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Abstract
Background: A 2-level factorial pilot study was conducted in 2007 just before starting a randomized clinical trial comparing
tomotherapy and conventional radiotherapy (CR) to reduce cardiac and pulmonary adverse effects in breast cancer, considering
tumor laterality (left/right), target volume (with/without nodal irradiation), surgery (tumorectomy/mastectomy), and patient
position (prone/supine). The study was revisited using a penalty score based on the recently developed mean absolute dose
deviation (MADD). Methods: Eight patients with a unique combination of laterality, nodal coverage, and surgery underwent dual
tomotherapy and CR treatment planning in both prone and supine positions, providing 32 distinct combinations. The penalty
score was applied using the weighted sum of the MADDs. The Lenth method for unreplicated 2-level factorial design was used in
the analysis. Results: The Lenth analysis identified nodal irradiation as the active main effect penalizing the dosimetry by 1.14 Gy
(P ¼ 0.001). Other significant effects were left laterality (0.94 Gy), mastectomy (0.61 Gy), and interactions between left mas-
tectomy (0.89 Gy) and prone mastectomy (0.71 Gy), with P-values between 0.005 and 0.05. Tomotherapy provided a small
reduction in penalty (reduction of 0.54 Gy) through interaction with nodal irradiation (P ¼ 0.080). Some effects approached
significance with P-values > 0.05 and � 0.10 for interactions of prone � mastectomy � left (0.60 Gy), nodal irradiation �
mastectomy (0.59 Gy), and prone � left (0.55 Gy) and the main effect prone (0.52 Gy). Conclusions: The historical dosimetric
analysis previously revealed the feasibility of tomotherapy, but a conclusion could not be made. The MADD-based score is
promising, and a new analysis highlights the impact of factors and hierarchy of priorities that need to be addressed if major gains
are to be attained.
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Abbreviations
BED, biological effective dose; CTV, clinical target volume; DVH, dose-volume histogram; EQD2, equivalent dose in 2 Gy
fractions; IGRT, image-guided radiotherapy; IMRT, intensity-modulated radiotherapy; IP-IMRT, inverse-planned intensity-
modulated radiotherapy; L, left breast laterality; M, mastectomy; MADD, mean absolute dose deviation; OAR, organ at risk;
N, regional node; P, prone; PTV, planning target volume; PTVbw, PTV breast/chest wall; PTVn, PTV regional node; RT, radio-
therapy; T, tomotherapy; V-IGRT, volumetric image-guided radiotherapy
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Introduction

Meta-analyses on breast cancer have shown that local radiother-

apy (RT) is associated with two-thirds reduction of local recur-

rence, regardless of the type of surgery and axillary nodal

status.1 A definite survival advantage is observed with long

follow-up duration.2 However, the survival advantage can be

offset by non-negligible toxicity notably on the heart and

lungs.3,4 Advanced techniques hold promise to improve the ben-

efit ratio of tumor control vs. toxicity, such as inverse-planned

intensity-modulated RT (IP-IMRT) and volumetric image-

guided RT (V-IGRT), although there are trade-offs.5 Despite the

advances, conventional RT without IP-IMRT in breast cancer

remains the standard treatment, and complex techniques are

restricted to highly selected groups.6 A US practice survey found

that volumetric imaging was used in all sites, except the breast.7

Breast tomotherapy was deemed inferior to conventional RT in a

dosimetric comparison of tomotherapy versus tangential fields

with tissue compensation.8 Despite the contradicting observa-

tion,9 complex IMRT is still considered inappropriate, and <

20% of patients undergoing lumpectomy received IMRT based

on surveys of Medicare beneficiaries.10,11 In Australia and New

Zealand, where patients with breast cancer represent the largest

population receiving curative RT, IGRT has been seldom

applied; 2-dimensional portal imaging was the predominant ima-

ging mode for breast cancer (82% and 86%, respectively).12,13

To further compound the disease burden, reimbursement of IP-

IMRT/V-IGRT is denied to most patients with breast cancer in

several western countries. In the USA, several Medicare carriers

discontinued coverage of IMRT for breast cancer, or changed

local coverage decisions to only allow IMRT in specific situa-

tions around 2008-2009.10 In France and Belgium, breast IMRT

using dedicated V-IGRT is excluded from the list of admissible

radiation billing (Assurance Maladie, website ameli.fr, accessed

February 19, 2020). Presently, despite the breast radiation break-

through in the early 2000s, advanced techniques in breast cancer

face an overwhelming disincentive.

