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Abstract
Purpose To reduce reoperation rates for image-guided breast-conserving surgery, the enhanced sensitivity of magnetic 
resonance (MR) supine imaging may be leveraged. However, accurate tissue correspondence between images and their 
physical counterpart in the surgical presentation is challenging due to breast deformations (e.g., from patient/arm position 
changes, and operating room table rotation differences). In this study, standard rigid registration methods are employed and 
tissue deformation is characterized.
Methods On n = 10 healthy breasts, surface displacements were measured by comparing intraoperative fiducial locations 
as the arm was moved from conventional MR scanning positions (arm-down and arm-up) to the laterally extended surgical 
configuration. Supine MR images in the arm-down and arm-up positions were registered to mock intraoperative presentations.
Results Breast displacements from a supine MR imaging configuration to a mock surgical presentation were 28.9 ± 9.2 mm 
with shifts occurring primarily in the inferior/superior direction. With respect to supine MR to surgical alignment, the average 
fiducial, target, and maximum target registration errors were 9.0 ± 1.7 mm, 9.3 ± 1.7 mm, and 20.0 ± 7.6 mm, respectively. 
Even when maintaining similar arm positions in the MR image and mock surgery, the respective averages were 6.0 ± 1.0 mm, 
6.5 ± 1.1 mm, and 12.5 ± 2.8 mm.
Conclusion From supine MR positioning to surgical presentation, the breast undergoes large displacements (9.9–70.1 mm). 
The data also suggest that significant nonrigid deformations (9.3 ± 1.7 mm with 20.0 mm average maximum) exist that need 
to be considered in image guidance and modeling applications.

Keywords Breast-conserving surgery · Image-guided surgery · Lumpectomy · Supine MR · Registration · Computational 
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Introduction

High reoperation rates in breast-conserving surgery have 
been referred to as “the other breast cancer epidemic,” [1] 
and have been reported as 10–29% in recent years [2–4]. 
Newly adopted localization strategies are largely based on 
preoperative placement of invasive markers [5–10]. How-
ever, with these approaches it can be difficult to under-
stand lesion position and extent, particularly at depth. An 
alternative approach is to leverage medical imaging data 
in real time to guide surgery. For example, ultrasound 
image guidance has been shown to outperform seed-based 
methods with positive margin rates ranging from 0–14% 
[11–16]. Unfortunately, only 50% of non-palpable tumors 
are visible on ultrasound [17].

An image guidance platform that could integrate mag-
netic resonance (MR) imaging would provide more com-
prehensive guidance for the majority of patients. Such a 
system would provide detailed subsurface anatomy, higher 
sensitivity [18], and enhanced lesion location and extent 
with methods like dynamic contrast enhanced MR [19], 
particularly for ultrasound-occult cancer. The use of MR 
data to enhance localization in real time is limited by 
differences between the diagnostic (prone) and surgical 
theater (supine) presentations. From prone to supine imag-
ing, breast tissue shifts range 10–85 mm [20–22]. Addi-
tional confounding factors include differences in tumor 
volume, surface area, sphericity, and distances from the 
only available landmarks (the chest wall, skin, and nip-
ple) [20–22].

Several surgical guidance frameworks have been intro-
duced to register, or align, breast MR data to the surgical 
presentation (primarily prone to supine registration [23, 
24]). Recent advances have led groups to pursue supine 
MR [25–28] due to comparable imaging sensitivity and 
better initial alignment to surgical presentation. Barth 
et al. [29] expanded on the system of Pallone et al. [27, 
28] creating a custom supine MR image guidance system 
for breast-conserving surgery relying on rigid registration, 
and achieving 9% positive margin rates, compared with 
19% by wire guidance. In a similar work, Conley et al. 
developed a custom image-to-physical nonrigid registra-
tion method and demonstrated tumor centroid localization 
errors of 5.3 and 5.5 mm, outperforming rigid alignment 
error of 6.5 and 12.5 mm, respectively [30, 31]. Ebrahimi 
et al. implemented a thin-plate spline registration to pre-
dict tumor motion due to abduction of the arm [32]. While 
supine MR offers improved alignment, the above works 
suggest that there are still uncharacterized discrepancies in 
tissue location between imaging and surgery presentations 
(e.g., effects from patient position, arm position, and surgi-
cal table rotation). This paper reports the nature of breast 

deformation from supine imaging-to-surgical presentation 
and evaluates the accuracy of rigid registration in the con-
text of a supine MR image-guided approach.

