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Radiobiological and physical effects of patient setup 
errors during whole breast irradiation 

INTRODUCTION 

A	 combination	 of	 breast-conserving	 therapy	

and	 post-operative	 whole	 breast	 radiotherapy	

has	 become	 a	 widely	 accepted	 and	 routine																

treatment	 for	 early-stage	 breast	 cancer	 (1-3).	 In	

conventional	radiotherapy,	the	delivery	of	doses	

exceeding	the	prescribed	dose	can	have	physical	

aftereffects,	 such	 as	 the	 formation	 of	 hot	 spots	
(9).	 Radiation-induced	 toxicity	 can	 cause																			

non-breast	 cancer-related	 death,	mainly	 due	 to	

cardiac	 or	 pulmonary	 disease	 (5,	6).	 Fibrosis,	 in	

particular,	 is	 a	 signi&icant	 side	 effect	 of	 breast	

radiotherapy.	 Several	 studies	 have	 used	 NTCP	

modeling	methods	 to	predict	post-radiotherapy	

&ibrosis	 and	 quantify	 the	 expected	 side	 effects,	

such	as	&ibrosis,	cardiovascular	disease,	and	lung	

cancer	(7,	8).	

The	 delivery	 of	 a	 planned	 dose	 distribution	

during	 breast	 radiotherapy	 may	 be	 altered	 by	

several	 factors,	 including	 patient	 shifting																

movements,	 patient	 rotational	 movements,	

breast	shifting,	and	breast	rotation	(10).	Previous	

studies	 have	 estimated	 the	magnitude	 of	 setup	

errors	 by	 simulating	 situations	 in	 which	 the											

isocenter	 and	 gantry	 angle	 in	 the	 radiation									

treatment	 planning	 system	 were	 shifted	 (11-14).	

The	 dosimetric	 impact	 of	 setup	 errors	 was												

reported	 by	 Prabhakar	 et	al.	 (11)	 who	 concluded	

that	 setup	 errors	 in	 the	 isocenter	 based	 on																		
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Background: The dose-related effects of pa�ent setup errors on bio-physical 

indices were evaluated for the conven�onal wedge (CW) and field-in-field 

(FIF) whole breast irradia�on techniques (WBI). Materials and Methods: The 
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selected for evalua�on. The bio-physical effects of dose varia�ons were 

evaluated by shi'ing the isocenters and gantry-angles of the treatment plans. 

Dose-volume histograms of the planning target volume (PTV), heart, and 

lungs were generated, and the conformity index (CI), homogeneity index (HI), 

tumor control probability (TCP), and normal �ssue complica�on probability 

(NTCP) were determined. Results: The D95 of the PTV for an “isocenter shi' 

plan” with a posterior direc�on decreased by approximately 15%, and the TCP 

of the PTV decreased by approximately 50% for the FIF technique and by 40% 

for the CW; however, the NTCPs of the lungs and heart increased for both 

techniques. Increasing the gantry-angle decreased the TCPs of the PTV by 

24.4% (CW) and by 34% (FIF). The NTCPs of the lungs and heart for the two 

techniques differed by only 3%. The CIs and HIs for the CW case were higher 

than the corresponding values obtained for the FIF case. Significant 

differences were observed between the two techniques (p<0.01). Conclusion: 

Our results revealed that the biophysical proper�es of the FIF case were more 

sensi�ve to setup errors than those in the CW case. The radiobiological-based 

analysis could be detected significant dosimetric errors and provided a 

prac�cal pa�ent quality assurance method for guiding the bio-physical 

effects. 
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physical	indices	should	be	kept	strictly	below	0.3	

cm.	 Furuya	 et	al.	 (12)	 investigated	 the	 impacts	 of	

breast	 motion	 and	 setup	 errors	 by	 shifting	 the	

isocenter.	They	found	that	the	dosimetric	impact	

of	 anterior–posterior	 breathing	motions	 on	 the	

physical	 characteristics	 was	 largest	 during	

whole-breast	irradiation	procedures.		