Against that backdrop, TomoBreast is one of the extremely

rare breast cancer randomized clinical trials and posits that RT

outcomes can be improved with the use of advanced radiation

techniques.14,15 Before the trial, the original investigators con-

ducted a preliminary evaluation of factors most likely to affect

the feasibility of tomotherapy (T) (throughout the text, we will

use “tomotherapy” as an instantiation of IP-IMRT/V-IGRT

acknowledging there are now several alternatives) compared

with conventional RT, according to left (L) versus right breast

laterality, mastectomy (M) versus tumorectomy, irradiation of

regional lymph nodes (N) versus no lymph node irradiation,

and prone (P) versus supine position.16 A formal analysis of the

pre-TomoBreast study has not been conducted because of the

lack of appropriate tools. However, the situation has changed

with the recently developed metric, the mean absolute dose

deviation (MADD).17 The MADD allows combining dose-

volume histograms into a single dosimetric outcome that makes

it feasible to have another perspective in the pre-TomoBreast

study. Information thereof might be valuable only for identify-

ing strengths and caveats for future applications. This study

was not hypothesis driven; the report explored the factors and

aimed to evaluate the utility of the MADD-based score as

applied to the pre-TomoBreast 25 data.

Materials and Methods

Source of Data

The accrual of patients and the treatment plans were performed

in 2006–2007 at the Radiotherapy Department of the

Universitair Ziekenhuis Brussel (UZ Brussel). The data was

provided courtesy of the original investigators.16,18 Eight adult

women presented with a primary unilateral breast cancer, each

with a distinct combination of left or right breast laterality, pres-

ence or absence of nodal irradiation, and tumorectomy or mas-

tectomy, who were referred for postoperative RT, provided

informed consent, and underwent double simulation in supine

and prone positions (Supplemental Material, Protocol). Conven-

tional RT used tangential breast/chest wall and anterior axillary

supraclavicular fields.19,20 Additional multileaf collimator seg-

ments were allowed to optimize the planning, using the Pinna-

cle3 Station, collapsed cone convolution algorithm. For

tomotherapy, we used the TomoTherapy treatment planning sys-

tem (Hi-Art, Accuray Inc., Sunnyvale, CA) for inverse planning

(dynamically penalized likelihood method-cost function). The

following structures were delineated for the study: clinical target

volume (CTV), planning target volume (PTV; PTVbw for either

the breast after breast-conserving surgery or the chest wall after

mastectomy, PTVn for nodes), ipsilateral and contralateral lung,

heart, and contralateral breast. The CTV, PTV, and organs at risk

(OARs) were outlined on all CT slices. The planning dose pre-

scription was 42 Gy in 15 fractions of 2.8 Gy daily. The con-

straints and planning procedures are detailed in Supplementary

Materials (Part B and Supplementary Table ST-1).
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Penalty Score

For a definitive evaluation of the treatment plans, we defined a

penalty score using MADDs. The MADD is a measure of dis-

persion that quantifies how much a DVH deviates from a given

dose specification.17 Using the notation where x represents the

dose and y the corresponding volume values on a cumulative

dose-volume histogram of a structure with volume V0 and for

which a reference dose A has been specified, the MADD M(A)

of the structure can be defined as follows:

M Að Þ ¼
ðV0

0

jx yð Þ � Aj
V0

dy;

which trivially represents the area between curves, between the

DVH of a structure and the reference dose A. In the case of an

OAR where the ideal reference dose is 0, it is also the area

under the cumulative DVH, which equates the mean dose to the

organ scaled to the volume of the organ. In the case of a target

volume where the prescribed reference dose is not 0, the area

between the DVH and prescribed dose equates the sum of

under- and overdosage to the target. A MADD value of 0

indicates a perfect organ or target DVH, where the dose to the

organ at risk is 0 and the dose to the target structure perfectly

matches the prescription to the target. The definition of the

MADD is the same regardless of the structure being labeled

as an OAR or target. The MADD for all structures is expressed

in the same dose unit as per planning. A larger MADD value

indicates a larger deviation from the ideal DVH.

In the present study, the MADDs were computed for all

structures for every planning combination. The penalty score

pertaining to a planning combination was constructed using the

weighted sum of the MADDs:

Penalty score ¼
X5
i¼1

wi �Mi Aið Þ;

where

� Mi is the MADD of the structure i, where i ¼ 1 desig-

nates PTVbw, 2 PTVn, 3 ipsilateral lung, 4 heart, and 5

contralateral breast.

� Ai is the reference dose to the structure i, 42 Gy for

PTVbw and PTVn, and 0 Gy for the ipsilateral lung,

heart, and contralateral breast.

wi is the weight assigned to the structure i with
P

i wi ¼ 1.

The constraint that weights sum to 1 allows expressing the

penalty score at the same dose scale as the planned treatment

dose and reading the score as a weighted average of excess dose

deviations. We assigned the same weight to all structures, wi ¼
0.20, for i ¼ 1 . . . 5. The theoretical best possible penalty score

is 0 when all MADDs are 0. Increasing values of the score

indicate increasingly poorer dosimetric outcomes.

The OAR mean doses were previously recorded, and these

required no new calculation. The MADD of the PTVbw and

PTVn were computed on the DVHs retrieved by digitizing the

respective curves from the patients’ DVH graphs using

DigitizeIt version 2.3.3 (I. Bormann, digitizeit.de, 38108

Braunschweig, Germany). For PTVn, not contoured in node-

negative patients, 0 was assigned to the corresponding MADD.

