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Impact of geometric variations on delivered dose in highly
focused single vocal cord IMRT
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Abstract

Purpose. To investigate the robustness of single vocal cord intensity modulated radiation therapy (IMRT) treatment plans
for set-up errors, respiration, and deformation. Material and methods. Four-dimensional computed tomography (4D-CT)
scans of 10 early glottic carcinoma patients, previously treated with conventional techniques, were used in this simulation
study. For each patient a pre-treatment 4D-CT was used for IMRT planning, generating a reference dose distribution.
Prescribed PTV dose was 66 Gy. The impact of systematic set-up errors was simulated by applying shifts of =2 mm to
the planning CT scans, followed by dose re-calculation with original beam segments, MUs, etc. Effects of respiration and
deformation were determined utilizing extreme inhale and exhale CT scans, and repeat scans acquired after 22 Gy, 44 Gy,
and 66 Gy, respectively. All doses were calculated using Monte Carlo dose simulations. Results. Considering all investigated
geometrical perturbations, reductions in the clinical target volume (CTV) V.., Dy, D,,, and generalized equivalent
uniform dose (gEUD) were limited to 1.2 +2.2%, 2.4 =2.9%, 0.2+ 1.8%, and 0.6 = 1.1 Gy, respectively. The near mini-
mum dose, D, , was always higher than 89%, and gEUD always remained higher than 66 Gy. Planned contra-lateral (CL)
vocal cord Dy, , gEUD, and 'V, Gy Were 38.2+£6.0 Gy, 43.4 £5.6 Gy, and 42.7 = 14.9%. With perturbations these values
changed by —0.1 £4.3 Gy, 0.1 =4.0 Gy, and —1.0 £ 9.6%, respectively. Conclusions. On average, CTV dose reductions due
to geometrical perturbations were very low, and sparing of the CL vocal cord was maintained. In a few observations (6 of
103 simulated situations), the near-minimum CTV-dose was around 90%, requiring attention in deciding on a future
clinical protocol.

Intensity modulated radiation therapy (IMRT) is
being increasingly investigated for the management
of early stage squamous cell carcinoma of the larynx
[1-6]. IMRT produces a conformal dose distribu-
tion around the tumor; therefore the surrounding
organs at risk (OAR) can be spared more than what
could be achieved with conventional radiation ther-
apy (RT) techniques. Limiting the dose to OAR has
the potential of reducing RT-related toxicity, such
as, vocal dysfunction, dysphagia, trismus, arytenoid
edema, carotid arteries injuries, and increased risk
of strokes [1,2,7-12]. IMRT appears not widespread
as the standard technique for stage T'1 laryngeal can-
cer, and whenever it is applied, both vocal cords are
included in the treatment volume [1,2]. The reason
for this forbearance in the implementation of IMRT

to this specific tumor site, compared to other head-
and-neck tumor sites, may be the good overall sur-
vival currently achieved [6]. Nevertheless, reducing
the dose to normal tissue potentially reduces long-
term sequelae and improves the quality of life (QoL),
which is important for this category of patients with
such a long-term survival. Additionally, limiting
the dose to the OARs, potentially yields another
treatment option for patients with re-current tumors;
re-irradiation. The use of IMRT and small target
volumes could potentially also allow shorter,
more hypo-fractionated schedules. Safety margins
[clinical target volume-planning target volume
(CTV-PTV)] are used to ensure that the CTV
receives adequate coverage during the multi-fraction
course of treatment.
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IMRT plans usually contain high dose gradients
to spare OAR adjacent to target volumes, putting an
enhanced stress on selection of appropriate margins.
This is particularly important as it was shown that a
small position variation does not necessarily mean a
correspondingly small dose variation and vice versa in
the case of head-and-neck RT because of tissue inho-
mogeneities and body contour variations with respect
to the beams [13]. IMRT utilizes three-dimensional
(3D) anatomic information extracted from computed
tomography (CT) scans acquired prior to treatment.
Nonetheless, several groups have reported anatomic
changes occurring throughout fractionated external
beam radiotherapy [14,15]. The CTV-PTV margins
have to account for potential anatomical changes dur-
ing the course of treatment, e.g. caused by tumor
regression or weight loss. In single vocal cord IMRT,
applied CTV-PTV margins also have to compensate
for respiratory tumor motion [3,5]. Recently, it has
been shown that using adaptive radiotherapy (ART)
techniques has potential advantages in preventing
many of the above mentioned concerns when treating
head-and-neck tumors with IMRT [16,17].

