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Abstract
Background. Three-dimensional (3D) photography provides a promising means of breast volumetry. Sources of error
using a single-captured surface to calculate breast volume include inaccurate designation of breast boundaries and
prediction of the invisible chest wall generated by computer software. An alternative approach is to measure differential
volume using subtraction of 2 captured surfaces. Objectives. To explore 3D breast volumetry using the subtraction of
superimposed images to calculate differential volume. To assess optimal patient positioning for accurate volumetric
assessment. Methods. Known volumes of breast enhancers simulated volumetric changes to the breast (n = 12). 3D
photographs were taken (3dMDtorso) with the subject positioned upright at 90° and posteriorly inclined at 30°. Patient
position, breathing, distance and camera calibration were standardised. Volumetric analysis was performed using
3dMDvultus software. Results. A statistically signiﬁcant difference was found between actual volume and measured
volumes with subjects positioned at 90° (P < .05). No statistical difference was found at 30° (P = .078), but subsequent
Bland–Altman analysis showed evidence of proportional bias (P < .05). There was good correlation between measured
and actual volumes in both positions (r = .77 and r = .85, respectively). Univariate analyses showed breast enhancer
volumes of 195 mL and 295 mL to incur bias. The coefﬁcient of variation was 5.76% for single observer analysis.
Conclusion. Positioning the subject at a 30° posterior incline provides more accurate results from better exposure of the
inferior breast. The subtraction tool is a novel method of measuring differential volume. Future studies should explore
methodology for application into the clinical setting.
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Introduction
Breast reconstruction forms a signiﬁcant aspect of the
breast cancer treatment process and has shown to improve
breast cancer outcomes.1 Standards have evolved to such
that surgeons are expected to create breast mounds that
appear natural, aesthetically pleasing and correspond to
the premorbid or contralateral breast.2,3 Patients often
undergo revision and symmetrisation procedures in order
to achieve the desired outcome, which has shown to inﬂuence the psychosocial well-being of patients.4,5 Despite
these demands, the available methods for objective aesthetic evaluation of breast reconstruction remain limited.6
Breast volume is a potentially useful metric that can
guide surgical practice; however, obtaining an accurate

and reproducible measurement remains a challenge.7-9
Whilst numerous methods of volumetric assessment of
the breast are described, traditional methods are limited
in their reliance on predeﬁned geometric shapes, lack
of correspondence to individual breast anatomy and
1

Division of Surgery and Interventional Science, University College
London, UK
2
Department of Plastic Surgery, Royal Free Hospital, London, UK
Corresponding Author:
Faith Hyun Kyung Jeon, Division of Surgery and Interventional
Science, Royal Free Hospital, University College London, Pond Street,
Hampstead, London NW3 2QG, UK.
Email: h.jeon@outlook.com

2
underestimation of lateral breast tissue.10-16 Computed
tomography17 and magnetic resonance imaging (MRI)10
are considered the most accurate; however, the cost, radiation exposure and expertise required for volumetric
analysis are limiting factors. 18 Furthermore, the time
constraints of a busy clinic and the inconvenience or
discomfort caused to patients make these methods impractical in a clinical setting.
Advancements in three-dimensional (3D) surface imaging technology have provided an alternative means of
volumetric assessment that has been used to good effect in
specialties such as craniomaxillofacial surgery.19 Compared to other methods, 3D photography is attractive in
that it is non-invasive, acquisition time is speedy and there
are a variety of software tools designed to aid analysis.20
Breast volume can be obtained using a single 3D image
onto which breast boundaries are manually delineated.
The posterior boundary of the chest wall is generated
by software to calculate breast volume. This method,
henceforth referred to as the “single-surface method”,
purposes to give an “absolute volume” (AV) of the breast.
AVs can help surgeons to objectively assess breast
asymmetry and guide selection of reconstruction modalities. However, there are inherent limitations to this
method, including the lack of accuracy in outlining breast
boundaries and the requirement for computer software to
predict chest wall curvature. When used to assess a change
in volume (eg after reconstruction) by subtracting 2
volumes obtained using this method, the error incurred is
2-fold. We present a novel method that bypasses these
limitations using the subtraction tool between two 3D
surface images to obtain a “differential” breast volume.

