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Abstract
Voxel-based prescriptions of deliberately non-uniform dose distributions based on molecular
imaging, so-called dose painting or theragnostic radiation therapy, require specification of a
transformation that maps the image data intensities to prescribed doses. However, the functional
form of this transformation is currently unknown. An investigation into the sensitivity of
optimized dose distributions resulting from several possible prescription functions was conducted.
Transformations between the radiotracer activity concentrations from Cu-ATSM PET images, as a
surrogate of tumour hypoxia, and dose prescriptions were implemented to yield weighted
distributions of prescribed dose boosts in high uptake regions. Dose escalation was constrained to
reflect clinically realistic whole tumour doses and constant normal tissue doses. Optimized
heterogeneous dose distributions were found by minimizing a voxel-by-voxel quadratic objective
function in which all tumour voxels were given equal weight. Prescriptions based on a polynomial
mapping function were found to be least constraining on their optimized plans, while prescriptions
based on a sigmoid mapping function were the most demanding to deliver. A prescription
formalism that fixed integral dose was less sensitive to errors in the choice of mapping function
than one that boosted integral dose. Integral doses to normal tissue and critical structures were
insensitive to the shape of the prescription function. Planned target dose conformity improved
with smaller beamlet dimensions until the inherent spatial resolution of the functional image was
matched. Clinical implementation of dose painting rests on advances in absolute quantification of
functional images and improvements in delivery techniques over smaller spatial scales.
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1. Introduction
Tumours are phenotypically heterogeneous in general, exhibiting an array of expressed
characteristics that are rooted both in their origin and environment (Foulds 1954). Solid
tumour phenotypes include but are not limited to elevated rates of cellular proliferation,
regions of hypoxia as well as necrosis, and increased neovascular density (Veikkola and
Alitalo 1999, Hanahan and Weinberg 2000). The plethora of combinations arising from
these characteristics leads to a high degree of heterogeneity both between and within
individual tumours.

Homogeneous local control of such heterogeneous tumours via treatment from x-ray
radiation should be maximized by prescribing and delivering physical dose in a manner that
accounts for intratumoural variation in radiosensitivity (Brahme and Ågren 1987, Levin-
Plotnik and Hamilton 2004). Physical delivery of this non-uniform dose has become feasible
with the advent of intensity-modulated radiation therapy (IMRT), which offers improved
target conformity via the dynamic modulation of spatial and temporal beam intensity
profiles (Källman et al 1988, Convery and Rosenbloom 1995, Yu et al 1995, Brahme 2000).
Clinical studies of various disease sites have concluded that IMRT is capable of delivering
higher target doses than 3D-conformal therapy for fixed critical tissue integral dose
(Portelance et al 2001, Zelefsky et al 2002). Similarly, it has been shown that non-uniform
dose distributions can be delivered to biological target volumes using IMRT with little
theoretical increase in normal tissue complications relative to conventional, uniform dose
distributions (Brahme et al 2001, Xing et al 2002, Yang and Xing 2005, Søvik et al 2007b).

Practical implementation of deliberately prescribing non-uniform dose, termed dose painting
or theragnostic radiation therapy, hinges on the establishment of a mathematical link
between a given phenotypic level of expression and the dose prescription that optimizes
complication-free tumour control (Ling et al 2000, Bentzen 2005). Expression can be
quantified and localized using molecular markers through in vivo assays, which include
highly specific imaging modalities such as positron emission tomography (PET)
(Apisarnthanarax and Chao 2005). However, the function that maps quantitative biological
information to an optimized dose prescription remains unknown, due in principle to its
poorly understood shape for each of many observable phenotypes. In the absence of direct
evidence on its explicit functional dependence, studies have assumed the relative prescribed
doses to depend linearly on image intensities (Alber et al 2003, Das et al 2004,
Vanderstraeten et al 2006). Others have modified conventional radiobiological models
(Stewart and Li 2007), most notably the linear quadratic model of cell survival, to include
radiosensitivity parameters which are functionally dependent on phenotypic expression to
optimize tumour control probability (Søvik et al 2007a, Thorwarth et al 2007).

The biologically-based optimization utilized in this work minimizes a function with physical
objectives, in which the prescribed dose is functionally dependent on the unique uptake
distribution of a given PET radiotracer across all tumour voxels in the patient. Hypoxia
imaging with [61Cu]Cu-ATSM radiotracer is arbitrarily chosen as one of several possible
inputs on which a prescription function acts. The PET radiotracer Cu(II)-diacetyl-bis-N4-
methyliosemicarbazone (Cu-ATSM) has been shown to be a surrogate for cellular hypoxia,
due to its high lipophilicity which allows rapid uptake in cell mitochondria, as well as its
low redox potential which permits selective retention in hypoxic cells (Fujibayashi et al
1997, Lewis et al 2001, Obata et al 2001). Negative correlation between tracer retention and
local oxygen tension (Chao et al 2001), coupled with clinical studies of local pO2
distributions correlated to outcome in head and neck cancers (Nordsmark et al 1996,
Nordsmark et al 2005), have led to investigations on the relationship between Cu-ATSM
retention and poor clinical outcome (Dehdashti et al 2003a, Dehdashti et al 2003b,
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Dehdashti et al 2008). Other potential PET radiotracer inputs include the glucose
metabolism surrogate fluorodeoxyglugose ([18F]FDG), cellular proliferation surrogate
fluorothymidine ([18F]FLT), and hypoxia surrogate fluoromisonidazole ([18F]FMISO)
uptake distributions. In principle, each tracer could have an associated prescription function
that is either completely unique or merely a superposition of underlying biological functions.