As	summarized	above,	previous	studies	have	

investigated	 the	 effects	 of	 setup	 errors	 on														

physical	 indices	 without	 considering	 biological	

effects.	This	study	evaluated	 the	 radiobiological	

and	physical	results	of	patient	setup	errors	using	

inverse	 veri&ication	 as	 a	quality	 assurance	 (QA)	

method	and	suggested	the	use	of	a	dose	painting	

method	 to	 estimate	biological	 parameters,	 such	

as	the	NTCP	and	tumor	control	probability	(TCP)	

as	a	measure	of	clinically	signi&icant	errors.	This	

study	was	conducted	using	conventional	wedge	

(CW)	 and	 &ield-in-&ield	 (FIF)	 whole	 breast														

irradiation	techniques.	

	

	

MATERIALS AND METHODS 
 

Whole	 breast	 irradiation	 planning	 under	 a	

variety	of	scenarios	

Patient	selection	

The	 retrospective	 study	 described	 here											

examined	 the	 medical	 records	 of	 10	 patients	

with	early-stage	left	breast	cancer	who	received	

whole	breast	irradiation	at	Uijeongbu	St.	Mary’s	

hospital.	 The	 Institutional	 Review	 Board																				

approved	the	study	(UC14RISI0127).	All	patients	

underwent	free	breathing	CT	while	lying	supine	

with	 their	 ipsilateral	 arm	 raised	 above	 their	

head.	Slice	 images	were	acquired	at	a	 thickness	

of	2.5	mm.	

 
Dosimetry	planning	

All	 treatment	 were	 generated	 using	 the	

Eclipse	 treatment	 planning	 system	 (Varian													

Associates,	 Palo	 Alto,	 CA).	 Treatment	 planning	

for	 whole	 breast	 irradiation	 was	 performed														

using	 two	 tangential	 &ields	 and	 one	 of	 two																

techniques	(CW	and	FIF).	The	prescription	dose	

used	 in	our	study	was	50.4	Gy,	 administered	 in	

28	fractions.	Conventional	radiotherapy	involves	

application	 of	 45–50	 Gy	 to	 the	whole	 breast	 in	

wedged	 tangential	 &ields	 (4).	 All	 contouring	 in	

this	study	was	performed	in	accordance	with	the	

Radiation	 Therapy	 Oncology	 Group	 0413																

guidelines	 (15).	 Organs	 at	 risk	 (OARs)	 (the																		

ipsilateral	 breast,	 ipsilateral	 lungs,	 and	 heart)	

were	 contoured	 for	 evaluation,	 and	 the	 breast	

clinical	 target	 volume	 (CTV)	 included	 a	 97%		

isodose	 line	 of	 the	 prescription	 dose	 excluding	

the	5	mm	below	 the	 skin	 surface.	Although	our	

study	 focused	 on	 the	 planning	 target	 volume	

(PTV),	 the	 results	 are	 applicable	 to	 the	 CTV													

because	 the	PTV	and	CTV	are	generally	 in	good	

agreement.	The	photon	beam	energy	was	6	MV,	

and	 the	 treatment	 plan	 was	 calculated	 by																	

applying	 an	 anisotropic	 analytical	 algorithm	

(version	 10.0.28)	 included	 inhomogeneity																

correction	 because	 the	 breast	 treatment	 &ields	

included	 a	 considerable	 portion	 of	 the	 lungs											
(28,	29).	

