (solid curve) and without (dashed curve) rectal bleeding. (c) Average differential DVH
for 29 patients with Grade 2 or worse late rectal bleeding within 2 years. (d) Average differential DVH for 99 patients

without rectal bleeding during the first 2 years.

possible cutoff dose, D, from 5 to 80 Gy in increments of
0.1 Gy. This approach was used in lieu of a numeric
optimization procedure to find the maximum likelihood
since the cutoff dose model is not continuous in the param-
eter D, because of the discretization of the measured DVH.
Specifically, the function VD, of Eq. (7) may have abrupt
jumps at multiples of 0.1 Gy in the present study. We could
have used an interpolation method to estimate V(D) as a
continuous function of dose and then used numeric optimi-
zation. However, we were interested in estimating the op-
tima D, only to the closest 0.1 Gy, and the exhaustive
method was feasible in that it did not require excessive
computation time.

The parameters of the cutoff dose model are listed in Table
2; the parameter mis again given in addition to s, for compar-
ison with the earlier models. The maximum likelihood estimate
of D, is40.9 Gy, and irradiation of 76.1% of the rectum with

doses of =40.9 Gy is estimated to correspond to a 50% risk of
Grade 2 or worse late rectal bleeding by 2 years.

Figure 2 shows the LL of the cutoff dose model as a
function of cutoff dose, D, and illustrates the maximum
likelihood occurring for D, = 40.9 Gy. The profile likeli-
hood confidence region for D, corresponds to the values of
D, for which the likelihood curve lies above the dashed line
in Fig. 2. The confidence region for D, = 40.9 Gy is
digoint, consisting of several separate intervals along the
dose axiswherethe curvein Fig. 2 dips below the horizontal
line (Table 2).

Cutoff volume model

The cutoff volume model was also fitted to the rectal
bleeding data by an exhaustive method in which we
considered each possible cutoff volume, V., from 1% to
99%, in increments of 1%. Table 2 lists the maximum
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Table 2. Parameter estimates, profile-likelihood confidence intervals and log-likelihood values derived from fitting various NTCP
models to rectal bleeding data

Model

Parameter estimates (95% ClI) LL

Lyman model*

n = 3.91 (0.031—)

—58.07

TD(50) = 53.6 Gy (50.0-75.1)
m = 0.156 (0.036-0.271)

Mean dose model

MD(50) = 56.3 Gy (53.4-61.6)

—58.24

s = 0.126 Gy * (0.056-0.187)
m = 0.141 (0.098-0.238)

Cutoff dose model

D, = 409 Gy'

—58.06

VD, (50) = 76.1% (65.1%-91.3%)
s = 5.68 (3.14-12.8)
m = 0.231 (0.148-0.728)

Cutoff volume model

V, = 16%*

—58.85

DV, (50) = 77.6 Gy (67.7-80.1)
s = 0.175 Gy * (0.057-0.455)
m = 0.074 (0.028-0.232)

Parallel model

s = 0.011 Gy * (0—0)

—57.87

D(50) = —241 Gy (—oc—»)
S = 3574 (3.3—0)
foo = 0.999 (0.681-1)

Abbreviations: NTCP = normal tissue complication probability; CI = confidence interval; LL = log-likelihood.

* Results of Cheung et al. (22).

T 95% confidence interval for D, consists of union of several digoint intervals ranging from 29.5 to 75.9 Gy (Fig. 2).
*95% ClI for V, consists of union of several digoint intervals ranging from 6% to 72% (Fig. 3).

likelihood parameter estimates of the cutoff volume
model. The optimal cutoff volume, V, is estimated to be
16%, and irradiation of =16% of the rectum with doses
=77.6 Gy is estimated to correspond to a 50% incidence
of rectal bleeding. As indicated by the maximum LL
value, this model does not fit the data as well as the cutoff
dose model, which has the same number of parameters.

In Fig. 3, the LL is plotted as a function of cutoff volume,
V,, with the maximal likelihood occurring for V, = 16%. The
profile likelihood confidence interval for V, is very wide and
aso congists of a union of digoint intervals (Table 2).