The aim of the present study is not to ascertain the exact shape of such a biologically-based
prescription function for a given tracer uptake, but instead to investigate the sensitivity of
IMRT planned dose conformity to variations in its functional shape. A simple set of
transformations serve to parameterize the prescription function in a manner that facilitates
physical and biological interpretation. The sensitivity to these parameters is measured by
variations in the planned dose conformity to each target prescription, as well as by the
integral dose to normal tissues and proximal critical structures. The spatial resolution with
which dose can be painted is altered to determine practical limits for prospective clinical
implementation.

2. Materials and methods
2.1. Patients

Three head and neck squamous cell carcinoma (HNSCC) patients with non-uniform
[61Cu]Cu-ATSM uptake distributions were used in the study. Detailed analysis is shown for
the most complex HNSCC patient that included a base of tongue primary and regional
lymph node involvement. Results along with discussion of the remaining sample set are
reported. In all cases, the left and right parotids, larynx, oral cavity, and spinal cord were
treated as organs at risk (OARs). Computed tomography (CT) voxels were downsampled
from the native spatial resolution of 0.098 cm to match the PET voxel size of 0.391 cm in
the transverse plane and longitudinal axis. The fusion of imaging modalities compelled
either the interpolation of PET voxels by upsampling to the CT grid dimensions, or vice-
versa. The ramifications of each choice are discussed in conjunction with the dose painting
spatial resolution results of section 3.5.

2.2. Biologically-based prescription
The prescribed dose to voxel i (i=1,…,N) in the PTV was set to 70 Gy plus a hypoxia
surrogate uptake (hi) dependent boost dose. The hi-dependence was assigned the form of
either an nth-order polynomial function or a sigmoid function, in order to distinguish
between continuous and threshold functional dependence. Sigmoid curves have been used
previously as dose-response functions (Brahme and Lind 1999) that attempt to capture the
biological and clinical effects of local dose deposition as stochastic and deterministic in
nature, depending on the magnitude of the physical dose delivered.

Two methods were developed to specify the polynomial- and sigmoid-based boost
prescriptions. For the first method, a constant integral boost dose of VPTVΔDmean was
prescribed, where VPTV was the PTV volume, for all polynomial and sigmoid parameters.

These cases will be referred to as the  and  cases, for the polynomial and sigmoid
boosts, respectively. For the second method, the maximum boost dose in the PTV was set to
ΔDmax. These cases will be referred to as the  and  cases, for the polynomial and
sigmoid boosts, respectively. The functional forms of all of the prescription cases are the
following:
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(1)

where  is the nth moment of the tracer uptake distribution in the PTV.
Sigmoid function parameters included the instantaneous slope of the sigmoid function m and
the central position of the sigmoid hc, both evaluated at a fractional dose boost 1/e. The
ΔDmean and ΔDmax parameters were set to 10 Gy and 20 Gy, respectively. These limits arise
from the consideration of acute and latent effects in surrounding normal tissue, as well as
central nervous system necrosis (Rabin et al 1996). Integrated boost doses of up to 30 Gy in
PET-guided radiotherapy have been well-tolerated in head and neck cases (Madani et al
2007). Optimized treatment plans were created for three values of n for the  and 
cases: 1, ½, and 2, which represent linear, square-root, and quadratic mappings from tracer
uptake to boost dose, respectively. Figure 1 shows a histogram of the relative Cu-ATSM
uptake distribution in the PTV (a), the three  mapping functions (b), and histograms of
the fractional prescribed dose boost distributions in the PTV for the linear (c), square root
(d), and quadratic (e) cases. Combinations of the parameters m and hc generated

prescriptions for the  and  cases, representing varying sloped and threshold
sigmoid mappings from uptake to boost dose. Figure 2 shows a histogram of the relative Cu-
ATSM uptake distribution in the PTV (a), three arbitrary  mapping functions (b), and
histograms of the fractional prescribed dose boost distributions in the PTV for these cases
(c–e).

Physically, each polynomial case affects the magnitude of the prescription dose gradients:
the linear prescription preserves the magnitude of the input gradients; the square root
prescription increases the dose gradients at lower prescribed dose boosts and decreases them
at higher prescribed dose boosts; the quadratic prescription decreases the dose gradients at
lower dose boosts and increases the gradients at higher dose boosts. On the other hand, each
sigmoid case modulates both the steepness and location of prescription dose gradients.

2.3. Treatment planning
Photon dose calculations with helical tomotherapy delivery (Mackie et al 1993, Mackie
2006) were carried out via a convolution/superposition algorithm that employs a dose
catcher method (Mackie et al 1988, Ahnesjo 1989, Hoban et al 1994). This delivery
modality was shown to deliver conformal dose distributions to boost regions of varying size
and magnitude while reducing normal tissue integral dose in a superior manner to step-and-
shoot IMRT (Flynn et al 2007). Planning on an in-house system that simulated delivery
from the Hi-Art™ treatment geometry (TomoTherapy Inc., Madison, WI) allowed for the
variation of several parameters to alter the mode of overlapping the photon beamlets and
opening time for each of 64 binary MLC leaves measuring 0.625 cm wide. The pitch p,
defined as the ratio of the distance travelled by the table in a single gantry rotation yrot to the
width of the fan beam at isocentre ybeam, was fixed at an integer fraction of 0.860 in order to
minimize the thread artefact from helical delivery (Kissick et al 2005). The projected jaw
width was also reduced from its typical size of 2.450 cm at isocentre. The delivery
parameters are listed in table 1.
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Beamlet fluences were subsequently optimized by an iterative linear least-squares method
(Shepard et al 2000) to yield inhomogeneous planned dose distributions from non-uniform
target prescriptions. Specifically, a scalar objective function quadratic in dose difference was
minimized at each voxel, in which dose penalties were applied to each region of interest
(ROI) and normalized to the number of voxels in a given structure.