The	 “original	 plan”	 for	 each	 patient	 was															

created	 using	 the	 general	 clinical	 planning		

methods	 described	 above.	 The	 most	 important	

process	 in	 our	 study	 was	 the	 generation	 of	 an	

“isocenter	 shift	 plan	 (IS	 plan)”	 and	 a	 “gantry													

angle	 shift	 plan	 (GS	 plan)”	 for	 evaluating	 the	

dose	 distribution	 as	 variation	 of	 the	 isocenter	

position	and	gantry	angle,	respectively.	The	total	

number	 of	 treatment	 plans	 was	 360	 (36																		

treatment	 plans	 per	 patient).	 The	 isocenter	 for	

each	 plan	 was	 shifted	 0.5	 cm	 to	 the	 right–left	

(RL),	 along	 the	 superior–inferior	 (SI),	 or	 along	

the	 anterior–posterior	 (AP)	 respectively	 as														

described	 by	 Kinoshita	 et	al.	 (14).	 Some	 studies	

suggest	 that	 gantry	 angle	 variations	of	 up	 to	8°	

can	 provide	 to	 dosimetric	 errors	 (17,	18).	 We	 as-

sumed	 that	 setup	 errors	 slightly	 altered	 the	

breast	 shape.	 To	 compensate	 this	 effect,	 we													

inversely	 moved	 the	 gantry	 angle	 to	 simulate	

setup	 errors.	 The	 gantry	 angle	 was	 shifted															

2.5°–10°	 clockwise	 or	 counterclockwise	 at															

intervals	 of	 2.5°	 in	 each	 tangential	 &ield.	 The											

delivery	 conditions	 of	 the	 original	 plan,	 except	

for	 the	adjustments	 to	 the	 isocenter	and	gantry	

angle,	were	used	in	the	IS	plans	and	GS	plans.	
 

Plan	evaluation	and	analysis	

Physical	evaluation	

The	performances	of	the	planning	techniques	

were	 analyzed	 by	 analyzing	 the	 dose–volume	
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histograms	 (DVHs),	 the	mean	 dose	 of	 the	 PTV,	

the	minimum	dose	needed	 to	 cover	95%	of	 the	

volume	of	 the	PTV	 (D95),	 the	 relative	volume	of	

the	 PTV	 that	 received	 at	 least	 95%	 of	 the																			

prescribed	 dose	 (V95),	 and	 the	 volumes	 that													

received	 greater	 than	 20	 Gy	 in	 the	 ipsilateral	

lungs	and	40	Gy	in	the	heart.	

Physical	 evaluations	 were	 conducted	 using	

the	conformity	index	(CI)	and	the	heterogeneity	

index	(HI)	(16).	The	CI	evaluated	the	appositeness	

of	 the	 PTV	 for	 the	 prescription	 isodose	 volume	

in	 the	 treatment	 plans.	 The	 HI	 estimates	 the													

homogeneity	of	 the	PTV.	The	CI	and	HI	 calcula-

tions	are	presented	below	[eq.	(1)].		

	

	 	 	 	 	(1)	

	

Where,	VPTV	 is	 the	 volume	of	 the	 PTV,	VTV	 is	

the	 treatment	volume	of	the	prescribed	 isodose	

lines,	 and	TVPV	 is	 the	volume	of	 the	VPTV	within	

the	 VTV	[eq.	 (2)].	 Smaller	 CIs	 indicated	 better	

conformity.	

	

	 	 	 	 									(2)

	                                
Where,	D5%	and	D95%	are	the	minimum	doses	

delivered	to	5	and	95%	of	the	PTV,	respectively.	

Smaller	HIs	indicate	better	homogeneity.	

 
Radiobiological	evaluation	

The	radiobiological	effects	were	evaluated	by	

calculating	 the	 standard	 effective	 dose	 (SEDi)	

[eq.	(3)],	TCP	[eq.	(4)],	and	NTCP	[eq.	(5)]	using	

the	 parameters	 listed	 in	 Table	 1	 and	 2.	 We														

performed	 our	 analysis	 using	 the																																

phenomenological	TCP	and	NTCP	model	because	

of	 its	 computational	 simplicity	 for	 acquiring	

voxel-based	iso-TCP	and	NTCP	maps	(20,	31,	32).	

	

	 							(3)	

	

	

	

	

						

					(4)	

	

	

	

	

	

							(5)	

	

	

 
The	 values	 of	 the	 TCD50,	 TD50,	 and	 γ50	 were	

determined	from	clinical	data	(table	1).	TCD50	is	

the	dose	required	to	achieve	50%	TCP.	TD(veff)50	

is	the	tolerance	dose	(TD)	to	the	veff	of	the	organ	

that	produces	a	complication	probability	of	50%.	

γ50	 is	 the	 normalized	 gradient	 of	 the	 tumor																

response	curve	at	50%.	The	parameters	in	these	

equations	 that	were	 subjected	 to	 variations	 are	

listed	 in	 Table	 2.	 The	 above	 methods	 were												

performed	using	 the	open-source	 tool	CERR	 (23)	

and	 an	 in-house	 code	 based	 on	 MATLAB	

(v.R2010a,	Mathworks,	Natick,	MA).	