Methods

Intraoperative surgical monitoring platform

A custom data collection system [33] (Fig. 1a) was devel-
oped with stereo cameras (FLIR, Richmond, BC, Canada) 
for breast surface acquisition, optically tracked instruments 
(Northern Digital Inc., Waterloo, ON, Canada), intraopera-
tive ultrasound (BK Medical, Peabody, MA, USA), and a 
guidance module implemented in 3D Slicer [34]. The mod-
ule registers all patient data to MR image space and presents 
the surgeon with the position of their tracked tool in relation 
to all other aspects of the scene including the breast model, 
lesion model, fiducial positions, and tracked ultrasound 
images. The system in Fig. 1a is in use with a tracked stylus.

Human data collection

Experimental protocols were approved by the Vanderbilt 
University Institutional Review Board, and six healthy vol-
unteers were enrolled with informed consent. Of the twelve 
breasts, two were excluded from analysis: one due to subject 
movement during data collection, and one due to incom-
plete data. Volunteers ranged in age from 23–57 (average 
30 ± 13) years. Breast volumes, as manually segmented 
from an arm-down supine MR, ranged from 459–1230  cm3 
(mean: 681 ± 214  cm3). With each case, 26 adhesive syn-
thetic MR-visible fiducial markers (IZI Medical Products, 
Owing Mills, MD) were placed on the skin with approxi-
mately equal sampling across the breast surface (Fig. 1b). 
The number of fiducials was chosen to sufficiently sample 
the surface based on three previous works [32, 35, 36]. To 
adequately and densely cover the surface of the breast, while 
providing precise point-to-point correspondence, 26 fiducial 
points were used. All measurements successfully identified 
at least 23 fiducials, and 82% contained all 26 fiducials.

MR data were collected in conventional closed bore 3 T 
MR scanners (Philips Healthcare, Best, The Netherlands) 
using a T1-weighted, 3D turbo field echo sequence with fat 
suppression. One volunteer was imaged with an Ingenia Eli-
tion D-Stream wide bore, and the remaining five volunteers 
were imaged with an Ingenia D-Stream. A 16-channel torso 
coil was laid over the chest and supported with padding 
placed on the sternum to reduce breast compression. Mul-
tiple available clinical scanners were used across subjects 
with one of two voxel resolutions, 0.357 × 0.357 × 1  mm3, 
or 0.391 × 0.391 × 1  mm3 voxel size. To effectively capture 
the full range of breast motion between two arm position 
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extremes, MR data were collected in two positions: with the 
ipsilateral arm-down by the torso and then up by the head. 
The contralateral arm was down for both scans. Full lateral 
extension was not possible due to bore constraints. In both 
MR images, locations of the MR-visible fiducials (Fig. 1c) 
were manually localized and labeled in 3D Slicer with an 
English alphabet character-based label (A–Z). Fiducial 
labels provide intuitive correspondence between the model 
and physical space.