With many free parameters governing the objective function, no singular set of optimization
parameters can be deemed “optimal” in every case encountered. Nonetheless, in order to
make a fair comparison between dose distributions optimized from various non-uniform
prescriptions, a consistent value for each parameter was used for all optimizations. Based on
the patient geometry and relative location of the PTV, certain segmented ROIs were
included in the optimization. OARs located remotely from the treatment volume were
omitted, while those near and dose-limiting were included. The treatment volume carried
identical overdose and underdose penalties to ensure the planned dose approached the
prescribed non-uniform dose. Both normal tissue and OARs only carried overdose penalties
as well as prescribed doses of zero. The optimization parameters are listed in table 1. Merits
in the choice of these fixed optimization parameters are discussed in relation to the OAR
integral dose results of section 3.4.

2.4. Treatment plan evaluation
Optimized dose distributions were visualized in Amira 4.0 (Mercury Computer Systems
Inc., Chelmsford, MA) and qualitatively compared to their respective prescriptions for
effective dose conformity. Dose volume histograms (DVHs) were used to evaluate the doses
delivered to OARs. However, contrary to optimizing from uniform prescriptions, dose
distributions optimized from inhomogeneous prescriptions will yield DVHs that do not fall
off about a single prescribed dose but rather generate curves with gradual falloff in percent
volume as the dose rises above a uniform prescribed dose. In order to properly evaluate the
conformity of PTV planned dose distributions to their appropriate non-uniform
prescriptions, the quality volume histogram (QVH) concept is introduced (Vanderstraeten et
al 2006), a normalized version of the effective DVH (EDVH) (Alber et al 2003).

An effective dose deviation in all voxels is defined as the quotient of the heterogeneous
planned dose and the non-uniform prescribed dose, which removes any dependence on the
prescribed integral dose and places all transformations in the same mathematical space:

(2)

This effective dose distribution denotes the extent of the spread around the normalized
prescribed dose. Rather than binning over the original planned dose, QVHs cumulatively bin
over the effective dose deviation distribution Q, rendering curves with conventional
shoulders and tails associated with uniform prescription structure DVHs.

Generated QVH curves can further be condensed by a metric evaluating the overall strength
of the planned dose distribution fit to its appropriate prescription within the PTV, referred to
henceforth as Q0.95–1.05 plots. Mathematically, this is achieved by summing over all PTV
voxels whose planned dose falls within 5 percent of the prescribed dose. While this is a
considerable margin over which to bin, the metric emphasizes how poorly or well the PTV
planned dose distribution conforms to each prescription in a single data point that facilitates
comparison.
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2.5. Sensitivity tests
Utilizing the treatment plan evaluation metrics, the conformity to the prescribed dose is
assessed for each of the prescription function parameters. To properly discern heterogeneous
dose distribution conformity between prescription function parameters, the dependence on
the beamlet size is initially removed by fixing the jaw width. The jaw width chosen is found
to provide adequate dose painting resolution of the linear prescription dose gradients in
section 3.5. Based on the complex HNSCC case, this condition fixes the beamlet dimensions
to 0.625 × 0.625 cm2 with a pitch of 0.860 within sections 3.1–3.4. More homogeneous
prescriptions in other HNSCC PTVs could be delivered using 1.000 cm jaw widths. In
section 3.1, conformal dose to the target is compared for a range of n-order polynomials to
investigate its sensitivity to the magnitude of dose gradients. In section 3.2, conformal dose
to the target is evaluated for a range of sigmoid slopes m and threshold centres hc to
determine its sensitivity to the magnitude and location of dose gradients.

Due to the uncertainty in the exact shape of the prescription function, the arbitrary choice of
a mapping function and corresponding prescription formalism is subject to a hypothetically
profound error. Errors propagated to optimized dose distributions from such an erroneous
prescription function may have severe consequences and likely impact the planned dose
conformity. In section 3.3, conformal dose to the target is contrasted for mapping function
errors in the polynomial power coefficient n, sigmoid slope m, and sigmoid centre hc to
deduce its sensitivity to uncertainties in the magnitude and location of dose gradients.

Normal structure dose and DVH penalties constrain the optimized dose distribution for each
prescription function employed, regardless of the nature of the transformation generating a
target prescription. In section 3.4, the integral dose to OARs is calculated and compared to
examine its sensitivity to the choice of a prescription function.

Dose painting is intrinsically limited by the spatial resolution of the dose calculation and
optimization grid, which was set in this case to match the spatial resolution of the PET
image. Yet the ability to resolve prescription dose gradients on a fixed grid relies in part on
the finite dose deposition profile determined by the beamlet size that is physically
manifested as the extent of scattered radiation in both the longitudinal and transverse
directions. In section 3.5, conformal dose to the target from linear transformation-based
prescriptions is compared for fixed optimization parameters at various beamlet dimensions
and pitches.