Methods
Six volunteers (n = 12 breasts) of breast cup sizes A to DD
and no history of breast surgery were recruited for the
study. Four pairs of breast enhancers of varying sizes (Jo
Thornton21) were used to simulate 5 volumetric changes
of the breast. The breast enhancers were held adjacent to
the breast using a brassiere that allowed visualisation of
the medial contours of the breast. 3D photographs were
taken using the 3dMDtorso static system (3Q Technologies Inc, Atlanta, Georgia), designed to capture 190° of
the torso and breast in a single synchronised capture at
a speed of 1.5 ms.22

3D Photograph Acquisition Protocol
Subjects were positioned at a standardised distance away
from the camera, ensuring that the lateral borders of the
breast were visualised. The camera was calibrated prior to
the acquisition of photos using a standardised calibration
target. Bony landmarks and breast borders were marked
using white stickers. The folding method described by Lee
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et al23 was adopted to outline the superior borders of the
breast. Subjects were seated with their arms folded at the
back of the chair. Prior to photo acquisition, subjects were
asked to breathe in and out for 3 seconds, and photographs
were taken with the subject held in expiration at the end of
the 3 seconds. Two different positions were explored to
determine its effect on accuracy. Subjects were placed
upright with the back of the chair angled at 90°, then
posteriorly inclined at 30°.

Volumetric Analysis
3dMDvultus software was used to calculate differential
breast volume. Two images were selected and designated
as a pre- and post-operative surface (Figures 1A and 1B).
The surfaces were aligned manually in different angles
(Figures 1C and 1D). Surface alignment was assessed
qualitatively using the “Surface Difference Tool”, which
computes surface difference statistics into a colour histogram to visualise overall surface deviation (Figure 2). A
quantitative measure of variation was given using the
“Surface Registration Tool”, which generates a root mean
square (RMS) error value. An RMS cut-off value of <.5 mm
was used to indicate an acceptable level of variation in
the sternal region, selected as an area that is not expected
to change with volumetric changes of the breast. The
surface area of the breast was demarcated in anteriorposterior, oblique, lateral and superior views using
the surface markings to guide surface area selection
(Figure 3).
Breast enhancer AVs were obtained using the water
displacement technique. For the purpose of blinding, this
was performed only when all volumetric analyses were
completed.

Statistical Analysis
Statistical analysis was performed using SPSS Version 24
for Windows. All tests were performed two-tailed, and
a value of P < .05 was considered as statistically signiﬁcant. Accuracy of the measured volumes as compared
to the breast enhancer AVs was assessed using the paired
Student’s t-test, where a P-value of <.05 would indicate
a systematic difference between the volumes. The Bland–
Altman plot was used to assess the agreement between
measured and AVs. The Pearson correlation coefﬁcient
was used to assess the strength of correlation between
measured and AVs. Univariable and multivariable linear
regressions were performed to adjust for independent
variables including subject age, body mass index (BMI),
breast cup size, breast enhancer volume and RMS value.
A multivariate analysis was performed if 2 or more independent variables were found to be signiﬁcant. Reproducibility was assessed using the coefﬁcient of
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Figure 1. Superimposition process using 3dMDvultus software. Three-dimensional images are shown in (A) oblique view, (B)
lateral view, (C) anterior–posterior view and (D) horizontal view. Pre- and post-operative images are selected (A and B) and
superimposed using arrow keys as shown in (C and D).

variation (CV), expressed as a percentage of mean measured volume.

descriptive data is presented in Table 3, and the same data
are presented as a stem-and-leaf plot in Graph 1.

Results

Accuracy. Paired t-test showed a statistically signiﬁcant
difference between the measurements of volume at 90°
(V90) compared to the AV (P < .05, 95% CI 38.92 to
4.39). There was however no statistically signiﬁcant
difference between the measurements taken at 30° (V30)
compared to AV (P = .078, 95% CI 22.25 to 1.23).
As there was a signiﬁcant difference shown for AV and
V90, the Bland–Altman plot was only performed to assess
the level of agreement for AV and V30 (Graph 2). A mean
relative difference of 10.51 mL and 95% CI of 99.57
to 78.56 was plotted. Linear regression analysis gave
a statistically signiﬁcant result (β = .174; SD 15.19; P <
.05), indicating evidence of proportional bias, although
visually this is not obviously apparent.