At Erasmus Medical Center in Rotterdam we have
developed a highly focused image-guided IMRT tech-
nique to only irradiate the involved vocal cord in early
glottic cancer. This was allowed by recent technologi-
cal advances in image acquisition with 4D-CT, image-
guided position verification with cone beam CT, and
the clinical availability of a treatment planning system
(TPS) with Monte Carlo dose calculations [3-6].
With our technique, not only the distant OARs are
spared but also the contra-lateral (CL) vocal cord that
lies in close vicinity to the irradiated vocal cord [5].
Single vocal cord irradiation (SVCI) with IMRT
involves the use of small treatment fields for a tumor
surrounded partially by air, complicating selection of
appropriate CTV-PTV margins. For the treatment
plans generated in [5] (used as reference in this study,
see below), an isotropic CTV-PTV margin of 2 mm
was used. The current study was conducted to test the
robustness of these IMRT plans against different geo-
metrical uncertainties. The uncertainties evaluated
were; set-up errors, respiratory movements, and inter-
fraction anatomical variations (deformation).

Material and methods

Patients and generation of reference IMRT dose
distributions

Ten patients previously treated for early glottic carci-
noma (T1aNOMO) with conventional techniques
(parallel opposed wedged fields, 6MV photons, 66Gy
in 33 fractions) were retrospectively included in
this study. The involved cases and generation of the
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reference IMRT dose distributions as used in this
study have been described in detail in [5]. Here a brief
summary is provided. Each patient had 4D-CT scans
acquired at different time points; before treatment,
after 22 Gy, 44 Gy, and 66 Gy. Patient 6 was enrolled
in the study after the start of the treatment and only
4D-CT scans after 22 Gy were available. These
4D-CT scans were used to reconstruct eight
breathing phase resolved 3D-CT scans (or frames)
[3]. The CT resolution was 1X1X1 mm?>. The
area of the airgap at the level of the vocal cords was
measured on the different frames and a middle
3D-CT scan/frame of the 4D-CT data set was deter-
mined in each case.The pre-treatment middle 3D-CT
scan representing the local anatomy on (or closest
to) its average respiratory position was used for
planning. Using this scan for planning, systematic
error could be reduced to nearly zero and respiratory
motion contribution to the margins will stem from
purely random errors [18]. The CTV was defined
as the whole affected vocal cord. To construct a CTV-
PTV safety margin for planning a standard
margin formula: AM=25% +1.640,, — 1.640,

where y = |32 +32 G,, =
tot intrafraction interfraction ’

2 2 2 :
\/Gimmfraction + Gintrafmction + Gp and Gp is the SD

describing the penumbra width (sz 0.4 cm in SVCI
plans) was used. We included uncertainties origi-
nated from intra-fraction respiration [3], residual
inter-fraction set-up when employing on-line setup
corrections using daily cone beam CT as explained
in our previously published work [4]. Intra-fraction
set up uncertainties was estimated to be equal to the
inter-fraction uncertainties as a reasonable estimate.
Using this procedure, margins of 0.5, 1.7, and 0.8
mm in the medio-lateral, cranio-caudal, and antero-
posterior directions were calculated. Given the 1
mm? resolution of the CT scan, practical margins of
2 mm in all directions were used. IMRT plans were
generated on these planning scans and the corre-
sponding dose distributions were the reference dis-
tributions as used in this study. A class solution with
five beam angles was employed [5]. The prescribed
dose to the CTV was always 66 Gy given in 33 frac-
tions (six weekly fractions) using 6-MV photon beams.
The IMRT treatment plans were generated with the
Monaco TPS, version 1.00 (Elekta-CMS) that uses a
Monte Carlo dose calculation engine.