 
Statistical	analysis	

Data	 from	 all	 patients	 were	 included	 in	 the	

statistical	 calculations.	 The	 dose	 indices																				

delivered	for	each	radiotherapy	technique	were	

compared	 and	 the	 effects	 of	 the	 setup	 errors	

were	 evaluated	 by	 applying	 the	Mann–Whitney	

test	and	the	Kruskal–Wallis	test.	A	p	value	of	less	

than	 0.05	 was	 considered	 statistically																									

signi&icant.	
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Table 1. Radiobiological parameters used to calculate the 

tumor control probability (TCP) and normal �ssue complica-

�on probability (NTCP). 

Structures a γ50 TCD50 TD50 α/β References 

Tumor Breast –7.2 2 45.75 10 

Willner et al. 

(24) 

Guerrero et al. 

(25) 

Hall et al. (26) 

Organs

-at-risk 

(OAR) 

Heart 3 3  50 1.8–2 

Emami et al. 

(27) Lung 1 2  24.5 1.8–2 
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RESULTS 
 

Physical	analysis	

All	 physical	 results	 are	 reported	 as	 the																			

average	 of	 the	 results	 obtained	 from	 the	 10														

patients	 examined	 here.	 Figure	 1a	 shows	 the	

minimum	doses	that	covered	95%	of	the	volume	

of	the	PTV,	determined	from	the	physical	results	

obtained	 from	 the	 IS	 plan.	 The	 difference																	

between	 the	 delivered	 doese	 for	 the	 original		

isocenter	and	the	isocenter	shifted	along	the	AP	

direction	 was	 large,	 as	 reported	 previously,													

because	 the	 AP	 direction	 was	 affected	 by								

breathing	 (12,	14).	This	difference	was	statistically	

signi&icant	 (p<0.001).	 As	 shown	 in	 &igures	 1(b)	

and	1(c),	the	physical	perspectives	of	the	normal	

organs	 changed	 along	 with	 the	 isocenter	 shift.	

The	 trend	was	 similar	 to	 that	 observed	 for	 the	

PTV,	especially	along	the	AP	direction.	The	PTV	

coverage	 improved	 for	 the	 "IS	 plan"	 executed	

along	the	anterior	direction;	however,	the	doses	

delivered	 to	 the	 lungs	 and	 heart	 increased	 by	

factors	 of	 1.6	 and	 3.8,	 respectively	 (&igure	 3a).	

The	 D95	 of	 the	 PTV	 generated	 by	 the	 "IS	 plan"	

executed	 along	 the	 posterior	 direction																					

decreased	 by	 approximately	 15%	 in	 the																					

FIF-based	 plans,	 despite	 the	 delivery	 of	 lower	

doses	 to	normal	organs	(&igure	1).	The	physical	

results	 obtained	 from	 the	 CW	 and	 FIF																							

techniques	with	isocenter	shifts	followed	similar	

trends.		

The	 gantry	 angle	 shifts	 in	 two	 directions													

resulted	 in	 a	 decrease	 in	 D95,	 regardless	 of	 the	

angle	 direction	 or	 treatment	 technique	 (&igure	

2).	 The	 results	 obtained	 from	 the	 CW	 and	 FIF	

techniques	 were	 similar,	 and	 the	 gradients	 of	

the	 graphs	 in	 the	 counterclockwise	 direction,	

generated	 using	 either	 technique,	 exceeded	 the	

gradient	obtained	in	the	clockwise	direction.	The	

average	 values	 obtained	 from	 the	 two																

techniques	 differed	 signi&icantly	 (p<0.02).	 We	

evaluated	 the	 relative	 volume	of	 the	 acceptable	

dose	 for	 normal	 organs	 based	 on	 the	 gantry													

angle.	The	results	obtained	using	the	CW	and	FIF	

techniques	 were	 no	 signi&icant	 difference.	 The	

delivered	dose	to	normal	organs	(except	 for	the	

heart)	 using	 the	 GS	 plan	 increased	 in	 any																		

direction	 (table	 3).	 For	 heart	 cases,	 the																					

maximum	 difference	 was	 about	 48%	 between	

origin	 plan	 and	 -10	 degree	 shift	 plan	 in	 both	

techniques.	