3. Results and discussion
3.1. Polynomial transformations

Optimized dose distributions from polynomial function-based prescriptions Pn display
variable effective dose conformity, depending on the prescription formalism adopted. In
figure 3 where dose is boosted based on , the square root planned dose distribution
(figure 3e) most closely resembles its prescription (figure 3b) due to the smoothing of the
dose gradients at higher dose boosts and the tighter distribution of prescribed dose about its
mean. Contrastingly, the quadratic distribution (figure 3f) least resembles its prescription
(figure 3c) due to the sharpening of these same dose gradients at higher dose boosts and
larger spread in the distribution of prescribed dose about its mean. From this perspective, it
becomes increasingly difficult to deliver conformal dose distributions with photon beamlets
of fixed dimensions as the boost region shrinks in size relative to the treatment volume. This
echoes an observation made in a previous phantom study on boosting (Flynn et al 2007).
When redistributing dose based on  as in figure 4, only the prescription dose gradients
are altered such that the square root transformation prescribes lower dose escalation to a

Bowen et al. Page 6

Phys Med Biol. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



larger percentage of the PTV, while the quadratic transformation prescribes higher dose to a
smaller volume.

The QVH plots of figure 5 depict the differences in planned dose conformity between
polynomial prescriptions. These reiterate the qualitative observation that the steepest
gradients imposed by the quadratic transformation result in the greatest loss of PTV
coverage. However, the relative deterioration of the quadratic QVH is greater for  cases
(90 % PTV coverage to QPTV = 0.97) as opposed to the  cases (98 % PTV coverage to
QPTV = 0.97). While the maximum is held fixed in all polynomial prescriptions, the mean
varies in each and is lower in the quadratic transformation relative to the linear
transformation. When prescribing about this low mean, the diminutive volumes receiving
higher dose will create dose gradients that exceed the achievable dose painting resolution at
fixed beamlet dimensions, and consequently larger cold shoulders and hot tails in the
corresponding QVH. The linear mapping and to a lesser extent the square root mapping
functions are not affected by the formalism, as observed in their respective QVHs. Other
HNSCC treatment plans with smaller treatment volumes display little difference in
conformity between the polynomial transformations and prescription formalisms, due to the
relatively homogeneous uptake and prescribed dose distributions. The steep tracer uptake
gradients at the PTV periphery of these small volumes increase under square root
transformation and decrease under quadratic transformation, though not to the extent of the
complex case. The volume over which the output prescribed dose distribution is altered does
not propagate to a significant change in the PTV QVHs.

Polynomial transformations physically determine the rate of conferred radioresistance to
cells in each voxel for a given tracer retention, requiring modulated prescription dose
gradients to theoretically effect homogeneous local control. The quadratic transformation
creates the steepest dose gradients at the surface of volumes with highest tracer uptake,
which effectively constrains the achievable planned dose conformity. Planned non-uniform
dose distributions readily conform to low order polynomial prescriptions but degrade in
target coverage to higher order mapping functions. Increasing the value of the polynomial
power coefficient also sensitizes the planned dose conformity to the mathematical formalism
of the prescription.

3.2. Sigmoid transformations
It is apparent that the sensitivity of the QVHs to changes in the slope is drastically altered by
the position of the threshold for  (figures 6a and 6b). From  prescriptions in
figure 6a, the treatment volume coverage is insensitive to the threshold position, as minor
losses in effective dose conformity arise only from the decreasing size of the boosted
subvolume. However, for  in figure 6b, loss of tumour coverage is noticeable as hc
approaches a value between 0.4 and 0.5. Increasing the prescription sigmoid slope at low
threshold position only amounts to boosting an increasing volumetric fraction of the PTV to
the maximum dose boost while imposing steep gradients at the edges. This set of dose
distributions does not require much modulation and thus facilitates the optimization and
delivery feasibility. Shifting the threshold towards a more central position, the dependence
on the prescription slope becomes significant, whereby the input tracer distribution has been
divided into equal populations. From the histogram of prescribed doses under this condition
(figures 2c–e), the equal populations each assume an increasingly singular value of
prescribed dose separated by an increasing slope: one approaches zero prescribed dose
boost, the other maximal prescribed dose boost. Each fraction of voxels, whether boosted or
not, are equally sensitive to the steeper dose gradients, which causes smearing of the
delivered dose and severe overdosed regions in the QVH tail coupled with underdosed
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regions forming in the QVH shoulder. At higher threshold few voxels are boosted, making
the distributions completely insensitive to increasing prescription dose gradients. The
sigmoid central position explicitly determines the volumetric fraction making up the
population of voxels receiving little dose escalation and the population receiving roughly
maximum dose escalation. The threshold position strongly couples with the prescription
slope to increase the sensitivity of the prescribed dose to changes in tracer retention.

 cases in figures 6c and 6d confirm the observation that while the QVH curve worsens
at a faster rate for large slope and a given threshold as with the previous formalism, this
position of maximal loss in plan conformity no longer approaches a central hc of 0.4 but
rather a global extreme hc of 0.8. Again, this condition of maximum sensitivity to sigmoid
slope arises from the prescription dose histogram and its constraints on the subsequent dose
gradients. As the threshold position is increased, the mean of the input tracer retention
distribution falls lower on the sigmoid mapping function. Voxels having uptake values
below this mean are prescribed minimal dose boosts, meaning that to conserve PTV integral
dose voxels with values above the mean must be prescribed an increasingly escalated dose.
Thus, the greatest loss in achieving conformal dose distributions from fixed integral dose
prescriptions occurs at the highest threshold where dose gradients are steepest. With either
formalism, the plans deviate the least from their prescriptions at a threshold position of 0.1,
but differ by 5 % over the entire PTV for  cases while only by 3 % over the treatment

volume for  cases.