Less than 24  h after MR imaging, the subject was 
moved to a mock surgical presentation area for additional 
data collection. The center of each fiducial was marked 
as a distinct ink dot; then, the MR-visible fiducials were 
removed. Once removed, a letter label was then specifi-
cally inked onto the skin surrounding each inked fiducial 
dot (Fig. 1d). This process allowed the fiducial center to 
be identified on the subject using manual digitization via 
an optically tracked wand (stylus) as well as determined 
(potentially automatically) with the stereo cameras using 

optical character detection. In surgery, patients are typi-
cally oriented in an oblique supine position, with the oper-
ating table tilted slightly such that the ipsilateral arm is 
raised. This rotation of the table brings the breast to a 
more favorable position for lesion excision. To simulate 
this rotation, in our mock surgical presentation, padding 
was placed underneath the ipsilateral shoulder and upper 
torso. Data were then collected in three positions: with 
the ipsilateral arm-down, abducted to 90 degrees from the 
torso (T-shape, the typical surgical presentation), and up 
by the head. Fiducial locations in the mock surgical setting 
were collected with a handheld optically tracked stylus. 
To allow quadrantized analysis, each fiducial location was 
manually assigned to one of the four conventional ana-
tomical breast quadrants (upper outer, upper inner, lower 
outer, lower inner). Fiducials were assigned to quadrants 
by assessing fiducial locations in 3D space relative to the 
nipple and referencing RGB stereo camera images.

Fig. 1  Data collection system and fiducial distribution. Red arrows 
indicate fiducial locations. a Data collection in the arm-up position 
with the rigidly coupled instrument tracker and stereo camera pair, 
ultrasound machine, and guidance display. b Twenty-six MR-visible 
fiducials distributed across each breast. c Two fiducials visible on an 

axial slice of a supine MR image. d Anterior view from one RGB 
camera in the mock intraoperative setting; the center of each MR 
fiducial marked with red ink, and labeled with a blue hand drawn let-
ter
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Breast shift among range of arm positions

Breast surface displacements were measured by comparing 
intraoperative fiducial locations as the arm was moved in 
a mock surgical setting. Euclidean distances between cor-
responding points were computed for 3 shifts: (i) arm-down 
to T-shape, (ii) T-shape to arm-up, and (iii) arm-down to 
arm-up. The first measured shift represents the typical arm 
motion from preoperative supine MR imaging to surgical 
position. The second measured shift was performed to cap-
ture an alternative preoperative supine MR position with 
the arm-up. The third breast shift represents the effect of the 
full range of arm motion. The magnitude and direction of 
displacement were measured for each shift, and compared 
between shifts. The directionality of displacement was 
analyzed by comparing the three orthogonal components 
of displacement in the MR image space: medial/lateral, 
anterior/posterior, and superior/inferior. The directionality 
is reported in each anatomical direction as the percentage 
of the total displacement. Additionally, for each case the 
average displacement was computed in each quadrant. Dis-
placements were compared among the four breast quadrants.

Image‑to‑physical registration associated 
with conventional image‑guided surgery 
approaches

While the section “Breast shift among range of arm posi-
tions” measured breast shift magnitude, it is important to 
distinguish rigid translations and rotations from nonrigid 
deformations. To study this, spatial discrepancies in breast 
fiducials were investigated after registering the fiducials 
between conventional supine MR imaging and mock surgi-
cal presentation. Using traditional point-based registration 
techniques, fiducial locations in MR image space were 
aligned with their corresponding positions that were opti-
cally digitized in the physical mock surgical setting. The 
rigid registration method is described in [37] and is an 
accepted standard in the field. Traditional metrics of fidu-
cial registration error (FRE) and target registration error 
(TRE) are reported [37]. Briefly, the fiducial registration 
error (FRE) measures the general misalignment of fidu-
cials as FRE =

�
1

N

∑N
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��
�
T
�
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�
− yi

��
�
 where N is the num-

ber of corresponding fiducial points and T(xi) represents 
the rigidly transformed ith fiducial point xi into the same 
space as corresponding point yi. The target registration 
error (TRE) represents an equivalent calculation, but the 
point being compared in the two spaces is a novel point 
that was not used in determination of the rigid registration 
transformation, T(*). Here, TRE was determined using a 
leave-one-out strategy where the transformation T(*) is 

determined using N − 1 fiducials. The Nth fiducial is 
treated as a novel target. This process is repeated itera-
tively treating each fiducial as a target to evaluate accu-
racy. TRE is established as the root mean square error over 
the entire cohort.