Lenth Analysis

The study design is an unreplicated factorial experiment, indi-

cating that there is one and only one observation for any com-

bination of factors. Traditional regression-based inferences

cannot be made because there is no estimate of residual error.21

We applied the Lenth statistical method for unreplicated fac-

torial designs to identify factors and combinations of factors

most significantly associated with penalty scores.22 The Lenth

method computes a pseudo standard error (PSE) from the med-

ian scores. The main assumptions are equal variance and spar-

sity of the effects, indicating that the majority of the effects are

expected to be inactive and only a handful are active. The

margin of error (ME) is calculated from the PSE to identify

the threshold value of the outcomes that reach significance.

Furthermore, because several inferences are made, simultane-

ously increasing the risk of false discovery, the method com-

putes a simultaneous ME, which provides a higher significance

threshold adjusting for multiple comparisons.

The analysis was applied to full data (all 5 factors, 25 ¼ 32

runs) and data excluding the prone plans (4 factors, 24 ¼ 16

runs), considering that supine position is more commonly used

in practice.

Data processing, tabulation, factorial analysis, and signifi-

cance testing were performed using the statistical software R,

version 3.6.3.23 The Lenth method was implemented using the

R package unrepx.

Additional Notes

The supplemental material includes the study protocol, dosi-

metric procedures, and all patients’ DVH printouts (digitized in

Supplementary Figure SF-1, thumbnails of originals in Supple-

mentary Figure SF-2). Although not detailed in the study pro-

tocol, all treatment plans were prospectively performed within

the department’s workflow, received final approval from the

supervising radiation oncologist, and underwent staff review.

We did not conduct after-the-fact dosimetry; all present anal-

yses used the original investigators’ approved plans.

The presentation of results will be divided into 2 parts: list-

wise structure-by-structure review, and new factorial analysis.

Results

Patient characteristics are summarized in Table 1. As men-

tioned in the Methods section, each patient presented with a

distinct combination of left or right breast laterality, presence

or absence of nodal irradiation, and tumorectomy or mastect-

omy, placed in prone and supine position, and received con-

ventional and tomotherapy plan, resulting in a total of 32 runs

(Table 2).
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Listwise Outcomes by Structures

PTV coverage of the breast/chest wall was generally good, with

small values of the breast/chest wall MADDs, indicating a

homogeneous dose (Supplementary Table ST-2). PTVbw for

the breast post-conservative surgery was between 95% and

110% of the prescribed dose in 15/16 plans. Among the plans

that reached dose constraints, the highest V95% was obtained

with supine tomotherapy in 3/4 patients. PTVbw for chest wall

post-mastectomy was between 95% and 110% of the prescribed

dose in 14/16 plans. Among the plans within dose constraints,

the highest value of V95% was with tomotherapy planning in

3/4 patients.

Table 2. MADDs in all Factor Combinations.

Patient

Factor Mean absolute dose deviation (Gy)

Penalty

score (Gy)