The Q0.95–1.05 plots in figure 7 show that planned dose distributions are more sensitive to

 prescriptions (a) as compared to  prescriptions (b). At a sigmoid slope of 10,
Q0.95–1.05 is achieved in at least 85 % of the PTV in figure 7a compared to a minimum of 95
% in figure 7b. The latter plot seems practically independent of sigmoid slope and weakly
dependent on sigmoid centre. When these metrics are applied to smaller PTVs with more
uniform uptake in other HNSCC cases, discernable differences in planned dose conformity
remain only for prescriptions based on functions with the steepest sigmoid slope and
centrally-placed threshold position. Under this set of conditions, the dose escalation
threshold falls in the centre of the narrow tracer uptake window along the periphery of these
small PTVs where gradients are steepest and leads to the least conformal plans.

Sigmoid transformations expand the parameterization of the prescription function. The dose
prescription slope characterizes the sensitivity of dose escalation to relative changes in tracer
retention over a relative range of values. The dose prescription threshold centre sets the
absolute range over which dose escalation is sensitive to tracer retention values. Planned
dose conformity is significantly more sensitive to variations in the sigmoid centre at steeper
sigmoid slope and under a formalism that does not preserves integral dose boost by
prescribing relative to maximum dose escalation. While the sigmoid mapping function
parameters were varied independently, the results indicate moderate coupling between the
magnitude of the dose gradients and their location. Since these parameters can not be
completely decoupled, sigmoid transformations impose the most demanding constraints on
the optimization and generate the lowest achievable planned dose conformity.

3.3. Prescription error

Three tests of planned dose sensitivity to a prescription error were carried out for 

(figures 8a–c) and  (figures 8d–e) cases. The first test (figures 8a and 8d) assumes
planned dose distributions based on a linear transformation for different true sigmoid
prescriptions. In figure 8a, the behaviour exhibited is reminiscent of a resonance
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phenomenon, whereby under a narrow window of the sigmoid centre and decreasing
sigmoid slope a linear prescription-based plan begins to approximate the true 
prescription. This observation reaffirms the mathematical limits governing the sigmoid
function, namely that at small slope and at the position of linear ascent it is well-
approximated by a linear transformation. Q0.95–1.05 peaks at 90 % PTV coverage for ,
but rapidly falls off with increasing slope, dropping to a mere 20 % PTV coverage for

. In figure 8d, linear transformation-based dose distributions for  true
prescriptions are less sensitive to the same error but do not achieve the same peak, reaching
78 % PTV coverage to Q0.95–1.05 for . For more uniform tracer uptake in less complex
HNSCC cases, the resonance peak matching a linear-based plan to a sigmoid based
prescription is broadened.

The second test (figures 8b and 8e) assumes a soft threshold-based planned dose distribution
for each true sigmoid prescription over all slopes and centres. The Q0.95–1.05 volume falls

from 100 % for  to 45 % for , but only diminishes from 100 % for  to 95 %

for . In other words, when redistributing the dose for fixed integral dose escalation,
there is less than 5 percent loss in target coverage no matter the sigmoid slope of the
prescription when assuming a soft threshold plan, compared to a 55 percent loss in coverage
dose under the same erroneous assumption when prescribing relative to the maximum tracer
uptake.

The final test (figures 8c and 8f) plans dose distributions based on a centred sigmoid
position of 0.5 for varying true sigmoid prescriptions. A resonance is observed for Smax
cases in figure 8c, but unlike the first test is independent of slope and highly dependent on
threshold position. The plots peak at 100 % Q0.95–1.05 volume for  and fall steeply to 5
% for . As in prior tests, the sensitivity to this error is dampened for Sint cases in figure

8f, in which the Q0.95–1.05 volume drops from 100 % for  to 65 % for .

The ability to paint dose is quite sensitive to errors in the presumed shape of the prescription
function, particularly when it is assumed to map linearly from the tracer uptake distribution.
Planned dose conformity degrades most rapidly in the presence of an error in the sigmoid
threshold centre, and degrades the least for an error in the sigmoid slope. Decreasing the
uncertainty in the most sensitive parameter, in this case the sigmoid centre hc, amounts to
accurately quantifying the absolute range of tracer uptake and retention. Sensitivity to these
errors is reduced with decreasing volume and increasing homogeneity in the tracer uptake
distribution, making these considerations most crucial in complex cases.