-62

-64

Log-likelihood

-66

-68

T T T T

0 20 40 60 80
Cutoff dose Dc (Gy)

Fig. 2. Log-likelihood of fitted cutoff dose model plotted against
value of cutoff dose, D.. Doses with LL values above dashed
horizontal line lie within the 95% profile-likelihood confidence
region for optimal value (40.9 Gy) of D..

Parallel architecture model

Our experience has shown that numeric convergence is
often difficult to achieve when fitting the parallel model to
normal tissue toxicity data using an automated optimization
procedure. Therefore, in the present study, we first used a
grid search to identify reasonable starting values for the
optimization. For Dy, values ranging from 5 to 80 Gy in
increments of 5 Gy, and for values of 10g,4(s) ranging from
—31to 2 in increments of 0.1, the corresponding values of
fyam Were computed and fitted to the rectal bleeding data
using probit analysis.

-60 -58

Log-likelihood
-62

1

-64

-66

T T T

20 4‘0 GlO 80 100
Cutoff volume Vc (%)

Fig. 3. Log-likelihood of cutoff volume model plotted against
cutoff volume, V.. Volumes with LL values above dashed hori-
zonta line lie within 95% profile-likelihood confidence region for
optimal value (16%) of V..
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Fig. 4. Partial results of grid search for parameters of parallel model. Log-likelihood plotted against s, for (8) Dgy =

20 Gy or (b) 40 Gy.

Using the results of the grid search, Fig. 4 shows plots of
LL versus s, for two different values of Dy, (Dsy = 20 or
40 Gy). Figure 4 illustrates that the LL is constant or nearly
constant over large ranges of parameter values, which ex-
plains why numeric convergence is sometimes so difficult to

achieve with the parallel model. In particular, it can easily
be shown that for any value of D, the likelihood surface
becomes flat as s, approaches infinity (Fig. 4). This means
that for many starting values, the optimization routine will
converge to a false maximum likelihood corresponding to
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Fig. 5. Contour plot illustrating the results of the grid search for parameters of the parallel model. Symbols 0 through
5 indicate log-likelihoods of decreasing value. O: LL >—-58.0; 1: LL € (—58.1, —58.0]; 2: LL € (—58.2, —58.1]; 3:
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sp = . As noted previously, s, = o corresponds to the
cutoff dose model.

Figure 5 is a contour plot showing the regions in which
the largest values of LL were obtained during the grid
search for parameters of the parale model. The largest
value of LL was obtained for Dgy = 5 Gy and log,4(Sp) =
—1.5, and therefore, these were used as starting values for
the optimization procedure.

The resulting best-fitting parameter estimates for the par-
alel model (Table 2) are biologically unrealistic in that the
Dy, estimate is negative; thisimplies that the probability of
local damage is >50% even for a dose of 0 Gy. The
estimated local damage function, P(D), is >99.5% for the
entire dose range relevant to this study (0—80 Gy). To force
the local damage function to be zero at zero dose, we refitted
the parallel model using a version of P(D) expressed as a
probit function of In(dose) instead of dose. The resulting
estimate of P(D) was again essentially flat, taking on values
in the range of 49.9-50.1% between 1 and 80 Gy. Although
this model has the correct behavior at zero dose, it rises
much too steeply <1 Gy to be biologically reasonable.
Thus, although the parallel model can be fitted to the rectal
bleeding data, the resulting fit is not biologically meaning-
ful.

As indicated in Table 2, the confidence intervals for the
parameters s, and D, of the parallel model, describing the
shape of the local damage function, appear to encompass all
possible parameter values. In other words, we were unable
to find parameter values falling outside the region of 95%
certainty. Hence, the parameter values corresponding to the

optimal fit of the parallel model are numerically meaning-
less in that they cannot be statistically resolved from any
other possible values. Apparently, the present data set was
simply too small to achieve a meaningful fit with the par-
alel model.