Prone

setup

Left

side Mastectomy Nodal RT Tomo-therapy

PTV breast/

chest wall

PTV

nodes

OAR

lung

OAR

heart

OAR contralateral

breast

4 No No No No No 1.18 NA 4.52 0.33 0.01 1.21

4 No No No No Yes 0.80 NA 6.87 1.09 0.33 1.82

2 No No No Yes No 1.08 8.10 8.74 0.53 0.09 3.71

2 No No No Yes Yes 0.46 0.52 7.69 0.94 0.49 2.02

8 No No Yes No No 0.86 NA 3.43 0.14 0.06 0.90

8 No No Yes No Yes 0.83 NA 4.86 0.48 0.33 1.30

5 No No Yes Yes No 1.25 2.57 10 0.44 0.17 2.89

5 No No Yes Yes Yes 1.28 1.23 6.68 0.87 0.48 2.11

1 No Yes No No No 1.05 NA 4.02 1.88 0.11 1.41

1 No Yes No No Yes 0.71 NA 5.6 4.80 0.53 2.33

7 No Yes No Yes No 1.25 2.78 9.43 0.74 0.11 2.86

7 No Yes No Yes Yes 1.51 1.91 7.59 1.07 0.49 2.51

6 No Yes Yes No No 1.07 NA 3.49 0.95 0.07 1.12

6 No Yes Yes No Yes 1.10 NA 4.7 1.58 3.11 2.10

3 No Yes Yes Yes No 1.49 3.90 7.45 3.20 0.02 3.21

3 No Yes Yes Yes Yes 0.82 2.58 6.99 3.37 3.56 3.46

4 Yes No No No No 1.28 NA 2.67 3.40 0.50 1.57

4 Yes No No No Yes 0.82 NA 1.77 2.44 7.25 2.46

2 Yes No No Yes No 1.58 3.52 3.26 0.61 1.53 2.10

2 Yes No No Yes Yes 1.43 2.11 4.67 1.01 0.87 2.02

8 Yes No Yes No No 1.36 NA 3.61 0.23 0.11 1.06

8 Yes No Yes No Yes 1.12 NA 3.31 0.63 0.44 1.10

5 Yes No Yes Yes No 0.95 3.35 7.95 0.70 2.60 3.11

5 Yes No Yes Yes Yes 0.93 2.22 6.01 1.00 1.01 2.23

1 Yes Yes No No No 1.04 NA 1.67 3.40 0.50 1.32

1 Yes Yes No No Yes 0.56 NA 1.55 3.20 8.58 2.78

7 Yes Yes No Yes No 0.90 2.54 5.09 0.89 0.25 1.93

7 Yes Yes No Yes Yes 0.81 1.92 5.58 1.57 0.80 2.13

6 Yes Yes Yes No No 1.80 NA 6.29 2.53 6.25 3.37

6 Yes Yes Yes No Yes 1.50 NA 9.3 6.17 3.85 4.16

3 Yes Yes Yes Yes No 1.31 5.15 7.47 13.3 0.51 5.55

3 Yes Yes Yes Yes Yes 0.78 9.10 3.99 6.60 11.2 6.34

RT, radiotherapy; NA, not available; assigned 0 for score calculation.

Table 1. Patient Characteristics.

Patient Age Side TNM Pathology Type of surgery Nodal irradiation Systemic treatment

1 48 Left pT1cN0 IDC grade 3 Tumorectomy No Chemo, TRA, HT

2 65 Right ypT1N0 (cT2N1) IDC DCIS Tumorectomy Yes Chemo, HT

3 50 Left ypT3N2 (cT3N1) IDC Mastectomy Yes Chemo, TRA, HT

4 54 Right pT1cN0 IDC grade 3 DCIS Tumorectomy No Chemo, TRA, HT

5 67 Right pT2N1 IDC grade 3 DCIS Mastectomy Yes Chemo, TRA, HT

6 59 Left pTiscN0 DCIS Mastectomy No

7 53 Left pT1cN1a IDC grade 2 Tumorectomy Yes Chemo, HT

8 73 Right pT2N0 IDC Mastectomy No HT

IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ; Chemo, chemotherapy; TRA, trastuzumab; HT, hormone therapy
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The coverage of the nodal PTVs was poor by conventional

therapy, with an average MADD of 4.0 Gy, compared with an

average MADD of 1.8 Gy by tomotherapy. Only 2 plans

achieved delivery between 95% and 110% of the prescribed

dose to the nodal PTVs, with supine tomotherapy. Prone posi-

tion was unfavorable for PTVbw in cases of lymph node irra-

diation, with either tumorectomy or mastectomy.

In the ipsilateral lung, dose constraints were respected in 21

plans (11 without supraclavicular irradiation), of which 13 with

tomotherapy, and 12 in prone position. By patients, the lowest

value of V20 Gy (range from 0.46% to 9.8%) was achieved in

6/8 patients with prone tomotherapy plans (patients #1, 3, 4, 5,

7, and 8), and in 1/8 with prone conventional plan (patient #2).

V20 Gy dose constraints have always been respected with

prone tomotherapy except for patient #6 (V20 Gy 8.72%,

which exceeded 8% lung constraint for node-negative). In 6/

8 cases (patients #1, 2, 3, 4, 5, and 7), V20 Gy was halved with

prone tomotherapy compared with supine conventional plan-

ning. In 1 case (patient #1, left tumorectomy, N0), this value

was divided by a factor of 14 (0.46% vs. 6.5%).

Regarding the heart with right-sided tumors, all plans reached

the dose constraints for V20 Gy, except for one prone conven-

tional planning in patient #4 (tumorectomy, N0) with a value of

5.4%. This was explained by cardiomegaly in this patient. With

left-sided tumors, all plans respected the dose constraints except

for 3 of them (in prone position). The lowest V20 Gy was

achieved in 3/4 cases (patients #3, 6, and 7) with supine

tomotherapy (values of 3.24%, 0.03%, and 0%, respectively).

Regarding the contralateral breast, only 6 plans respected

Dmax dose constraint, all 6 with conventional supine planning.

With conventional techniques, only 2 fields (tangential) are

used; with tomotherapy, many can be used. However,

tomotherapy planning did not always significantly increase the

mean dose to the contralateral breast. With tomotherapy, in the

supine or prone position, the mean dose was inferior to 4 Gy in

8 and 5 cases, respectively. In patients #7 and 8, the mean dose

to the contralateral breast for all plans was inferior to 1 Gy. The

3 patients with an increased (> 4 Gy) mean dose were patients

#3, 4, and 8 (1 left mastectomy, Nþ, and 2 tumorectomy N0)

with values of 11.21 Gy, 7.25 Gy, and 8.58 Gy, respectively.

MADD-Based Penalty Scores Factorial Analysis

The MADDs pertaining to each structure (PTV breast/chest

wall, PTV nodes, and OAR lung, heart, and contralateral

breast) and the penalty score in each of the 32 patient-

treatment combinations are shown in Table 2.

The Lenth analysis of Table 2’s scores is shown in Table 3.