Stmulation of set-up errors

The effects of set-up errors on CTV dose coverage
and on the dose received by the CL vocal cord were
assessed by re-computing the dose distribution for
six shifts of the iso-center on the planning CT scan
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along the three principal axes (+ and —). Dose
re-calculation was performed using the linac param-
eters (segments, MUs, etc.) as established for gen-
eration of the reference dose distribution. In a
previous work [4] we have presented a daily on-line
positioning procedure for single vocal cord irradia-
tion. We found that the residual positioning errors
after employing this on-line 3D patient setup correc-
tion procedure were below a millimeter. Neverthe-
less, in this present study shifts of =2 mm were
simulated as an upper bound estimate of possible
systematic set-up errors in clinical settings. As patient
6 had no pre-treatment 4D-CT, the described analy-
ses were done with the scan acquired after 22 Gy.

Stmulation of respiratory motion

For each patient, the extreme inhale and extreme exhale
CT scans, reconstructed from the pre-treatment
4D-CT scan, were used for the simulations. The man-
ually delineated planning scan was exported to the
Atlas-Based Auto-segmentation (ABAS) software
(Elekta/CMS software) to serve as a patient specific
atlas [19] for delineation of the two extreme breathing
phases CT scans. ABAS delineations were edited by an
experienced observer (author 3) [20], therefore, delin-
eation inaccuracies from ABAS were removed in order
to avoid increase in delineation uncertainty. Again, dose
calculations for these extreme breathing phases were
based on the original linac parameters. As patient 6
had no pre-treatment 4D-CT, the described analyses
were done with the scan acquired after 22 Gy.

Stmulation of deformations and volumetric changes

The impact of deformations and volumetric changes
was simulated utilizing repeat 4D-CT scans that
were acquired at 22 Gy (eight patients), 44 Gy (six
patients) and at the end of the treatment 66 Gy (nine
patients). In each repeat 4D-CT, the reconstruction
with the anatomy (vocal cords) on its average posi-
tion was determined and used for this analysis.
Delineation of these middle CT scans was performed
as described above. To simulate the treatment
positioning, rigid registration of the planning CT
scan with each repeat CT scan was performed. The
coordinates of three well-defined anatomical points;
the front node of the thyroid cartilage and the
two arytenoids were determined on both CT scans.
The registration result of the center of mass (COM)
of these three points was then used to determine
the shifts applied to the iso-center of the repeat
scan, followed by calculation of the corresponding
dose distribution. The applied registration method
resembles our cone beam CT based, on-line setup
verification and correction protocol [4].

Dose calculation and plan evaluation

All dose calculations in this study were done in the
Monaco treatment planning system (Elekta/CMS
software), using the integrated Monte Carlo-based
dose calculation algorithm. In total 103 plans were
re-calculated to simulate the uncertainties described
above. In all cases, re-calculated dose distributions
were compared with the corresponding reference
distribution as designed for the planning CT scan.
In all cases, the CTV was used to evaluate tumor
dose delivery; the PTV was only a geometrical tool
to generate a treatment plan. Apart from the CTV,
dose in the CL vocal cord was evaluated in detail.
For the CTVs, the volume that received dose =95%
of the prescribed dose, V,,,, the dose received by
98% of the structure, Dg,,,(near-minimum dose),
the dose received by the hottest 2% of the volume,
D,,,, and the generalized equivalent uniform dose,
gEUD, were calculated. The latter was computed
using:
%
gEUD@) = (¥, (2. D))",

where v; represents the 7’z partial volume receiving
dose D, in Gy and a is a unit-less model parameter
that has a structure specific value that describes the
volume effect [21]. As a decrease to a large negative
number the gEUD approaches the minimal dose
(used for tumors). Similarly as a increases to a large
positive number gEUD approaches the maximal dose
(serial organs). For a=0, gEUD is equal to the geo-
metric mean dose and if a =1 the gEUD is equal to
the arithmetic mean dose. In this work for the CTV
(a=—13) [22]. For the CL vocal cord, the mean
dose, D,,,..» §EUD (a= 2.2) [10], and the percentage
of the volume that received 40 Gy or more, V,, Gy
were assessed. The parameter V, Gy Was reported as
it was recommended by the quantitative analysis of
normal tissue effects in the clinic (QUANTEC) [10]
to limit the mean non-involved larynx dose to 40 Gy
or less.