Registration error metrics are reported for each of the four 
image-to-physical registrations involving the mock operat-
ing room (OR) and conventional MR settings: (1) arm-down 
mock OR to arm-down MR (2) arm-up mock OR to arm-up 
MR, (3) T-shape mock OR (surgical position) to arm-down 
MR, and (4) T-shape mock OR to arm-up MR. For registra-
tion (3)—a likely surgical protocol, TRE is further evalu-
ated by varying the number and distribution of fiducials to 
establish potential lower bounds required for good regis-
tration fidelity. These additional analyses focus particularly 
on the impact of fiducial distribution across the four breast 
quadrants. Beginning with a lower limit of using only n = 4 
fiducials and proceeding to an upper limit of n = 23 fiducials, 
registrations were performed for each possible combination 
of n fiducials. Any fiducials not used in the registration 
were treated as novel targets for the determination of TRE. 
Here, since all cases have at least 24 corresponding fiducials 
recognized for registration (3), the upper limit of n = 23 is 
used to ensure that registration accuracy may be computed 
on at least one target for each case. TRE was averaged by 
case, and then across all cases. Some of these combinations 
represent unrealistic and unbalanced fiducial distributions. 
Therefore, an alternative combinatorial approach was also 
used to evaluate the impact of systematically distributing 
fiducials across quadrants. The process begins by requesting 
one fiducial from each quadrant to be used in registration, 
then incrementing. This quadrantized approach includes all 
combinations where the differences among the number of 
fiducials requested from each quadrant are no more than one. 
When the number of fiducials from a quadrant requested for 
registration exceeds the number of fiducials in the quadrant, 
all fiducials in that quadrant are drawn and additional com-
binations are included reserving one fiducial in that quadrant 
as a target. All combinations are ensured to be unique.

Statistical tests

For each metric reported, the distribution of samples 
was tested for normality using a one-sample Kolmogo-
rov–Smirnov test. Each distribution was found to be approxi-
mately normally distributed. A paired t test (α = 0.05) was 
used to test significance and power, given the sample size of 
10 breasts. Magnitude and direction of displacement were 
compared with paired t tests (p < 0.05). Displacements were 
compared among the four breast quadrants with a paired t 
test (p < 0.008 with Bonferroni correction). Tests with power 
greater than 80% are considered strongly powered.
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Results

Breast shift among range of arm positions

With the subject otherwise stationary in the mock OR 
setting, the average displacement, i.e., shift, from the 
arm-down to T-shape position was 28.9 ± 9.2 mm (range: 
9.9–70.1 mm), while the average displacement from the 
arm-up to T-shape position was 27.6 ± 8.9 mm. This dif-
ference was not statistically significant (p > 0.05). The 

average displacement from the arm-down to arm-up posi-
tion was 42.0 ± 15.4 mm, which was significantly greater 
(p < 0.05) than the shift from arm-down to T-shape 
(power = 0.79) and the shift from arm-up to T-shape 
(power = 0.99). For reference, each volunteer is assigned 
a lowercase letter and subjects are presented in the order of 
decreasing breast volume (a–f). Subjects are consistently 
labeled with this convention across all figures and tables. 
Results are reported in Table 1.