Six female subjects (n = 12 breasts) aged 25.7 ± 3.6 years
and BMI of 21.2 ± 1.7 kg/m2 were recruited. Bra cup
sizes ranged from A-DD. Demographics are presented
in Table 1.
The breast enhancers were placed in a water-ﬁlled
calibrated jug until completely submerged. The volume
of water that was displaced was measured 3 times to
determine the AV of the breast enhancer (Table 2).

Volumetric Analysis
All subjects were imaged with breast enhancers of volumes “V1-V5”. Each captured image was superimposed
with an image of the subject with no breast enhancer to
obtain the change in volume for both breasts at 90 and 30°
(labelled as, eg V1:90 and V1:30, respectively). Each
breast measurement was taken 3 times. A summary of the

Correlation. Pearson correlation demonstrated a good
positive correlation between AV and V90 (r = .770, P <
.001) and AV and V30 (r = .846, P < .001). This is
demonstrated graphically in Graph 3.
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Figure 2. Surface difference colour histogram. In well-aligned surfaces, the colour histogram can illustrate volumetric changes
as shown here with increasing volumes of breast enhancer added (A-C).

The mean breast enhancer volume AV was deﬁned by
the following equations
AV ¼ 79:09 þ ð:51 × V90Þ
AV ¼ 51:50 þ ð:68 × V30Þ
Linear regression analysis. Univariate analysis of independent variables plotted against measurement discrepancies (mL) showed that a breast enhancer volume of

195 mL (V3) and 295 mL (V5) was signiﬁcant (P = < .05
and P < .001, respectively). As there was no other factor
contributing to bias, a multiple linear regression was not
performed. Results are summarised in Table 4.
Reproducibility. CV was on average 5.76% for 1 assessor
for all measured volumes. Standard deviation was consistently lower in the 30° group compared to the 90° group
(ranging 23.08-55.45 mL and 44.50-77.84 mL, respectively). This was also the case for standard error
(3.85-9.24% and 7.42-12.97%, respectively).

Jeon et al

5

Figure 3. Volumetric analysis using 3dMDvultus software. The process of surface selection for volume calculation is illustrated in
sequential order (A) anterior–posterior view, (B) oblique view, (C) lateral view, (D) contralateral oblique view and (E) horizontal view.
Table 1. Subject Demographics.
Subject
1
2
3
4
5
6

Table 2. Breast Enhancer Volume by Water Displacement.

Age (Years)

BMI (kg/m2)

Bra Cup Size

27
26
28
23
20
30

22.5
21.3
19.8
19.1
23.7
20.8

A
B
C
C
D
DD

Abbreviation: BMI = body mass index.

Breast
Enhancer
V1
V2
V3
V4
V5 (V1 + V4)

Advertised Weight
(g)

Absolute Volume
(mL)

80
135
180
250
330

95
135
195
200
295
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Table 3. Summary of Descriptive Data.
Breast Enhancer
Volume
V1:90
V1:30
V2:90
V2:30
V3:90
V3:30
V4:90
V4:30
V5:90
V5:30

Absolute Volume
(mL)
95
135
195
200
295

Minimum Volume
(mL)

Maximum Volume
(mL)

Mean Volume
(mL)

15.21
54.37
39.21
99.12
137.51
115.91
124.19
148.74
211.07
149.74

186.72
137.70
305.31
276.07
327.56
285.81
315.81
294.50
490.41
393.94

81.93
89.32
155.89
161.37
233.10
193.71
239.23
218.042
319.61
310.10

Standard Deviation Standard Error
(mL)
(%)
44.50
23.08
68.05
55.45
64.21
44.08
61.65
43.52
77.84
52.34

7.42
3.85
11.34
9.24
10.70
7.35
10.28
7.25
12.97
8.72

 V1-V5 corresponds to breast enhancer volumes (95 mL, 135 mL, 195 mL, 200 mL, and 295 mL).
:90 corresponds to three-dimensional (3D) images taken with the patient sitting upright at 90°.
:30 corresponds to 3D images taken with the patient posteriorly inclined at 30°.
Colour coding corresponds to the stem-and-leaf plot below (Graph 1).