Results
CTV-delineation

Population mean CTV volume was 0.5+ 0.1 cm?,
ranging from 0.2-0.8 cm?. A small repeat study
pointed at an intra-observer uncertainty of = 0.08
cm? in vocal cord delineation. Delineated CT vol-
umes in the various CT scans (pre-treatment and
repeat scans) used in this study were analyzed. It
was found that CTV delineations for the different
time points were consistent (see Electronic Figure 1,
available online at http://informa healthcare.com/doi/
abs/10.3109/0284186X.2013.812793).



Impact of geometric perturbations on CTV dose
distributions

Averaged over all patients and simulated systematic
shifts, changes in the CTV Vs, Dyg,, D,y and
gEUD compared to the reference dose distributions
were 1.1*2.4%, 2.7+2.9%, 0.4=*1.4%, and
0.8+ 1.0 Gy, respectively (Figure 1). The largest
changes were generally observed for ‘into-tissue’ lat-
eral shifts. Even for patient 10, with lowest V,, and
D,q,,, the gEUD value remained above 66 Gy with
Dy, =89%.

The impact of respiration phase on CTV dose
parameters was relatively small. Averaged over the 10
patients and considering both inhale and exhale
scans, Vs, Dygo,» D,o,, and the (¢EUD) changed by
1.0*+2.0%,1.9+2.8%,0.7 £ 1.0%, and 0.6 = 0.7 Gy,
respectively (see Electronic Figure 2, available online
at http://informahealthcare.com/doi/abs/10.3109/02
84186X.2013.812793).

Figure 2 shows the impact of deformations and
other volumetric changes during the course of frac-
tionated treatment. Apart from the 22 Gy scans of
patients 4 and 9, all deviations from the 0 Gy plan-
ning scan are minor. No clear explanation for the
larger deviations is available as there is no indication
of a change in delineated CTV. However, in all cases,
the gEUD values were larger than 67 Gy, and Dy,
values were never lower than 93%. For all 22 Gy,
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44 Gy and 66 Gy scans together, Vs, Dygo,s Dy,
and the (gEUD) changed by 1.0 +1.9%, 1.9 = 3.0%,
—0.5*+2.8%, and 0.1 £ 1.5 Gy on average.
Considering all investigated geometrical pertur-
bations, the overall reductions in the CTV V.,
Dygy,5 D,,,, and gEUD were 1.2 +2.2%, 2.4+ 2.9%,

0.2+ 1.8%, and 0.6 = 1.1 Gy, respectively.

Impact of geomerric perturbations on CL wvocal cord
sparing

The population averages of the planned D, , gEUD,
and V,, Gy of the CL vocal cord (presented with
circles in Figures 3 and 4 (Electronic Figure 3, avail-
able online at http://informahealthcare.com/doi/abs/
10.3109/0284186X.2013.812793) are 38.2 + 6.0 Gy,
43.4+5.6 Gy, and 42.7 = 14.9%, respectively. As
expected, the shift analyses in Figure 3 show largest
increase of the CL vocal cord dose with iso-centric
shifts towards airgap and the contrary with shifts
away from the airgap. Considering all systematic
shifts in all patients, D, , gEUD, and V,, Gy
changed compared to planning by —0.4*4.9 Gy,
—0.2*+4.7 Gy, and —1.2%10.7%, respectively.
Clearly, the large gain relative to a conventional
RT technique (D, =66 Gy, V,, Gy = 100%) is
maintained. Even for the shifts giving highest para-
meters, there is still a considerable gain in terms
of sparing.
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Figure 1. Variations in CTV dose parameters with shifting the iso-center by 2 mm in different directions. In the upper panel the
percentage of the CTV volume receiving dose of =95% of the prescribed dose is shown. The dose received by 98% of the CTV volume,
and the dose percentage received by the hottest 2% of the CTV volumes are presented in the middle panel. In the lower panel the
CTYV generalized equivalent uniform dose for each simulated situation is shown.
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Figure 2. Variations in some CTV dose parameters with preceding treatment time shown at different time points 0 Gy, 22 Gy, 44 Gy,