The	 results	 calculated	 for	 the	 360	 cases														

revealed	that	the	CIs	and	HIs	obtained	using	the	

CW	technique	were	much	higher	than	the	values	

obtained	using	the	FIF	technique.	This	difference	

was	 signi&icant	 (p<0.01).	 Notably,	 a	 shift	 in	 the	

gantry	 angle	 and	 isocenter	 reduced	 the																									

homogeneity	 and	 conformity	 of	 the	 PTV	 and														

increased	 the	magnitude	of	 the	errors.	A	gantry	

angle	shift	counterclockwise	produced	the	worst	

results:	the	CI	was	24.48%	of	the	value	obtained	

using	the	original	plan.	

 
Radiobiological	analysis	

The	 biological	 effects	 of	 the	 isocenter	 shifts	

(particularly	 those	 obtained	 using	 the	 FIF																	

technique)	were	evaluated	by	mapping	the	DVHs	

and	NTCP/TCP	values	onto	the	CT	images	(&igure	

3).	The	effects	of	the	shifts	depended	on	the	shift	

direction.	The	 IS	plan	with	a	posterior	direction	

delivered	 lower	 doses	 to	 the	 PTV	 compared	 to	

the	 original	 plan,	 and	 the	 TCP	 decreased	 (table	

4).	 Lower	 doses	 were	 delivered	 to	 the	 OARs	

(&igure	3(a)),	and	the	NTCP	declined	by	approxi-

mately	44%.	The	opposite	results	were	obtained	

from	 the	 IS	 plan	with	 a	 superior	 direction	 (the	

NTCP	 in	 the	 normal	 organs	 increased	 and	 the	

TCP	in	the	tumor	decreased).	

Figures	 4	 and	 5	 show	 the	 DVHs	 and																								

radiobiological	maps	of	 the	CT	 images	obtained	

using	 the	 CW	 technique.	 The	 gantry	 angle	 was	

shifted	 clockwise	 and	 counterclockwise,																						

respectively.	 The	 shift	 direction	 did	 not																								

signi&icantly	 affect	 the	 DVHs	 or	 NTCPs	 of	 the		

normal	 organs.	 As	 the	 gantry	 angle	 shifted																	

toward	 the	 maximum	 degree	 of	 displacement,	

Lee et al. / Patient setup errors during whole breast irradiation  
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Symbols Defini'on Equa'ons 

n The frac�on number )3(  

di Frac�onal dose on i-th each voxel  

df Reference dose per frac�on  

α/β 
The usual ra�o of the                    

linear-quadra�c model parameters 
 

R Total number of subvolumes )4) ,(5(  

vi Frac�onal volume of i-th voxel  

Table 2. Variables and their defini�ons. 
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the	 NTCPs	 of	 the	 original	 and	 shifted	 (either						

direction)	 plans	 differed	 by	 less	 than	 1%,																			

regardless	of	the	technique	applied	(table	4).	By	

contrast,	 the	 TCPs	 and	 doses	 delivered	 to	 the	

PTV	were	lower	in	the	shifted	plans	than	in	the	

original	 plans.	 The	TCP	and	NTCP	maps	 on	 the	

CT	 images	 revealed	 the	 positions	 that	 received	

low	 doses	 and	 the	 differences	 between	 the																	

radiobiological	effects	due	 to	shifts	 in	 the	angle	

direction.	The	 radiation	 &ields	were	not	applied	

to	 the	 upper	 or	 lower	 parts	 of	 the	 PTV	 as	 the	

gantry	angle	was	shifted	along	the	clockwise	or	

counterclockwise	direction,	respectively	(&igures	

4b	 and	 5b).	 For	 this	 reason,	 the	 voxel-based	

NTCP/TCP	method	was	 recommendable	 in	 our	

study.	

Lee et al. / Patient setup errors during whole breast irradiation  

Figure 1. The physical results of the isocenter shi's are shown for (a) a minimum dose that covers 95% of the planning tumor 

volume (PTV), (b) rela�ve volumes receiving an excess of 20 Gy in the ipsilateral lungs, and (c) rela�ve volumes receiving an excess 

of 40 Gy in the heart. 