Comparisons among the models

Table 3liststhe LL and the value of the AIC for each of the
five dose—volume response models considered in the present
study. The AIC adjusts the LL by the number of model
parameters, as described in “Methods and Materials” Al-
though the four-parameter parallel model has the largest like-
lihood overdl, the dight improvement in fit compared with the
simpler models is not judged to be worth the additional com-
putationa effort, as assessed by the AIC. Among the three-
parameter models, the Lyman and cutoff dose models provided
somewhat better fits than the cutoff volume model. However,

Table 3. Comparison of NTCP models using Akaike information

criterion
Model Parameters (n) LL AlC
Lyman model 3 —58.07 122.1
Mean dose model 2 —58.24 1205
Cutoff dose model 3 —58.06 122.1
Cutoff volume model 3 —58.85 123.7
Parallel model 4 —-57.87 123.7

Abbreviation: AIC = Akaike information criterion; other ab-
breviations as in Table 2.
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Fig. 6. (a) Predicted probability of late rectal bleeding as a function of organ damage, f,,, estimated using parallel
model. (b) Predicted probability of late rectal bleeding as a function of mean dose to rectum. Symbols represent patient
outcome (NTCP = 1 or NTCP = 0 for patients with and without bleeding, respectively) plotted as a function of fg,,
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or mean dose. Dashed curves represent model fits.

neither was markedly better than the simplest of the five
models, the two-parameter mean dose moddl.

The values of fy,,, computed from the parameters of the
paralel model are shown in Fig. 6a, together with the
sigmoid function linking fy,,, to the probability of recta

bleeding, according to thefit of the parallel model presented
in Table 2. The observed outcome for each patient is plotted
as 1 if rectal bleeding occurred and O otherwise. Figure 6b
shows the same type of plot for the mean dose and its
corresponding sigmoid link. The two panels are very similar
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Fig. 7. Correlations between mean dose (MD) and Dy or
V40.9.

in appearance, reflecting the fact that the values of MD and
fyam fOr €ach patient were highly correlated (Pearson corre-
lation coefficient r = 0.983, p <0.001), although quite
different in scale.

The MD was aso highly correlated with each of the other
summary measures of the DVH considered in the present
study. The Pearson correlation coefficient for mean dose
versus Dy, V40.9, and D16 wasr = 0.983, r = 0.952, and
r = 0.831, respectively (p <0.001 in each case). Figure 7
illustrates the first two of these correlations. The high degree
of correlation among all the various summary measures of
the DVH considered here explains the similarity in the
values of maximum LL obtained from the various model fits
(Table 2) and explains why none of the other models is
judged to fit the data any better than the mean dose model.

Absolute rectal volumes

All the analyses described above were based on the
relative DVH, normalized to the total rectal volume. Each of
the models was also fitted to the data using the same
numeric expression, but with the absolute rectal DVH sub-
stituted in place of the relative DVH. As shown in Table 4,
the models based on absolute rectal DVH did not fit the data
as well as those based on relative DVH.

Table 4. Maximum log-likelihood values obtained by fitting
each NTCP model using absolute rectal DVH instead of relative

DVH
Model LL
Lyman model —64.27
Mean dose —67.41
Cutoff dose model —65.22
Cutoff volume model —63.72
Parallel architecture model —59.39

Abbreviations: NTCP = normal tissue complication probability;
DVH = dose-volume histogram; LL = log-likelihood.
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DISCUSSION

We fitted five different NTCP models to the late rectal
toxicity datafrom 128 patients treated for prostate cancer at
the UTMDACC with 3D-CRT without hormonal therapy.
The goal of the study was to help identify the most accurate
model for predicting the risk of late rectal toxicity as a
function of the dose and volume of rectum exposed. The
availability of such a model would be of enormous benefit
for future treatment planning, particularly as IMRT be-
comes more and more widely used.