and 66 Gy for all patients.

As for the CTYV, change in respiration phase
resulted in the smallest changes in the CL vocal cord
dose parameters. Changes in respiration phase
resultedin1.2*+2.3Gy,1.2*2.1Gy,and1.4*+5.1%
changes in D, ., ¢EUD, and V,, ., respectively.
For the 22 Gy, 44 Gy and 66 Gy scans (Figure 4),
these parameters changed by —-0.8%£3.6 Gy,
—0.1x3.2 Gy, and —2.5*9.3%, respectively (see
Electronic Figure 3, available online at http://informa
healthcare.com/doi/abs/10.3109/0284186X.2013.
812793).

Considering all investigated geometrical pertur-
bations, the overall changes in the CL vocal cord
D,,., gEUD, and V,, Gy were -0.1+4.3 Gy,
0.1 £4.0 Gy, and —1.0 £9.6%, respectively.

In eight of nine patients with a 0 Gy CT-scan
available, 1, Gy after 66 Gy is higher than at plan-
ning (Figure 4). For this reason, we studied the air-
gap between the vocal cords as a function of delivered
dose (Figure 5). For the 10 patients, when plotting
the mean airgap area as a function of the dose, the
average of the slopes of the regression lines was neg-
ative (p=0.004), indicating that there is an overall
decrease in the airgap areas with progressing treat-
ment time. This could possibly be explained by
the incidence of arytenoid edema or synechia in
the anterior commissure that are known acute RT
side effects.

Discussion

We have been the first group to propose a complete
systematic image-guided procedure for the delivery
of highly focused IMRT plans for single vocal cord
irradiation [3—6]. The design of CTV-PTV margins
for small tumors, partially surrounded by air, is
non-trivial. Based on assessed geometrical uncertain-
ties, in a previous study [5], we decided on the use
of a 2 mm margin for SVCI. The present analysis
was performed to dosimetrically test the robustness
of the IMRT plans generated with this 2 mm margin
[5]. We used the PTV for planning and the CTV
to evaluate target dose for investigated geometrical
variations. Dose was always recalculated using beam
angles, segments, MUs, etc. as established during
treatment plan generation. Dose distributions were
(re-)calculated with Monte Carlo simulation, taking
into account all real internal inhomogeneities and
surface curvatures.

Three possible sources of geometrical variation,
i.e. set-up errors, respiratory movements, and inter-
fraction volumetric changes and deformation were
investigated. Planned IMRT dose distributions were
compared with re-calculated dose distributions for
the perturbed geometries. It was found that the good
CTYV dose coverage and the CL vocal cord sparing
achieved in the static reference plans were largely
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Figure 3. Variations in the mean dose (D,,,,.)> (¢EUD) and (V, Gy) received by the CL vocal cord with iso-centers shifts of 2 mm in the

specified directions.

maintained under the influence of treatment simu-
lated geometrical variations. For the CTV, coverage
(Vys0,)> near-minimum dose (Dyg,,), and gEUD were
on average reduced by 1.2%, 2.4% and 0.6 Gy,

respectively. In a few instances, the near-minimum
doses, Dyg,,, in perturbed geometries (see 'Figure 1)
were around 90% of the prescribed dose, instead of
95%. These were exceptions, and it should also
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Figure 4. Variations in the mean dose (D), (¢EUD) and (V,, Gy
shown at different time points 0 Gy, 22 Gy, 44 Gy, and 66 Gy for all patients.