For the left breast of each volunteer, displacement 
magnitude and direction are displayed on the breast 

Table 1  Surface fiducial 
displacements in the supine 
position and registration error 
metrics for image-to-physical 
registrations reported in 
millimeters (mm)

Case Breast vol-
ume  (cm3)

Displacement (mm) Mean ± Std

Arm-down to T-shape Arm-up to T-shape Arm-down to Arm-up

a L 1230 26.8 ± 5.2 39.4 ± 13.1 58.0 ± 14.8
b R 730 39.5 ± 10.1 29.1 ± 8.9 55.8 ± 17.9

L 694 33.5 ± 10.0 24.3 ± 9.4 54.7 ± 16.6
c R 693 40.5 ± 6.4 26.3 ± 6.1 38.5 ± 11.4

L 668 38.5 ± 6.2 22.9 ± 2.9 36.9 ± 8.2
d R 688 14.5 ± 2.6 19.7 ± 5.1 21.9 ± 5.4

L 581 17.4 ± 1.9 13.2 ± 5.2 18.2 ± 3.9
e R 595 21.3 ± 3.5 30.4 ± 7.3 42.4 ± 8.6

L 474 29.0 ± 5.0 43.9 ± 10.5 62.1 ± 14.8
f L 459 28.4 ± 3.5 26.7 ± 6.7 31.6 ± 8.7
Mean: 681cm3 28.9 ± 9.2 27.6 ± 8.9 42.0 ± 15.4

Fig. 2  Breast surface displacements associated with arm movement from the arm-down position to intraoperative position. Arrow vectors placed 
at fiducial locations show the direction of displacement and are scaled according to the magnitude of displacement



2060 International Journal of Computer Assisted Radiology and Surgery (2021) 16:2055–2066

1 3

model segmented from the MR image (Fig. 2). Fiducial 
displacements, shown with arrows, were interpolated 
across the model surface using natural neighbor interpola-
tion, as implemented in MATLAB, to produce the colored 
meshes. For each mesh, the sternum is on the left with 
the armpit toward the top right, as shown by the human 
outline in the bottom right of Fig. 2.

The percentage of displacement in each of the three 
orthogonal directions (medial/lateral, anterior/posterior, 
superior/inferior) is shown in Fig. 3. The percentage of 
displacement in the medial/lateral direction was statisti-
cally larger in the arm-up to T-shape shift when compared 
to the two other shifts (power = 0.66 when compared to 
arm-down to T-shape shift and power = 0.98 when com-
pared to arm-down to arm-up shift). The percentage 
of displacement in the superior/inferior direction was 
significantly larger in the arm-down to arm-up posi-
tion change when compared to the two other positional 
changes (power = 0.87 when compared to arm-down to 
T-shape shift and power = 0.99 when compared to arm-up 
to T-shape shift). In the anterior/posterior direction, the 
percentage of displacement was significantly larger for 
the arm-down to T-shape shift only when compared to the 
arm-down to arm-up shift (power = 0.91). 

Analysis of breast shift by anatomical quadrant

Average displacement differed among the four conven-
tional anatomical quadrants, illustrated in Fig. 4a. For the 
arm-down to T-shape pose change, average displacements 
in the upper outer quadrant were significantly larger than 
averages in all other quadrants (power > 0.98) as shown in 
Fig. 4b. From T-shape to the arm-up position, the upper 
outer quadrant shifted significantly more and the lower inner 
quadrant shifted significantly less than all other quadrants 
(power > 0.99). When comparing average quadrant displace-
ments from the arm-down to arm-up positions, all compari-
sons were significantly different (power > 0.90) as shown 
in Fig. 4c. The line of equivalence is plotted as a reference, 
showing where the displacement associated with quadrant A 
on the y-axis is equivalent to the displacement of the com-
parator quadrant B on the x-axis. Deviations from this line 
of equivalence are readily visualized in Fig. 4.

Image‑to‑physical registration results associated 
with conventional image‑guided surgery 
approaches

Registration error metrics are reported (Table 2) for each 
combination of preoperative and intraoperative data: (1) 
arm-down mock OR to arm-down MR (2) arm-up mock 

Fig. 3  Directionality of breast surface displacements associated with arm movement in the supine position with arm motion illustrated for each 
of the three positional changes. Average percentage and magnitude of displacement in each direction is displayed at the bottom
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OR to arm-up MR, (3) T-shape mock OR (surgical posi-
tion) to arm-up MR, and (4) T-shape mock OR to arm-
down MR. The first two registrations quantify breast 

deformations for equivalent arm poses; the third and fourth 
registrations quantify the deformation from the preopera-
tive images to surgical positioning. Fiducial registration 