Figure 2. The physical results of bi-direc�onal gantry angle shi's for a minimum dose that covers 95% of the planning tumor              

volume (PTV) in two direc�ons for the conven�onal wedge technique and field-in-field technique. 
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Figure 3. The physical and radiobiological results of isocenter shi's for a breast cancer pa�ent. (a) Dose volume histogram (DVH), 

(b) tumor control probability (TCP) and normal �ssue complica�on probability (NTCP) mapping onto computed tomography (CT) 

images of the principal structures. The field-in-field technique was used. The origin, nega�ve y direc�on, and posi�ve y direc�on are 

shown in order. 

Origin 

Gantry angle shi1 

Clockwise Conter-clockwise 

2.5+°  5+°  7.5+°  10+°  2.5°–  5°–  7.5°-  10°-  

Field-in-field                

technique 

Heart V40 [%] 
Mean 2.761 2.413 2.134 1.919 1.739 3.209 3.770 4.467 5.325 

SD* 2.289 2.104 1.959 1.844 1.752 2.535 2.851 3.244 3.705 

Lung V20 [%] 
Mean 

SD 

17.391 17.455 17.586 17.789 18.058 17.380 17.414 17.471 17.532 

3.704 3.691 3.712 3.773 3.899 3.751 3.821 3.913 3.996 

Conven�onal wedge 

technique 

Heart V40 [%] 
Mean 2.793 2.439 2.156 1.940 1.765 3.263 3.812 4.511 5.375 

SD 2.313 2.130 1.986 1.874 1.781 2.565 2.868 3.256 3.707 

Lung V20 [%] 
Mean 

SD 

18.320 18.411 18.569 18.844 19.159 18.278 18.285 18.311 18.336 

3.816 3.817 3.845 3.955 4.083 3.861 3.927 4.0181 4.100 

               

Table 3. Effects of gantry angle shi's on normal �ssue for conven�onal wedge and field-in-field techniques. 

Origin 
Gantry angle shi1 Isocenter shi1 

5+°  10+°  5°–  10°–  +y –y +xyz –xyz 

Field-in-field 

technique 

PTV TCP [%] 87.190 79.590 71.200 68.550 53.150 73.330 39.230 68.390 66.960 

Lung 
NTCP [%] 

10.636 12.481 12.553 13.005 13.51 23.778 7.4304 18.01 9.1419 

Heart 5.2214 5.1461 5.1064 5.3464 5.5614 6.4395 4.905 5.731 5.0068 

Conven�onal 

wedge              

technique 

PTV TCP [%] 78.910 67.660 60.060 66.580 54.470 69.700 38.680 68.540 64.270 

Lung 
NTCP [%] 

12.401 14.271 14.376 14.788 15.374 25.917 8.5199 20.421 10.516 

Heart 5.8527 5.7517 5.6929 6.0137 6.2783 7.2404 5.4656 6.4574 5.612 

         

Table 4. Tumor control probabili�es (TCPs) and normal �ssue complica�on probabili�es (NTCPs) in various situa�ons for                

conven�onal wedge and field-in-field techniques. 
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DISCUSSION 

Radiation	 treatment	 for	 breast	 cancer	 is														

generally	performed	5	days	 a	week.	The	breast	

position	 on	 each	 day	 cannot	 be	 assumed	 to												

remain	 constant	 due	 to	 breast	 tissue	 &lexibility	

and	breathing	motions.	Errors	in	positioning	the	

patients’	 breasts	 have	 been	 quantitatively													

evaluated	 in	 many	 studies;	 however,	 only							

physical	 results	 have	 been	 reported	 (33-37).	 The	

present	 study	 examined	 both	 the	 physical	 and	

radiobiological	 effects	 of	 positioning	 errors											

during	breast	radiation	treatment.	The	isocenter	

and	 gantry	 angle	 in	 the	 original	 plan																									

implemented	 using	 the	 CW	 or	 FIF	 techniques	

were	shifted	to	simulate	the	patient	positioning	

errors.	 Left	 breast	 radiotherapy	 typically															

requires	 more	 sensitive	 radiation	 treatment	

planning	than	right	breast	radiotherapy	because	

the	 left	 breast	 is	 close	 to	 the	 heart,	 and																							

Lee et al. / Patient setup errors during whole breast irradiation  
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Figure 4. The physical and radiobiological results of clockwise gantry angle shi's for a breast cancer pa�ent. (a) Dose volume 

histogram (DVH), (b) tumor control probability (TCP) and normal �ssue complica�on probability (NTCP) mapping of computed          

tomography (CT) images of the principal structures. The conven�onal wedge technique was used. The origin, a 5-degree shi', and a 