However, a difference in sensitivity to these errors exists between the two prescription
formalisms. Under all erroneous assumptions, prescribing about the mean tracer retention
appears to permit a greater margin of error in the choice of prescription function. This may
be due in large part to the preservation of the integral boost dose which allows the addition
as well as subtraction of dose locally to facilitate the creation of steep dose gradients.
Optimization based on redistributing dose about a mean voxel boost dose utilizes an
additional degree of freedom to shape a given gradient as opposed to simple boosting of
dose to a voxel. The less sensitive prescription formalism relaxes the constraints on the
precision with which the mapping function parameters must be determined, making it more
amenable to practical implementation.
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3.4. OAR and normal tissue integral dose
DVHs of three dose-limiting OARs, which included the right parotid, spinal cord and
larynx, are plotted for all polynomial transformation-based dose distributions in figure 9. At
constant beamlet size, the integral dose to critical structures is quite insensitive to the shape
of the polynomial prescription function. Rather, a small divergence between the curves in
figure 9a with increasing dose arises from the difference in integral dose to the target
volume for  cases. As integral dose is added to the treatment volume in the square root-
based plan relative to the linear-based plan, the isodose lines are only marginally pushed
outward into the surrounding tissue and consequently have little effect on the OAR DVHs.
When redistributing the dose to the target for  cases in figure 9b, the integral dose to
critical structures increases slightly for the quadratic-based plan due to sharper dose
gradients at the PTV periphery that push dose into the larynx in particular. The remaining
normal tissue DVH imparts little to no observable differences between transformations as a
consequence of its vast volume relative to all other ROIs.

By utilizing the degrees of freedom afforded by helical tomotherapy delivery of intensity-
modulated radiation, conformal avoidance of OARs remains fairly insensitive to various
polynomial-based prescriptions in this case. This result would change for cases in which
multiple OARs abut and surround the PTV, thereby imposing an increase in integral dose to
critical structures for fixed PTV dose conformity or a reduction in conformity for fixed OAR
integral dose. One HNSCC case consisting of a centrally-located base of tongue primary
does result in an increase of dose to the larynx, but remains within tolerance due to the
shallower dose gradients within the PTV. Demanding prescriptions exist that could
hypothetically impose infinitely-sloped dose gradients over infinitesimal volumes at the
PTV periphery, which would inevitably affect normal tissue integral dose. However, such
prescriptions bear no resemblance to those that are deliverable by contemporary technology.

These results also reflect the choice of the optimization parameters fixed in table 1. Dose
painting at each PTV voxel requires strict target constraints, which is achieved in this study
by eliminating absolute dose and DVH margins in the target objectives while allowing OAR
dose to vary without hard penalties. The iterative evolution of the objective function is thus
dominated by the conformity of the plan to the non-uniform PTV prescription as opposed to
specific critical structure DVH constraints. In cases where proximal OAR DVHs fail to meet
well-established physical objectives, such as the absolute dose limit to the spinal cord,
stricter OAR penalties must be imposed to the detriment of the PTV QVH.

3.5. Dose painting spatial resolution
Figure 10 plots QVHs at various jaw widths at a fixed pitch of 0.86 controlling the beamlet
longitudinal dimension for  (a) and  (b). Both plots show increasingly conformal
PTV QVH with decreasing beamlet size. The most dramatic improvement occurs between
jaw widths of 1.000 cm and 0.625 cm, thereafter quickly converging. Though the dose
painting resolution is rather insensitive to a difference in prescription formalism, small
variations in the QVH curves are noticeable at the largest jaw width, whereby 99 percent of
the PTV achieves a QPTV of 0.95 for  as opposed to 97 percent of the volume for .

The ability of the helical tomotherapy dose distributions to match the dose prescriptions
appears to be sensitive to the jaw width for constant pitch. Since the voxel dimension is
largest in the longitudinal direction, partial volume effects play a more significant role in
producing the steepest dose gradients between adjacent voxels. Smaller jaw widths reduce
the longitudinal smearing of dose and result in more conformal non-uniform dose
distributions. QVHs from less complex HNSCC plans converge at a larger jaw width than
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those from more complex plans due to variation in the tracer uptake on a larger spatial scale
than individual voxels. Once all dose gradients are resolved, shrinking the beamlet size does
not improve the dose painting resolution as it is inherently constrained by the spatial
resolution of the functional image from which the dose grid is generated. In all cases, 0.391
cm PET voxel longitudinal dimension require jaw widths on this order or smaller to ensure
planned dose distributions conform to the most complex prescribed dose distributions.

A natural extension to this analysis fixes the gantry rotation distance yrot by inversely
varying the pitch p and the jaw width ybeam. The expectation would be that similar dose
distributions could be delivered using a larger jaw width coupled to a smaller pitch while
fixing the treatment time. Pitches of 0.430 and 0.215 were coupled to jaw widths of 1.000
cm and 2.450 cm, respectively, and the Q0.95–1.05 PTV volume percentage for each resulting
dose distribution was calculated for comparison to previously implemented values shown in
figure 10 (p = 0.860, ybeam = 0.625 cm). Contrary to expectation, the dose conformity drops
significantly from 100 % of the PTV for p = 0.860 to 97 % for p = 0.430, and further down
to 95 % for p = 0.215. These variations in conformity, despite a constant gantry rotation
distance, are attributed to secondary and higher order intensity modulation due to the
overlap of successive gantry projections along the longitudinal axis. Primary longitudinal
intensity modulation takes place over the gantry rotation distance and thus remains the same
for all combinations of pitches and jaw widths chosen here. However, as the pitch is reduced
and the jaw width is consequently enlarged, a greater percentage of a given beamlet
projected area consists of regions whose intensity modulation is no longer independently
varied by a single gantry projection but rather by combinations of several overlapping
projections. These overlap regions perturb the dose distribution generated from a small jaw
width at large pitch when prescription dose gradients exist on a spatial scale comparable to
the beamlet dimensions, specifically on the order of the PET spatial resolution.