Fig. 4  Comparison of average 
displacements for each pair 
of quadrants. Each plot point 
represents the average displace-
ment in two quadrants for one 
case. Significantly different 
shifts are plotted as asterisks 
(*), and p values are reported. 
The line y = x, where quadrant 
displacements are equivalent, 
is shown in black. a Color 
coded quadrants of the breast. b 
Comparison of average quadrant 
displacements from arm-down 
to T-shape. c Comparison of 
average quadrant displacements 
from arm-down to arm-up
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error (FRE) values were 5.8 ± 0.8 mm and 6.2 ± 1.2 mm for 
registrations (1) and (2), respectively. Target registration 
error (TRE) values were 6.3 ± 0.9 mm and 6.7 ± 1.3 mm 
for registrations (1) and (2) respectively. For registrations 
from image space to surgical presentation (T-shape), FRE 
was 7.9 ± 1.6 mm using the arm-up MR image (3), and 
9.0 ± 1.7 mm using the arm-down MR image (4). TREs 
were 8.6 ± 1.8 mm and 9.3 ± 1.7 mm for registrations (3) 

and (4), respectively. On average for deformation (4), the 
maximum target error was 20.0 ± 7.6 mm. Figure 5 shows 
TRE at each fiducial location on a wireframe representa-
tion of the breast surface. Furthermore, image-to-physical 
registrations in the same arm pose were compared to reg-
istrations with differing arm poses (imaging-to-surgical 
position). More specifically, (1) was compared to (4) and 
similarly (2) was compared to (3). These registration errors 

Table 2  Registration error metrics (in millimeters, mm) for image-to-physical registrations of surface points

Case Breast vol-
ume  (cm3)

Registration error (mm)

Arm-down MR to arm-
down mock OR

Arm-up MR to arm-up 
mock OR

Arm-up MR to surgical 
position

Arm-down MR to surgical 
position

FRE TRE Max TRE FRE TRE Max TRE FRE TRE MaxTRE FRE TRE Max TRE

a L 1,230 7.4 7.9 14.8 5.8 6.2 9.9 10.0 10.9 17.7 10.3 10.9 21.0
b R 730 5.3 5.8 10.9 3.9 4.2 7.4 5.0 5.6 11.9 9.7 10.4 27.8

L 694 6.3 6.9 13.9 5.5 6.2 11.8 8.2 9.2 16.3 11.3 12.1 36.4
c R 693 4.9 5.3 10.0 5.7 6.2 12.0 8.0 8.8 13.2 9.4 10.1 23.3

L 668 5.5 5.9 10.0 7.9 8.6 16.1 7.6 8.2 18.4 9.6 10.3 20.1
d R 688 5.2 5.5 8.1 6.3 6.7 10.0 6.6 7.0 10.7 10.5 8.0 11.1

L 581 5.3 5.7 14.4 7.5 8.1 17.4 9.1 9.9 19.3 6.0 6.5 14.4
e R 595 6.4 6.8 15.3 7.6 8.3 14.3 10.4 11.3 19.8 7.2 7.7 13.9

L 474 6.7 7.1 15.6 5.8 6.2 12.8 7.0 7.6 16.3 8.1 8.6 16.8
f L 459 5.4 5.8 14.3 6.0 6.5 11.3 7.3 7.8 14.4 7.7 8.2 15.6
Mean: 681cm3 5.8 6.3 12.7 6.2 6.7 12.3 7.9 8.6 15.8 9.0 9.3 20.0

Fig. 5  Target registration error for arm-down supine MR to intraoperative position (T-shape mock OR) for the left breast of each subject. The 
nipple is marked by ( +)
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were significantly different (power > 0.95), indicating that 
significant nonrigid deformations are due to arm motion 
in the supine position.