10-degree shi' are shown in order. 

Figure 5. The physical and radiobiological results of counterclockwise gantry angle shi's for a breast cancer pa�ent. (a) Dose 

volume histogram (DVH), (b) tumor control probability (TCP) and normal �ssue complica�on probability (NTCP) mapping onto            

computed tomography (CT) images of the principal structures. The conven�onal wedge technique was used. The origin, a 5-degree 

shi', and a 10-degree shi' are shown in order. 
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substantial	 radiation	 effects	 on	 the	 heart	 are	

possible	 (38-40).	 Therefore,	 the	 left	 breast	 cases	

were	 selected	 to	 evaluate	 the	 side	 effects	 on	

OARs	during	whole	breast	irradiation.	

The	 physical	 results	 were	 examined	 by																		

calculating	 physical	 indices,	 such	 as	 the	 D95,	

mean	dose,	and	V95	of	the	PTV.	Only	the	value	of	

D95	 for	 the	 PTV	 is	 reported	 because	 the	 other	

parameters	 followed	 trends	 similar	 to	 D95.	

Smaller	CIs	and	HIs	 indicated	better	conformity	

and	homogeneity,	 respectively,	 in	 the	PTV	 (41,	42,	

43).	 In	 agreement	with	 previous	 studies	 (41,	42,	43),	

the	CIs	and	HIs	were	signi&icantly	smaller	for	the	

FIF-based	plans	than	for	the	CW-based	plans,	in	

all	cases.		

The	 radiobiological	 results,	 particularly	 the	

NTCPs,	 were	 similar	 in	 several	 simulations,													

possibly	 due	 to	 the	 properties	 of	 the	 NTCP	

curves.	 Many	 NTCP	 curves	 with	 different														

endpoints	 were	 used.	 Rancati	 et	al.’s	 results	 (30)	

was	illustrated	in	a	graph	of	an	NTCP,	revealing	

that	the	TD	required	to	reach	50%	of	the	NTCP	

was	 16.1	 Gy	 (saturation	 was	 reached	 at	 0–10	

Gy)	for	an	endpoint	of	pneumonitis	detection	in	

the	CT	images.	The	TD	was	25.4	Gy	in	our	study	

because	the	endpoint	was	genesis	in&lammation	

of	 the	 lung	 from	radiotherapy.	This	assumption	

led	 to	 smoother	 NTCP	 curves	 than	 those															

obtained	 by	 Rancati	 et	al.	 (30).	 The	 maximum													

difference	 in	 the	 mean	 doses	 delivered	 to	 the	

lungs	 in	 the	original	plans	and	the	gantry	angle	

shift	plans	were	1.52	Gy	(FIF)	and	0.78	Gy	(CW).	

These	results	suggested	 that	 the	NTCPs	did	not	

differ	 signi&icantly,	 thereby	 explaining	 the	

smooth	 NTCP	 curves.	 However,	 the	 IS	 plan												

revealed	 that	 the	 mean	 dose	 to	 the	 lungs																			

increased	to	16.66	Gy	(CW)	and	16.23	Gy	(FIF).	

In	 this	 instance,	 the	 NTCPs	 were	 signi&icant	

(table	4).		