Fixing the spatial dimensions of plans from fused multimodal images requires resampling
the anatomical and functional images onto a common grid defining the dose prescription
spatial resolution. The method of resampling is crucial and depends on the purpose of the
image fusion. Utilizing PET images for diagnostic staging emphasizes precise target
delineation and contouring on the smallest spatial scale, namely by upsampling the coarser
PET image to the finer CT image. On the other hand, the use of PET images for theragnostic
planning underscores the preservation of quantitative accuracy in the activity concentration
at every PET voxel within the PTV, namely via downsampling as is performed in this study.
As PET detectors and reconstruction algorithms augment the detected activity concentration
over smaller spatial scales, clinical PET voxel dimensions may eventually match those of
clinical CT. Nevertheless, the degree to which plans conform to prescriptions is constrained
by the delivery modality spatial resolution. Tomotherapy binary MLCs are commissioned in
some centers down to 0.625 cm square-sided beamlets, meaning that grids on the order of
0.098 cm CT voxels could produce highly nonuniform prescriptions whose plans are neither
conformal nor deliverable. In this sense, the most logical dose painting spatial resolution for
a given treatment planning system is one that matches the prescription dose grid to the
beamlet dimensions. Improving the spatial resolution of the PET image until it converges to
that of the CT image, both under the minimized constraint of the deliverable spatial
resolution, yields the optimal spatial dimensions of the plan.

Variability in the PTV tracer uptake distribution renders each case unique and necessitates
improving the dose painting spatial resolution. Regardless of transformation, the
prescription dose gradients must be resolved in order to avoid significant loss of target
subvolume coverage. This requisite may be addressed in one of two ways: either the beamlet
dimensions must be minimized to a fixed size for each case to ensure adequate spatial
resolution, or the dimensions may be optimally varied intra-fractionally. The static variation
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of beamlet size in each case, even with the advent of improved delivery hardware and
software, would be severely hampered by uncertainties in patient setup and intra-fraction
motion. Tolerable uncertainties due to motion shrink as the beamlet size decreases and
hence limit accurate delivery of non-uniform dose distributions. This issue may be resolved
with the dynamic variation of the jaw width, whereby larger beamlet widths could
adequately deliver more homogeneous doses to motion sensitive areas, while smaller
beamlet widths could deliver non-uniform dose with highly modulated intensity fields to
motion insensitive regions. Additionally, inter-fraction variation of the tracer uptake
distribution in response to radiation therapy shown by mid-therapy PET scans could
conceivably alter the dose painting resolution necessary to achieve requisite plan
conformity. Thus, as radiotherapy becomes more individualized, it must be adaptable to
each of many variables characterizing the treatment course of a given patient.

4. Conclusions
While the exact functional form of the prescription function remains unknown for spatially-
variant dose escalation based on given functional imaging tracer retention, the shape of the
mapping function directly affects the characteristics of prescription dose gradients within the
treatment volume. The location, direction and magnitude of these dose gradients determine
the heterogeneity of the prescription and hence the delivery feasibility at fixed beamlet
dimensions.

Prescriptions based on a polynomial mapping function are less constraining on their
optimized plans, as they modulate only the steepness of dose gradients through the choice of
a single parameter. Planned target dose conforms to a greater percentage of the PTV for a
low order polynomial transformation-based prescription, as opposed to a smaller percentage
of the PTV for a high order polynomial function. In contrast, prescriptions based on a
sigmoid mapping function are the most demanding and difficult to deliver, since these
modulate both the steepness and location of dose gradients via the coupling of two
parameters. Target dose conformity degrades most rapidly for steep-sloped sigmoids, but is
more sensitive to the position of the sigmoid function threshold than the magnitude of the
sigmoid function slope. Conformity of the planned dose to its prescription thus depends on
knowing with greater accuracy and precision the absolute tracer retention range of values
over which the prescription dose boost threshold is placed, since this uncertainty has a
greater impact on prescription heterogeneity and consequent level of required intensity
modulation.

The importance of knowing the shape of the mapping functions for given tracers, whether
they follow a polynomial or sigmoid functional dependence, is incontrovertibly affected by
the mathematical manner in which the prescription is defined. A prescription formalism that
fixes integral dose is less sensitive to errors in the choice of mapping function than one that
boosts integral dose, due to an additional degree of freedom in the creation of dose
gradients. Via the addition and subtraction of dose about a mean, while maintaining integral
dose to the PTV, a greater margin of error in the choice of mapping function is permissible.

The effect of the prescription function shape on target coverage has a reduced influence on
integral dose to proximal critical structures, though the results are case-specific. This further
exemplifies the tremendous technological advances made in the intensity modulation of
radiation, making it possible to safely boost or redistribute the integral dose to the treatment
volume from the proper prescription without significantly altering the physical dose to
surrounding tissue.
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The spatial scale over which dose can be painted to adequately resolve dose gradients
imposed is theoretically bound by the resolution of the functional image from which
prescriptions are generated. Conformity of planned dose to its prescription in the target
improves as the photon beamlet dimensions shrink but saturates on the order of the PET
voxel size in this case. Slightly worse conformity can be achieved with larger beamlet
dimensions and proportionally smaller pitches at the cost of introducing perturbations in the
dose distribution arising from secondary intensity modulation of overlap regions in gantry
projections. Ideally, the beamlet dimensions should match the prescription dose grid voxel
dimensions to yield conformal dose painting plans.