The endpoint used in this study was Grade 2 or worse late
rectal bleeding within 2 years of treatment. The 2-year time
point appears to be a good one for analyses of rectal toxic-
ity, because the vast mgjority of Grade 2 or worse late rectal
toxicities occur by 2 years (11, 20), and 2 years of follow-up
is sufficiently short to obtain mature clinical data within a
reasonable time frame. We elected to restrict our analysesto
Grade 2 or worse late rectal bleeding instead of all Grade 2
or worse late rectal toxicities for the sake of consistency.
We believed that different dose-volume response relation-
ships might describe different late events. However, nearly
al (94%) of the Grade 2 or worse |l ate rectal events observed
in this patient population were rectal bleeding. Thus, exclu-
sion of the other toxicities most likely made little practical
difference in terms of mode fitting.

Factors other than the radiation dose and volume may
aso influence the risk of late rectal toxicity after 3D-CRT.
For example, the presence of pre-existing hemorrhoids has
been implicated in the risk of late rectal bleeding in alarger
cohort of patients from which the present subset was drawn
(11). We were unable to identify any patient or clinica
factors that were significantly associated with therisk of late
rectal bleeding in the present cohort. For this reason we
considered models based only on dose and volume. How-
ever, other factors could, in principle, be included in the
modeling by assuming the dosimetric and volumetric pa
rameters to be dependent on patient characteristics.

Each of the five models considered in this study had the
same general form: a summary measure u was extracted
from the cumulative DV H, and the probit model was used to
link w to the probability of late rectal bleeding. The sum-
mary measures considered here were the D, the MD, the
relative volume of rectum receiving more than a specified
cutoff dose, the minimal dose to the hottest volume of
rectum of a specified (cutoff) size, and total organ damage,
fgam (from the parallel architecture model). The results
showed that according to the AIC, none of the models
provided a fit markedly better than the simplest of the
models considered, the mean dose model. Although three of
the other models led to somewhat larger values for the
maximum LL, the LL values were not sufficiently larger, as
judged by the AIC, to offset the added computational effort
involved in fitting those models to data. As illustrated in
Fig. 7, the summary measures of the DVH for al models
were highly correlated with one another, meaning that there
was actually very little difference among the model fits to
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the present data. It should be noted, however, that the
predictions of the various models outside the present range
of data might be very different. For example, the presence
of small, but very highly dosed, “hot spots” would increase
the MD and lead to a predicted increased risk of rectal
bleeding according to the MD model. However, the pres-
ence of such a hot spot would not significantly change the
estimate of fy,,, in the paralel model, and thus would not
lead to a prediction of higher risk according to the parallel
model. Therefore, the potential superiority of one of the
models over the others would be much more apparent if data
having a much wider variation in dose-volume distributions
than in the present study had been analyzed (Fig. 1a).

The present study revealed some interesting features of
the parallél architecture model, which we have found in past
experience to be quite difficult to fit to complication data. In
particular, it can be shown analytically that the derivative of
the parallel NTCP model with respect to the parameter s,
approaches zero as s, approaches infinity. This means that
the optimization procedure will often converge to s; = o
(the threshold dose model) even though this may not cor-
respond to the overall maximum likelihood. In addition,
there may be other broad ranges of parameter values for
which the likelihood surface is relatively flat, which will
also make achievement of convergence difficult. In addi-
tion, we found that the parallel architecture model with four
parameters could be fitted to our data (with 128 patients and
29 events) almost equally well for nearly every possible set
of parameter values. This implied that very large data sets
might be required to fit even the simplest version of the
paralel model with any certainty.

Although none of the other models considered here was
markedly better than the MD model, the MD does not in fact
provide a very precise prediction of rectal toxicity in the
present study. The MDs ranged from 32.9 to 62.3 Gy (median
49.5). The vaue of MD corresponding to a 50% risk of Grade
2 or worse rectal bleeding was 56.3 Gy (95% confidence
interval 53.4 to 61.6). If we had used this value of MD as a
cutoff vaue for predicting late rectal bleeding in the present
dataseti.e, by predicting rectal bleeding for patients with MD
=56.3 Gy and no bleeding for patients with MD < 56.3 Gy,
we would have been correct in 101 of 128 cases (79% accu-
racy), with a sensitivity of 21% (6 of 29) and a specificity of
96% (95 of 99). In clinical practice, it may be most important
to have an NTCP model with high sensitivity, so that most
patients likely to have adverse reactions can be identified
prospectively and have trestment plans modified accordingly.
If we increased sensitivity in the present case, for example by
predicting bleeding among those with a =15% risk (corre-
sponding to MD = 48.0 Gy), we would have had a sensitivity
of 90% (26 of 29), with an accuracy of 59% (75 of 128) and
specificity of 49% (49 of 99). Hence, the sensitivity would be
increased at the expense of reduced overal accuracy and
greatly reduced specificity.