Graph 1. Stem-and-leaf plot showing the measured volumes
obtained by 3D photography for each breast enhancer volume
statistical analysis.

Discussion
Advancements in 3D surface imaging technology over the
last decade have brought about a great potential for objective analysis of the breast, which has been limited by
tools that are inherently subjective or conﬁned to 2 dimensions.24 A multitude of camera systems and software
now exist on the market that can provide measurements
such as breast volume, which has been previously cumbersome to obtain by traditional methods.25 This study
purposed to utilise 5 known volumes of breast enhancers
to simulate volumetric changes in 12 breasts to determine
the accuracy and reliability of using the subtraction tool
for breast volumetry.
The majority of volumetric studies of the breast in the
literature have measured absolute breast volume using

Graph 2. Bland-Altman plot comparing absolute volume and
measured volumes at 30° (V30).

a single-captured surface, which can be used in clinical
applications such as preoperative measurements to guide
implant sizing or to assess asymmetry.8 Validation studies
have compared measured volumes to the weight or volume of breast tissue removed at mastectomy (mastectomy
specimen volume) as their gold standard,9,20,26-28 and this
study design has been seldom disputed. However, as
Losken et al9 pointed out, the different methods of volume
assessment measure different areas of the breast, with
MRI volumetry corresponding most closely with mastectomy specimen volume by using anatomical breast
boundaries.10 3D imaging, however, cannot locate anatomical breast tissue boundaries or delineate the posterior
surface of the breast against the chest wall accurately,29
which may explain the discrepancies between the measured volumes when compared to the gold standard.
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Graph 3. Pearson correlation coefﬁcient comparing absolute volumes (AV) to measured volumes at 90 degrees (V90) and 30
degrees (V30).
Table 4. Linear Regression of Independent Variables.
Variable

β Coefﬁcient

P Value

Age
BMI
Bra size

.23
1.45
16.61
6.50
5.02
13.74
15.54
39.47
38.00
87.59
17.10

.908
.737
.480
.749
.831
.558
.429
.046
.055
.000
.799

Breast enhancer size

RMS value

B
C
D
DD
V2
V3
V4
V5

95% CI
3.78
7.08
62.99
46.67
.831
.558
23.23
.70
.77
48.82
149.99

4.25
9.98
29.77
33.66
41.36
32.64
54.31
78.25
76.77
126.37
115.78

Abbreviations: BMI = body mass index; RMS = root mean square. The bold values represents the statistically signiﬁcant values (P < 0.05).

By utilising breast enhancers in this study, we set out to
determine whether differential change in breast volume
could be accurately measured, rather than AV. This would
allow for longitudinal evaluation of breast reconstructive
surgery, which may prove to be a more useful and accurate
indication of 3D surface imaging techniques.9 There has
not been any other published study to our knowledge that
has utilised breast enhancers to simulate breast volumetric
changes over time. Henseler et al30 used implants placed
on ﬂat surfaces to determine the ability of the surface
system to calculate the volume of static objects in the
absence of human factors. Other studies looking at differential volume change have measured patients undergoing
breast augmentation or reduction and compared measured
volumes to implant volumes or resected tissue volumes,