Figure 1 presents the barplot representation of Table 3. The

analysis identified nodal irradiation (N) as the outstanding sta-

tistically significant main effect (Figure 1, N, unadjusted P ¼
0.001). Nodal irradiation contributes an estimated main effect

of 1.14 Gy to the penalty score (Table 3). Left laterality (L,

0.94 Gy), mastectomy (M, 0.61 Gy), the interactions of mas-

tectomy � left (ML, 0.89 Gy) and prone � mastectomy (PM,

0.71 Gy) were of intermediary significance with unadjusted P-

values between 0.005 (left laterality) and 0.049 (mastectomy).

A few interactions approached significance, with P-values

>0.05 and � 0.10 for prone � mastectomy � left (PML, effect

¼ 0.60 Gy, P ¼ 0.055), nodal irradiation � mastectomy (NM,

effect ¼ 0.59 Gy, P ¼ 0.058), prone � left (PL, effect ¼ 0.55

Gy, P ¼ 0.071), tomotherapy � nodal irradiation (TN, effect ¼
–0.54 Gy, i.e. score reduction, P ¼ 0.079), and prone (P, effect

¼ 0.52 Gy, P ¼ 0.089) (Table 3). The other factors and inter-

actions shown in Figure 1 and Table 3 were far from signifi-

cant. Overall, most factors and interactions were associated

with an increased penalty (blue bars), whereas 7 interactions

were associated with a reduced penalty, of which 5 were linked

with tomotherapy (Figure 1, orange bars, TN, PTM, PTNL,

TM, and PTNM, also highlighted in Table 3).

In an analysis excluding prone data, which corresponds to

removing all prone rows from Table 2, reducing the experiment

from 5 to 4 factors, only 2 factors were found significant (Fig-

ure 2): nodal irradiation (N, effect ¼ 1.32 Gy, P ¼ 0.0003) and

the interaction tomotherapy � nodal irradiation (TN, effect ¼
–0.68 Gy, i.e. score reduction, P ¼ 0.026). The tomotherapy

Table 3. Estimated Factorial Penalty Score Effects.

Factor Effect score (Gy) t ratio Unadjusted P-value

N (nodal irradiation) 1.14 3.694 0.001

L (left breast) 0.94 3.048 0.005

ML 0.89 2.890 0.007

PM 0.71 2.317 0.025

M (mastectomy) 0.61 1.997 0.049

PML 0.60 1.941 0.055

NM 0.59 1.908 0.058

PL 0.55 1.804 0.072

TN –0.54 -1.750 0.080

P (prone) 0.52 1.684 0.091

TL 0.41 1.326 0.176

PNM 0.35 1.127 0.246

T (tomotherapy) 0.22 0.720 0.469

PTM –0.19 -0.627 0.532

NML 0.19 0.613 0.542

PN –0.19 -0.611 0.544

TNM 0.18 0.600 0.551

PT 0.18 0.579 0.566

PTN 0.15 0.474 0.641

TNL 0.13 0.429 0.674

PTNML 0.11 0.362 0.723

PTML 0.10 0.326 0.750

TML 0.10 0.310 0.762

PNL 0.09 0.292 0.776

PTNL –0.05 -0.174 0.866

NL 0.04 0.130 0.900

TNML 0.04 0.126 0.903

PNML –0.03 -0.091 0.930

TM –0.02 -0.071 0.945

PTNM –0.02 -0.070 0.946

PTL 0.00 0.003 0.998

N, nodal irradiation; L, left breast; M, mastectomy; P, prone; T, tomotherapy.

Effect convention is the mean penalty score change from low (No) to high level

(Yes). Rows highlighted: reduced penalty.
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main effect was small (T, effect ¼ 0.04 Gy, P ¼ 0.886). The

other estimated effects shown in Table 4 were not significant.

Discussion

Listwise Analysis

Not much can be said of the historical analysis which applied

the listwise evaluation of structures’ dosimetric outcomes. The

conclusion drawn at the time and unchanged today was the

feasibility of tomotherapy. The burden of the proof of

tomotherapy superiority relies on the subsequent TomoBreast

randomized clinical trial (ClinicalTrials.gov NCT00459628)

that started immediately after. The experience served its pur-

pose as a precursor for the trial. However, before moving on to

the discussion of the factorial analysis, the experiment deserves

a few comments on the time validity. We also discuss the

descriptive utility of the penalty score.

Dataset Validity Over Time

Treatment planning outcomes are operator dependent.24,25

Efficiency increases with experience. Doses to OAR decrease

over time.26 “Conventional” RT at the UZ Brussel implemen-

ted the earliest inception of breast IMRT as later described by

others.27,28 Tomotherapy was barely starting, and few had

much or any experience with its use in breast cancer as shown

in a correspondence that highlighted and corrected dosimetric

shortcomings.9 Both breast “conventional” RT and IP-IMRT

performed in the pre-TomoBreast experiment were in their

infancy; therefore, one should be cautious against transposing

today. However, a study in 2016 compared tangential IMRT

Figure 1. Barplot 25 factorial penalty score effects. N, nodal irradia-

tion; L, left breast; M, mastectomy; P, prone; T, tomotherapy; ME,

margin of error; SME, simultaneous margin of error. Bars beyond ME

indicate an absolute effect significant at P � 0.05, beyond SME at P <

0.002. Blue codes, positive effects; orange codes, negative effects.

Figure 2. Barplot 24 penalty score effects, supine position only. N,

nodal irradiation; L, left breast; M, mastectomy; T, tomotherapy; ME,

margin of error at 0.05 significance level; SME, simultaneous margin

of error. Blue codes, positive effects; orange codes, negative effects.