The sensitivity of IMRT dose optimization to variations in the parameters governing the
prescription function depends on the shape of the input tracer uptake distribution. Precise
and accurate determination of these parameters is more crucial in complex cases where
intratumoural tracer uptake heterogeneity exists on small spatial scales. Yet even the least
complex cases require a level of constraint on the shape of the prescription function, albeit
with a greater margin for error. Eventual clinical implementation of dose painting via the
delivery of biological imaging-based dose distributions rests on successful advances in
accurate absolute quantification of functional images, reduction of uncertainties in target
definition due to intra-fraction motion and uncertainties in target prescription due to inter-
fraction therapeutic response, as well as improvements in delivery techniques over smaller
spatial scales.
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Figure 1.
Generation of  prescriptions for the complex HNSCC patient. The input distribution of
the relative tracer retention (a) is mapped to the output of relative prescribed dose escalation
(c–e) by three unitless polynomial transformations (b). These operate on the magnitude of
the tracer retention in each voxel without spatial bias to give weighted output distributions

. The unperturbed linear fractional prescribed dose boost
distribution gives way to a tighter dose distribution about a higher mean in the square root
case, as opposed to a more widespread dose distribution about a lower mean in the quadratic
case.
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Figure 2.
Generation of  prescriptions for the complex HNSCC patient. The input distribution of
the relative tracer retention (a) is mapped to the output of relative prescribed dose (c–e) by
three unitless sigmoid transformations (b). These operate on the magnitude of the tracer
retention in each voxel without bias to spatial position to give weighted output distributions

. At fixed threshold and higher slope, the fractional prescribed
dose boost distributions become increasingly bimodal with peaks at the minimum and
maximum boost doses.
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Figure 3.
Axial target dose boost distributions from  prescriptions for the complex HNSCC
patient. Linear (a), square root (b), and quadratic (c) prescriptions and their respective plans
(d–f), along with isodose lines of 70 Gy (yellow), 50 Gy (red), and 40 Gy (violet). Note that
the dose gradients in the linear case are softened in the square root case by escalating dose to
a larger volume and sharpened in the quadratic case by escalating dose to a smaller volume.
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Figure 4.
Axial target dose boost distributions from  prescriptions for the complex HNSCC patient.
Linear (a), square root (b), and quadratic (c) prescriptions and their respective plans (d–f),
along with isodose lines of 70 Gy (yellow) and 50 Gy (red). Note that the integral dose to
the PTV remains constant but the magnitude of the dose gradients of the linear case decrease
in the square root case and increase in the quadratic case.

Bowen et al. Page 19

Phys Med Biol. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Quotient dose volume histograms from Pn prescriptions for the complex HNSCC patient.

QVHs of PTV for  cases (a)  cases (b). The spread in the difference between
the QVHs increases for Pint cases compared to Pmax cases.
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Figure 6.
Quotient volume histograms from Sm,hc prescriptions for the complex HNSCC patient.

Cases shown include  (a),  (b)  (c),  (d). As the sigmoid
slope increases, the QVHs become increasingly sensitive to the sigmoid centre.
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Figure 7.
Q0.95–1.05 plots for Sm, hc prescription-based dose distributions in the complex HNSCC
patient. Percent volume of PTV with voxels having planned dose within 5 percent of their

prescribed dose as a function of the parameter hc for  cases (a) and 
cases (b). Note the drastic decrease in sensitivity of the dose conformity to changes in the
sigmoid slope and centre for Sint cases as opposed to Smax cases.
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Figure 8.
Q0.95–1.05 plots for S m,hc plans from erroneous prescription functions in the complex
HNSCC patient. Percent volume of PTV with voxels having planned dose within 5 % of
their prescribed dose as a function of the parameter hc for Smax cases (a–c) and Sint cases (d–
f). Conformity of plans was assessed from a presumed linear prescription (a,d), S m=2

prescription (b,e), and S hc =0.5 prescription (c,f). Note that planned dose conformity is more
sensitive to changes in the threshold position than the sigmoid slope, but prescriptions that
conserve integral dose to the target allow a greater margin of error in the choice of the
mapping function.
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Figure 9.

OAR and normal tissue DVHs for  cases (a) and  cases (b) in the complex
HNSCC patient. The integral dose to critical structures varies insignificantly between
polynomial transformations as well as for different prescription formalisms.
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Figure 10.
Linear transformation QVHs as a function of beamlet size and fixed pitch for the complex
HNSCC patient. QVH of the PTV for decreasing jaw width and fixed pitch of 0.86 applied
to  cases (a) and  cases (b). Note that dose plans conform more closely to the
prescription and converge as the jaw width approaches longitudinal dimension of the PET
voxels (0.391 cm).
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Table 1

Helical tomotherapy delivery and iterative linear least-squares optimization parameters for an in-house
treatment planning system.

Variable Definition Value

p Pitch 0.860, 0.430, 0.215

ybeam Jaw Width 0.250 cm, 0.625 cm, 1.000 cm, 2.450 cm

xbeam Leaf Width 0.625 cm

αk Tissue k Importance Weight αk= 1, ∀k considered

βk Penalty Weight
βtumor
βnormal

= 10

dk Prescribed Dose
dtumor = dtumor

presc
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