Biological	 results	 have	 been	 recently																					

calculated	 using	 radiation	 treatment	 planning	

systems	 or	 dosimetry	 software.	 These	methods	

are	 limited	 in	 their	 ability	 to	 fully	 capture															

biological	 effects	because	 they	only	 suggest	 the	

value	 of	 biological	 results	 without	 considering	

spatial	 information.	 It	 would	 be	 dif&icult	 to												

predict	 the	 magnitude	 of	 NTCP	 variations,							

except	 in	a	 case	 in	which	 the	mean	dose	 to	 the	

lung	were	increased	signi&icantly.	Sensitive	error	

detection	 using	 biological	 indices	 may	 be													

obtained	 using	 the	 iso-TCP-NTCP	 maps																								

generated	in	the	present	study.	Such	maps	could	

provide	spatial	information	that	is	lacking	in	the	

DVHs,	 which	 only	 assess	 the	 uniformity	 of	 the	

dose	 distribution	 (19).	 The	 biological	 effects	 of	

radiation	 treatment	 may	 be	 visualized	 using	

voxel-based	TCP	and	NTCP	methods,	as	has	been	

demonstrated	 in	 prostate	 cases	 (20-22).																									

Intensity-modulated	radiation	treatment	(IMRT)	

for	 prostate	 cancer	 requires	 consideration	 of	

biological	 effects	 because	 the	 radiation	 dose	 is	

highly	 modulated.	 On	 the	 other	 hand,	 breast		

cancer	 requires	 evaluation	 of	 the	 biological												

effects	 of	 PTV	 and	 OARs	 because	 the	 FIF																			

technique,	which	is	a	forward	IMRT	technique,	is	

widely	 used	 along	 with	 CW,	 and	 breast	 cancer	

also	many	 relevant	 OARs,	 such	 as	 the	 heart	 or	

lung.	

In	 this	 study,	 the	 FIF	 technique	 was	 more	

sensitive	to	setup	errors	than	the	CW	technique;	

however,	 dosimetric	 differences	 in	 the	 setup	

errors	 obtained	 from	 the	 FIF	 technique	 were	

relatively	 small.	 The	 physical	 effects	 of	 dose												

inhomogeneities	 created	 during	 the	 CW																	

technique	due	 to	 setup	errors	were	 lower	 than	

those	 created	 during	 the	 FIF	 technique	 (12).													

Despite	these	results,	the	FIF	technique	is	more	

commonly	 used	 because	 dose	 homogeneity												

obtained	 using	 IMRT	 cause	 lower	 chronic	 and	

acute	 toxicities	 compared	 with	 the	 dose																						

homogeneities	obtained	using	CW	(9).		

Although	our	study	was	limited	to	the	effects	

of	 physical	 errors	 that	 resulted	 in	 dose																						

discrepancies,	 we	 demonstrated	 that	 biological	

evaluations	 provided	 information	 that	 was		

missing	 from	 the	 physical	 evaluations.	 Many	

studies	 of	 radiobiological	 indices	 have																					

accompanied	 the	 growing	 interest	 in																							

biology-based	 QA	 in	 radiotherapy	 (20,	 44).																			

Biological	indices	have	two	limitations:	(1)	they	

are	 phenomenological	 rather	 than	 predictive,	

and	(2)	model	parameters	are	unreliable	due	to	

insuf&icient	clinical	data	(45,	46).	Medical	physicists	

must	 carefully	 select	 assessment	 indices	 to													

appropriately	 evaluate	 the	 biological	 effects	 on	

clinical	 cases,	 given	 study	 endpoints	 and	 the	

overall	 study	goals.	This	study	suggested	 that	a	

biological	 evaluation,	 in	 addition	 to	 a	 physical	

Lee et al. / Patient setup errors during whole breast irradiation  
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evaluation	 conducted	 using	 our	 QA	 method,	

should	improve	QA	accuracy	for	validating	setup	

errors	in	the	FIF	technique.	
	

	

CONCLUSION 
 

Biological	indices	obtained	using	the	iso-TCP	

and	 NTCP	 maps	 were	 sensitive	 to	 errors	 not		

present	in	the	physical	indices.	The	iso-TCP	and	

NTCP	 maps	 provided	 a	 useful	 and	 practical	

method	 for	 evaluating	 critical	 biophysical									

effects.	 Our	 &inding	 demonstrated	 that	 physical	

and	 biological	 indices	measured	 in	 simulations	

can	detect	a	variety	of	errors	that	arise	in	breast	

radiotherapy	applied	using	either	the	CW	or	FIF	

technique.	
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