respectively;8,31,32 however, limitations of this method
include post-operative swelling and changes in weight of
the patient in between follow-up. This is also the ﬁrst
study to our knowledge to utilise the subtraction of superimposed images to obtain differential breast volume,
a method that has previously been used by Kovacs et al33
to evaluate stereophotogrammetry. Advantages of this
method include absence of the need to deﬁne breast
boundaries or to generate a curvature mimicking the
posterior chest wall, both elements which are frequently
mentioned as limitations when measuring AV.34
To determine accuracy of 3D photography measurements, the Students paired t-test was used, which determines whether a systematic difference exists between
the values given by 2 measurement techniques. Our study
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showed a statistically signiﬁcant difference between the
breast volumes measured with the patient upright at 90°
compared to the breast enhancer AVs (P < .05, 95%
CI 38.92 to 4.39). Interestingly, there was no signiﬁcant
difference shown between the volumes measured with the
subject inclined at 30° (P = .078, 95% CI 22.25 to 1.23).
Further assessment of the latter with the Bland–Altman
plot showed there was evidence of proportional bias.
These results show that a discrepancy between the actual
and measured volumes was to a signiﬁcant level when
measured in a standard upright position. Losken et al,9
who also used 3dMD software to assess breast volumetry,
reported their results using Bland-Altman error and limits
of agreement and concluded there was no systematic bias
between measured volumes and mastectomy specimen
volumes. The majority of studies used the correlation
coefﬁcient as their principle analytical tool, albeit stating
in the aims that accuracy was their main objective. Good
to strong correlations were presented.20,27,28,35 In view of
this, a Pearson correlation coefﬁcient was also performed
for this study, which demonstrated a good positive correlation between measured and AVs in both positions (r =
.770, P < .001 and r = .846, P < .001 for 90 and 30°,
respectively). This demonstrates how a statistically signiﬁcant discrepancy in the measurements of 2 methods
can still report a good correlation. Reproducibility was
evaluated by the CV of 3 measurement samples for each
value, which was 5.76% for all measured volumes, which
was lower than the 8.2% reported by Yip et al27 from 3
measurements taken from a single examiner. Inter-rater
reliability was not assessed in this study.
The position of 30° posterior incline has not been
previously explored in the literature to our knowledge. In
this study, the standard deviation and standard error of
measurements performed with the subject at 30° were all
lower than those of the 90° group (Table 3). We hypothesise that this position may facilitate a more accurate
analysis of breast volume from a better exposure of the
inferior breast, whilst maintaining sufﬁcient exposure of
the superior breast, although the small sample size of the
study and lack of subjects with ptosis of the breast limit
the conclusions we can derive from this study. Breast
enhancer volume 5 (V5) gave the appearance of a ptotic
breast however, and volumetric analysis was hindered due
to shadowing in the inferior proportions of the breast,
which may have contributed to V5 introducing bias in the
univariate analysis. Henseler et al36 explored a custommade frame unto which patients can lean forward to
resume a near-horizontal appearance in an effort to eliminate ptosis. When compared to volumes obtained with the
water displacement method, they found the volume taken
with 3D imaging was consistently signiﬁcantly smaller
in live models, suggesting that despite this position, the
inferior portions of the breast may have still been inadequately imaged in the live subject. Distortion of the
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natural shape of the breast and restrictions for patients
with poor mobility are also limitations to this position.
Challenges identiﬁed from this study using the doublesurface subtraction method were predominantly the requirement for reproducing subject position for adequate
superimposition of images for analysis. Changes in
posture, position of arms33,37 or chest wall38 could affect
the accuracy of the volumetric analysis. Although the
surface difference colour histograms were useful in demonstrating inadequate superimposition, realignment of surfaces relied on subjective parameters and may be subject
to user variability, which was not explored in this study.
On univariate analysis however, the RMS tool, which allows
quantiﬁcation of surface discrepancy, did not demonstrate
a source of bias. A limitation to the methodology of this
study was the requirement for a brassiere, which was restrictive to subjects with bra cup sizes D and DD, particularly
with the addition of the larger breast enhancers. However, no
signiﬁcant bias was derived from breast size. Future studies
with a larger sample size, less homogeneous population in
regard to age and BMI and multiple analysts would add to
the preliminary ﬁndings of this study.

Conclusion
3D surface imaging remains promising as a tool for volumetric assessment of the breast. Ptosis remains a challenge,
but better imaging of the inferior portions of the breast may
be achieved by positioning the subject at a 30° posterior
incline. The double-surface subtraction method calculates
differential volume and provides an alternative approach to
breast volumetry. Future studies with a larger study population and robust exploration of methodology are required
for this method to reach a status of clinical utility.
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