Table 4. Estimated Factorial Effects, All Supine Positions Only.

Factor Effect score (Gy) t ratio

Unadjusted

P-value

N (nodal irradiation) 1.32 4.600 0.001

TN �0.68 �2.377 0.026

TL 0.41 1.414 0.144

L (left breast) 0.38 1.330 0.166

ML 0.29 1.014 0.282

NM 0.24 0.835 0.384

NML 0.22 0.752 0.442

TNM 0.21 0.716 0.468

TNL 0.19 0.644 0.521

TM 0.17 0.595 0.558

M (mastectomy) �0.10 �0.342 0.745

TNML �0.07 �0.252 0.812

NL �0.05 �0.174 0.870

T (tomotherapy) 0.04 0.151 0.887

TML 0.00 �0.017 0.988

N, nodal irradiation; L, left breast; M, mastectomy; T, tomotherapy. Effect

convention is the mean penalty score change from low (No) to high level (Yes).

Rows highlighted: reduced penalty.
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and tomotherapy, with and without breath-hold, in a group of

women without nodal irradiation.29 The old lung and heart

doses reported in the present study are comparable to those

in that 2016 study. With regard to nodal irradiation, the present

study lung doses are lower than reported in the breath-hold

literature,20,30 demonstrating that the pre-TomoBreast dosi-

metric comparison remains actual.

Qualitative or Quantitative Scoring

Qualitative scoring has been used to summarize dosimetric

outcomes.18 According to the historical analysis, qualitative

scoring indicated an overall advantage with supine tomother-

apy, as compared with the other 3 combinations (Supplemen-

tary Table ST-3). However, the penalty score computed now

would conclude that supine conventional RT provides the best

dosimetric outcome with a penalty score (weighted mean

excess dose deviation) of 2.16 Gy compared with the supine

tomotherapy penalty score of 2.21 Gy. Note from the same

Supplementary Table ST-3 that the qualitative scoring shows

an advantage of tomotherapy on the breast/chest wall PTV.

However, the MADDs are almost identical. Between the high-

est and lowest breast chest/wall PTV MADDs, a difference of

0.34 (¼1.28 – 0.94) Gy for a prescribed dose of 42 Gy can

hardly be considered as the sole determinant in selecting a

technique. The exercise shows that the MADD and penalty

score provide objective and physically meaningful quantitative

summaries that can boost data interpretation.

Byproduct: DVH Visual Quality Relationship

To further explore the descriptive quantitative utility of the

penalty score, we transcribed all 32 scores from Table 2 onto

the full set of DVH figures (Supplementary Figure SF-1). The

scores match quite well with the visual quality of the DVH

graphs. The pairs of DVH graph-scores suggest that scores <

1.50 for a dose prescription of 42 Gy indicate reasonably accep-

table plans. Higher scores indicate increasingly poor plans.

This might lead to a prospective evaluation of the visual-

score relationship.

Factorial Analysis

Most factors considered are well known. It is trivial that nodal

irradiation involves more lung areas, that the left breast might

increase heart dose, and that post-mastectomy RT is prescribed

when the disease is locally/regionally advanced, which

increases the radiation volume, all of which contribute to

poorer dosimetric outcomes. However, the interplay of these

factors with different treatments is unknown.

Hierarchy of Priorities

The factorial analysis provides a sensible hierarchy of priorities

at a glance. Figure 1 groups factors by effect size (the effects are

shown in the original units of measurements).22 Despite the

daunting number of factor combinations, the experimenter can

identify which set of factors are most likely to provide a sub-

stantial gain if they could be addressed. As an example, we noted

that the factor N, nodal irradiation, is the foremost effect. Not-

withstanding other factors, as shown in Table 3, nodal irradiation

with conventional RT would incur an estimated mean increase of

penalty score of 1.14 Gy relative to N0 (¼factor N alone). Nodal

irradiation with tomotherapy would instead incur a mean

increase of penalty score of 0.82 Gy relative to N0 ¼ sum of

the effect of N (1.14 Gy) þ effect of T (0.22 Gy) þ effect of

interaction TN (–0.54 Gy). The example is shown in Figure 3

using Table 2’s raw penalty scores. This shows that tomotherapy

increased the penalty score in node-negative cases but decreased

the penalty score in nodal irradiation. Incidentally, if confirmed,

the observation would raise the uncomfortable question that

health policy makers restrict tomotherapy reimbursement to

lowest-risk tumors for which there is little gain, yet deny it in

the higher-risk cases more likely to have greater gain.