) received by the CL vocal cord with preceding treatment time
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Figure 5. Upper panel: For each patient, the airgap area between the vocal cords, averaged over the various breathing phases (various
axial CT-slices), as a function of delivered dose is presented. The lines are results of regression analyses, with on average, a statistically
significant negative slope (see text). Lower panel: axial CT slices for patient 2 at the level of the iso-center (indicated by a red +) for doses

0 Gy, 22 Gy, 44 Gy, and 66 Gy.

be taken in mind that in the shift analyses, for each
individual patient, this only occurred at maximum in
1/6 of the simulated shifts. Moreover, with the pro-
posed on-line protocol in place, 2 mm shifts are
unlikely to occur [4], and it is even less likely that
they are systematic, i.e. repeating each fraction. In
the repeat CT analyses, a lower Dy, in a patient
repeat scan was always accompanied by higher values
at different time points (Figure 2).

With the current, conventional treatment tech-
nique, local failure because of tumor miss is virtually
impossible. Based on our results obtained so far
([3—6], this paper), we believe that with daily on-line
CBCT-based re-positioning, probability of local
failure with our planned IMRT dose distributions
will also be very low. However, given the discussion
above, there may be some risk that it not as low as
for the conventional RT technique.

Gowda et al. [23] reported an excellent five-years
local control of 93% following treatment with
50-52.5 Gy in 16 fractions in an overall treatment
time (OTT) of 21-26 days. In our current ideas for
SVCI, a total dose of 58.1 Gy may be delivered in
16 fractions, 5 fractions per week, yielding a higher
total dose than Gowda et al., and an equivalent dose
in 2 Gy fractions (EQD, Gy) of 66 Gy as in our cur-
rent treatment approach, but in a shorter overall
treatment time. A default 3 mm CTV-PTV margin
is considered for single vocal cord IMRT (increase
by 1 mm). A check on robustness of generated plan
against potential anatomy shifts during treatment as
described above can be performed for each individual

patient prior to the start of treatment. Such
a procedure may be used to verify the initially selected
default CTV-PTV margin on a per patient basis
and adapt the margins and the plan if needed, also
in the context of potential inter-patient variations
in plan conformity (see Figures 2 and 3).

SVCI with IMRT is an experimental technique
that has yet to be clinically proven. It is also impor-
tant to realize that the analyses presented in this
article were conducted using patient data from
patients that were treated with conventional RT tech-
niques. The effect of the proposed SVCI procedure
is still to be determined. In preparation for the
SVCI with IMRT, studies on the dosimetry and
dose modeling, especially in the buildup region are
being conducted (unpublished observations). In our
positioning procedure daily CBCT are used for
on-line set-up verification. In the future, these CBCT
scans could be used in combination with deformable
image registration techniques to detect daily volu-
metric changes and assess the actual delivered
doses [24].This will aid the assessment of the effects
asymmetrical dose distribution on the vocal cords
and the surrounding structure. In our IMRT plans
we used quadratic overdose constraints to limit the
dose to unspecified tissue [5]. Nevertheless, special
attention should be paid to the potential enhance-
ment of second primary tumors with the relatively
larger volume of healthy tissue exposed to low dose
of radiation compared to conventional techniques.
van Asselen et al. [25] showed that the amplitude of
larynx movements due to swallowing may be > 1 cm,



but they also demonstrated that the incidence and
duration of swallowing are low for most of the
patients. Nonetheless, in a clinical protocol, swallow-
ing during imaging and treatment has to be mini-
mized, e.g. by patient instruction and monitoring.

Conclusions

This simulation study shows that with isotropic mar-
gins as small as 2 mm and daily cone beam CT-
guided repositioning, CTV dose remained generally
high, and large sparing of the CL vocal cord was
maintained, when considering realistic intra- and
inter-fraction geometric variations. Occasionally
observed modest reductions in CTV dose have to
be considered when deciding on a clinical protocol.
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