We compared the predictive accuracy of the MD model
to that of other models applied to the present data. For
example, if V40.9 =76%, corresponding to an estimated

bleeding risk of =50%, the resulting sensitivity, specificity,
and accuracy was 17%, 95%, and 77%, respectively. Using
the cutoff V40.9 >58%, corresponding to a =15% esti-
mated risk of rectal bleeding, the sensitivity, specificity, and
accuracy was 90%, 49%, and 59%, respectively. These
values are very close to those obtained using the MD, as
described above. If we instead considered the commonly
used clinical guideline of keeping V70 <25%, and used
V70 =25% as the criterion for predicting rectal bleeding,
the sensitivity, specificity, and accuracy were all approxi-
mately equal for these data: sensitivity 69% (20 of 29),
specificity 70% (69 of 129), and accuracy 69% (89 of 128).

An overall picture of the tradeoff between sensitivity and
specificity for apredictive model is provided by the receiver
operating characteristic curve, in which sensitivity is plotted
against 1 — specificity as the estimated risk level from the
model is varied from 0 to 100% (42). The area under the
receiver operating characteristic curve (AUC) is often used
to quantify the accuracy of the predictive model, with area
0.5 corresponding to a random prediction (e.g., a coin toss)
and 1.00 corresponding to a perfect prediction. Using a
nonparametric method to compute the AUC, the AUC for
all five models considered in this study were identical to two
digits: AUC = 0.77, with a 95% confidence interval (43)
ranging from 0.67 or 0.68 to 0.86 or 0.87 in all cases. This
similarity in AUC values further illustrates that no substan-
tial differences exist among the fits of the five models
considered with the UTMDACC rectal bleeding data. The
AUC corresponding to V70 (with cutpoints other than 25%)
was nearly the same: AUC = 0.76 (95% confidence interval
0.65-0.86).

Although we expect always to have some errors in pre-
diction because of unknown factors and stochastic effects,
we would hope for more precise predictors of rectal bleed-
ing than provided by the NTCP models considered in the
present study. Intuitively, one might expect measures of
organ damage based on absolute DVHs to be more strongly
associated with a risk of toxicity than those based on rela-
tive DVHSs. That is, the patient with a larger organ volume
might be expected to have a greater functional reserve than
the patient with a smaller organ volume. However, in the
present analysis, we found that each of the models consid-
ered fitted the data better when used with the relative rectal
DVH than with the absolute DVH (Table 4). This was
probably because of much of the variation in absolute rectal
volumes from patient to patient was aresult of variationsin
rectal filling, and was therefore unlikely to affect the risk of
rectal toxicity.

CONCLUSION

Although it is possible that some other NTCP modd based
on the total rectal DVH may fit the data better than the models
we considered, a more likely scenario is that much better
predictive ability will be achieved if we exclude the portion of
rectal volume attributed to recta filling and consider models
based instead on the dose—rectal wal histogram or dose-
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surface histogram (44—47). Correction of the tota dose to
account for differences in fractionation in various segments of
the treated organ (48, 49) and models that take organ motion
into account are al o expected to improve our ability to predict
thelikelihood of late rectal toxicity substantialy. Our planisto

10.
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12.

13.

14.

15.

16.
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incorporate each of these into the modeling in turn to identify
which have the greatest influence on the predictive accuracy.
The ultimate goal is to identify an NTCP model of sufficient
accuracy for clinical usein thedesign of optimal individuaized
treatment plans.
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