Power of the 2 k Factorial

The 2-level factorial is a powerful efficient design.21,31 How-

ever, its use in clinical medicine is exceedingly rare.32,33 A

PubMed search on April 4, 2020, found that, among 349,364

“breast cancer” communications, 107 human non-laboratory

studies could qualify as factorial experiments. These included

78 papers with 2 factors (22, commonly noted 2 � 2), 8 with 3

factors (23), 2 with 4 factors (24), one of which emulated fac-

torial through regression,34 and 1 that was truly full factorial,35

1 with 5 factors (25),36 and 1 with 7 factors (27).37 That is, only

three 2k breast studies were performed with k > 3, 0.0009%. A

possible explanation is the complexity even with textbook gui-

dance and tutorials.21,31,38 Implementation might also have

been hindered by the perception that the 2-level factorial design

requires large amounts of data. Indeed, for each factor added,

the size of the unreplicated experiment doubles. However, the

power yield per run is considerable. Daniel’s rule of thumb

IMRT IGRT

1

3

5

)y
G(

erocs
ytlaneP

No
Yes

Nodal RT

NT interaction

N0

N+

Figure 3. Interaction plot. Effect of “IGRT” (tomotherapy) compared

with “IMRT” (conventional), according to presence or absence of

nodal irradiation.
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(page 76)39 notes that 4 real effects are averaged for a 24, and 7

real effects for a 25 unreplicated experiment. We can find fur-

ther discussion in Ryan (page 209),40 considering a model with

main effects only and 2-factor interactions: for an unreplicated

24 design (the present study size, halved to 16 runs by exclud-

ing prone position), the power was 0.887 for a 2s effect and

0.368 for a 1s effect. For an unreplicated 25 design (total size

of the present study, 32 runs), the power was 0.999 for a 2s
effect and .757 for a 1s effect. The 2 active effects found in this

study with the reduced 4-factor set and 5 with the full data are

in good agreement with the power considerations.

Caveats

We have discussed some limitations of the study, notably the

time delay. However, the major limitation lies elsewhere. Even

though the original experiment’s layout is a full factorial, the

runs were not randomized, the measurements were nested by

patients, and the observations were not independent. Without

replication, we cannot test the assumption of variance equality.

Future implementation would have to strive to assign one dif-

ferent patient per run, as random as possible. Replication would

be advisable.

Note that part of the present study overlaps with a subse-

quent investigation that added TOMODirect.18 TOMODirect

supine (6 beams) is optimal for a left-sided tumor, but the data

were not released for the present analysis.

Altered Fractionation

Hypofractionation in RT for breast cancer has received

increasing acceptance.41 Although fractionation is not a topic

of the present study, the TomoBreast randomized clinical trial

implemented 42 Gy in 15 fractions to the breast/chest wall and

implemented a 51-Gy integrated boost in 15 fractions to the

tumor bed after conservative surgery. The choice was based

on a comparison of published protocols.42-49 The best evi-

dence available at the time was the Canadian trial that com-

pared 42.5 Gy in 16 fractions to conventional RT, without

boost.43 The original investigators learned informally from

Canadian colleagues that 10-Gy boost in 4 fractions were

given in clinical practice. They found (1) a schedule similar

to the Canadian trial but requiring < 16 fractions, and (2) that

would be close to standard fractionation doses of 50 Gy to the

breast/chest wall and 66 Gy to the tumor bed with regard to

ranges of alpha/beta ratio from 3 to 10.50 As shown in Table 5,

42-Gy to breast/chest wall in 15 fractions are comparable to

the Canadian doses, while 51-Gy simultaneous integrated

boost in 15 fractions provides a biologically effective dose

(BED) and equivalent dose in 2 Gy fractions (EQD2) close to

standard fractionation; furthermore, 42 and 51 Gy/15 frac-

tions are arithmetically exact to 1 decimal to compute fraction

dose.

Clinical outcome data was not released for the 8 patients in

the present study. However, TomoBreast has randomized 123

women presenting with stage I–II breast cancer to

hypofractionated tomotherapy 42/51 Gy versus normofractio-

nated conventional RT (50/66 Gy). In a congress presentation

at a median follow-up duration of 10 years, there was no dif-

ference in overall or disease-free survival, but patients rando-

mized to tomotherapy had a significantly better survival free

from deterioration in any of dyspnea, fatigue, physical func-

tioning, or pain self-reported measures.51 The present study

provides the rationale to propose subgroup analyses according

to breast laterality, mastectomy, and nodal status.

Further Studies

The MADD-based penalty score is a new tool. Validation

requires prospective evaluation. Experience needs to be accu-

mulated to define the best domain of application, which will

depend on the population of patients treated in different centers

and questions considered. We have started implementing the

MADD in studies that we feel are most urgently needed in our

respective centers.