In registrations for the arm-down to T-shape defor-
mation, the most likely surgical protocol, average TRE 
decreased asymptotically with an increasing number of 
fiducials with a final limit of 8.5 mm. The quadrantized 
method approached the limit faster than the non-quadran-
tized method. For n > 10 fiducials, the two approaches are 
not statistically different.

Impact of instrumentation error on analysis

Registration error due to instrumentation was evaluated by 
rigidly aligning five sets of skin fiducial points collected 
with the subject in exactly the same position. Two main 
sources of error are possible: intrinsic instrumentation error 
associated with optical tracking and MR imaging resolu-
tion, and localization error associated with an individual 
designating the location of a fiducial marker either using an 
optically tracked stylus on the patient or demarking the fidu-
cial marker in a corresponding MR imaging set. While the 
error associated with intrinsic instrumentation error is docu-
mented by device characteristics [38], the impact of localiza-
tion error needs to be assessed in practical use. To evaluate 
accuracy of fiducial localization on a subject in the T-shape 
surgical presentation position, the same fiducial locations 
were collected repeatedly for a total of five point sets. All 
combinations of point sets (5 choose 2) were registered, and 
the average FRE was determined to be 1.5 ± 0.1 mm. Simi-
larly, the locations of the fiducials were designated in an MR 
image with the subject arm-down and all combinations of 
point sets (5 choose 2) were registered providing a counter-
part average FRE of 1.6 ± 0.4 mm.

For each measurement approach, an approximation stand-
ard of the upper limit of instrumentation error was defined 
as one standard deviation greater than the mean. This results 
in 1.6 mm and 2.0 mm for optical-stylus digitized and MR 
points, respectively. In a worst-case scenario, these errors 
would sum to represent a combined instrumentation error, 
i.e., approximately 3.6 mm. When considering the remain-
ing error after registering the supine MR images and sur-
gical T-shape presentation, errors that are significantly 
greater than this 3.6 mm instrumentation error (paired t 
test, p < 0.05) are assumed to be associated with deforma-
tions, i.e., nonrigid shape change. All registrations produced 
significantly greater errors; therefore, nonrigid components 
of deformation are significant and cannot be completely 
compensated for using a rigid registration approach. This 
analysis shows that nonrigid deformation between imaging 
and surgery is significant even for registrations between the 
same pose (i.e., (1) and (2)).

Discussion

At a fundamental level, the components of rigid and non-
rigid deformation are considerable between MR-supine 
and OR-supine configurations. Across subjects, displace-
ment and registration error varied in magnitude (9.0 mm 
average FRE with average maximum TRE of 20.0 mm) 
and spatial distribution, suggesting that patient specificity 
and real-time monitoring are likely needed within a resec-
tion guidance approach. Displacements were also largest 
in the upper outer quadrant, where disproportionately 
38–54% of breast cancers occur [39–41]. This uneven shift 
among quadrants would also likely make rigid registration-
based image guidance approaches particularly prone to 
error. Even with a high number of well-distributed fidu-
cials, when registering conventional supine breast MR 
to surgical presentation, each subject had a region with 
TRE above 10 mm, and many had regions with TRE above 
20 mm. Comparing image-to-physical registration errors 
in the same vs. differing arm poses demonstrated that there 
are significant nonrigid deformations due to arm motion. 
Going further, even when the arm poses were kept con-
sistent between MR and mock surgery positions, nonrigid 
error was still present (average errors of 6.5 mm with aver-
age maximum TRE of 12.5 mm) and significantly greater 
than instrumentation error. This suggests that even under 
ideal conditions, nonrigid deformation is likely an impor-
tant factor to consider. Other important considerations 
are number of fiducials and preferred MR position. For 
rigid registration, greater than 10 fiducials and distribution 
across all four quadrants is recommended. Neither arm-
up nor arm-down supine MR position is preferred when 
considering displacement magnitude or registration error. 
However, the significant difference in directionality could 
impact the difficulty of modeling these deformations.