In a study originating from Geneva, HUGProne (Clinical-

Trials.gov, NCT02237469), prone breast RT is compared with

supine breast RT, with or without breath-hold. HUGProne aimed

to evaluate the dosimetric gain associated with the prone or supine

dosimetric gain, which is the lowest radiation dose to non-target

organs (heart, lungs, contralateral breast), while giving the

prescribed dose to the tumor bed and ipsilateral breast. The

penalty score used in the present study will be highly

appropriate as a measure of dosimetric gain.

Another study is being conducted in Martinique, where the

major disease burden is prostate cancer. The issue in RT of

prostate cancer is how to balance between a high dose to the

prostate and sparing the immediately adjacent OARs, the blad-

der and rectum. Currently, patients in Martinique’s study are

treated with either Tomotherapy or TrueBeam volumetric

modulated arc therapy, with allocation depending only on time

slot availability. The MADD will be applied to compare the 2

treatments to identify which patients would best benefit from

one technique.

We cannot advise how MADD should be used. If the focus

is on the lowest possible dose to OAR or only on the highest

possible coverage dose to PTV, many indices are available52:

there is no need for the MADD. However, when there is a

need to balance the radiation doses to OARs and PTVs, as

suggested in the ongoing Geneva breast and Martinique pros-

tate studies, or in situations such as stereotactic RT that deli-

vers ablative doses to spinal malignancies while sparing the

spinal cord,53 the contribution of the MADD and penalty

score to evaluate the dosimetric gain between techniques can

be important.

Another domain that we discovered is the analysis of recur-

rences. A recent French study found no relationship between

the doses delivered to the sites of nodal recurrences in head and

neck cancer.54 Head and neck RT is complex with many OARs

and PTVs. Beyond standard metrics, MADD has the potential

to provide a new look.
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Conclusions

The key to the study is the development of the MADD that scores

the OAR and PTV on the same physical dose scale as the DVHs.

The overall penalty score follows naturally and provides a sum-

mary of dosimetric outcomes. It integrates seamlessly in a 2-level

factorial analysis that shows that nodal irradiation, left laterality,

and mastectomy significantly penalize dosimetric outcomes. The

interaction between tomotherapy and nodal irradiation improved

the outcome, although it did not reach significance.

The MADD-based score appears to be a promising tool to

summarize radiation treatment plans and highlight relationships,

encouraging further evaluation in breast and other cancers.
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Table 5. Selected Breast Hypofractionation Schedules.

Protocol Boost Boost dose (Gy) Total dose D (Gy) N fractions Fraction dose d (Gy)

a/b ¼ 10 a/b ¼ 3

BED EQD2 BED EQD2

Local-standard No 0 50 25 2.00 60 50 83 50

Local-standard boost Yes 16 66 33 2.00 79 66 110 66

Ragaz chestw, imc47 No 0 37.5 16 2.34 46 39 67 40

Ragaz axilla47 No 0 35 16 2.19 43 36 61 36

Whelan43 No 0 42.5 16 2.66 54 45 80 48

Yarnold1 (5 weeks)48 No 0 39 13 3.00 51 42 78 47

Yarnold2 (5 weeks)48 No 0 42.9 13 3.30 57 48 90 54

Yarnold1 seqBoost48 Yes 14 53 20 2.65 67 56 100 60

Yarnold2 seqBoost48 Yes 14 56.9 20 2.85 73 61 111 67

StartA149 No 0 39 13 3.00 51 42 78 47

StartA249 No 0 41.6 13 3.20 55 46 86 52

StartA1 seqBoost44 Yes 10 49 18 2.72 62 52 93 56

StartA2 seqBoost44 Yes 10 51.6 18 2.87 66 55 101 61

StartB49 No 0 40 15 2.67 51 42 76 45

Fast1 (1�/week)49 No 0 30 5 6.00 48 40 90 54

Fast2 (1�/week)49 No 0 28.5 5 5.70 45 37 83 50

ImportControl49 No 0 40.5 15 2.70 51 43 77 46

ImportControlSeqBoost49 Yes 16 56.5 23 2.46 70 59 103 62

ImportTest149 No 0 36 15 2.40 45 37 65 39

ImportTest249 No 0 36 15 2.40 45 37 65 39

ImportTest1CoBoost49 Yes 12 48 15 3.20 63 53 99 60

ImportTest2CoBoost49 Yes 16.5 52.5 15 3.50 71 59 114 68

Guerrero conventional45 Yes 20 65 35 1.86 77 64 105 63

Guerrero CoBoost45 Yes 15 60 25 2.40 74 62 108 65

Fehlauer46 No 0 55 22 2.50 69 57 101 61

Magee WF42 No 0 40 15 2.67 51 42 76 45

Magee LF42 No 0 40 8 5.00 60 50 107 64

TomoBreast No 0 42 15 2.80 54 45 81 49

TomoBreast boost Yes 9 51 15 3.40 68 57 109 65

Biological effective dose, BED ¼ D�(1þd/a/b). Equivalent dose in 2 Gy fractions, EQD2 ¼ D�(a/bþd)/(a/bþ2).50
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