To the best of our knowledge, this work is the first to 
report such a comprehensive characterization of image-
to-surgical deformations. While limited to the breast sur-
face, displacements and registration errors are reported for 
densely sampled corresponding points. In a related work, 
Ebrahimi et al. measured tumor displacement from the 
arm-down position, to an arm-up position in supine MR 
images. The center of mass displacements for six tumors 
was reported between 10.9 and 46.8 mm from full abduc-
tion of the arm. Rigid registration errors (TRE) for tumors’ 
centers of mass were between 2.6 and 17.9 mm. The mag-
nitudes of these subsurface measurements are remarkably 
comparable and consistent with our measurements pro-
vided here thus proving a similar scale and range for both 
displacement and registration error.

There are several limitations to this work. The sam-
ple size is small and not representative of breast cancer 



2064 International Journal of Computer Assisted Radiology and Surgery (2021) 16:2055–2066

1 3

patient demographics. Breast cancer patients are typically 
older than the average age of the reported cohort, with 
most patients in the age range of 50–70 years old [42] 
and subject to differing breast consistency. Further study 
remains to conclusively evaluate the effects of numerous 
anatomical factors on breast displacement and registration 
error (e.g., volume, density, and placement/distribution of 
breast tissue). The position of the breast on the torso was 
an unexpected confounding factor in this dataset. Larger, 
and particularly more laterally set breasts are deformed by 
contact with the arm in the arm-down position. Similarly, 
these breasts could also experience larger forces during 
arm motion due to spatial relationships to ligaments and 
axillary skin. Breast shape and the position of breast tissue 
on the rib cage likely impact deformation and registra-
tion error as well, but these effects have not been investi-
gated in this work. Expanding this dataset is a next step to 
establish trends regarding the impact of breast volume on 
displacement or registration error.

Another limitation of the work is associated with work-
flow. In practice, some seed-based targets can be implanted 

up to 30 days before surgery [6, 43] allowing workflow 
and cost benefits by enabling scheduling flexibility [44]. 
Comparatively, fiducial placement likely reduces patient 
discomfort but with more restrictive scheduling. In the 
framework discussed herein, there would also be modifi-
cations to necessary imaging. Supine MR is not standard 
of surgical care and would likely increase imaging costs. 
However, workflow modifications must also be considered 
within the context of current reoperation rates. A single-
pass negative-margin breast-conserving surgery proce-
dure would have great potential patient and cost benefits. 
Lastly, this work has been limited to breast surface analy-
sis. Integration of tracked intraoperative ultrasound, as in 
Fig. 1, allows subsurface features to be incorporated (i.e., 
tumor margins, implanted biopsy clips, etc.). While rigid 
registration often relies on surface fiducials, the addition 
of subsurface ultrasound data could help to constrain a 
nonrigid modeling approach. Figure 6 shows an example 
under development and awaits further study.

Fig. 6  Ultrasound data in an image guidance system, with white 
arrow indicating this chest wall segmentation. a breast model as seg-
mented from the MR image with tracked ultrasound plane in blue, 
and the chest wall segmented in magenta; b ultrasound image acquisi-

tion in the mock OR; c ultrasound image outlined in blue with the 
segmented chest wall surface in magenta; d acquired chest wall con-
tour data on the breast model where color indicates the closest point 
residual with its MR counterpart after rigid registration
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Conclusion

While work is ongoing with supine MR and rigid registra-
tion guidance [26, 29, 30], results here have demonstrated 
that for supine MR to OR alignment strategies, nonrigid 
deformations are present and significant. Navigation sys-
tems will need to improve accuracy to compete with, and 
improve beyond, implanted marker-based guidance. Future 
strategies that use sparse readily available localization and 
imaging data coupled to nonrigid registration approaches 
could potentially offer the next cost-effective revolution in 
improved surgical accuracy.
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