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Abstract

Background Breast volume is a relevant measure for the

prevention and prediction of diseases and for aesthetic

surgery. This study evaluated a new technique to determine

breast volume and compared measures using a three-

dimensional (3D) body surface scanner and magnetic res-

onance imaging (MRI) scans, with the latter used as the

standard method.

Methods Both MRI scans and body surface 3D scans

were obtained from 22 women. For each method, breast

volumes were assessed. The MRI calculations of the breast

volumes were performed by a specially trained radiologist

using analysis software. A textured 3D image was gener-

ated by a calibrated digital texture camera after breast

surface data acquisition. The volume assessment of the 3D

photography was calculated using a software package after

manual outlining of the breast and automated projection of

a dorsal limit. Linear regression was used to predict the

MRI volume assessment with the 3D image volume

assessment.

Results The mean breast volume according to MRI vol-

umetry was 442.8 ml on the left side and 471.8 ml on the

right side. The mean breast volume using a 3D body sur-

face volume assessment method was 273.8 ml (observer A)

and 226.2 ml (observer B) on the left side and 284.4 ml

(observer A) and 234.9 ml (observer B) on the right side.

The use of linear regression models showed R2 values of

0.59–0.77. The mean time for MRI recording and volume

assessment was 68.0 ± 14.1 min for both sides and

11.6 ± 1.5 min for 3D recording and volume assessment.

Conclusions The 3D surface-based volume measure-

ments are feasible in terms of time and can predict the MRI

breast volume with sufficient accuracy. This might facili-

tate the broad use of such an assessment technique in a

large-scale epidemiologic study using breast volume as a

study aim. Additionally, further development of volume

assessments could help to implement this technique in

breast surgery procedures.

Keywords Breast volume � Volumetry � Comparison �
MRI � Surface assessment � Three-dimensional (3D)

Breast size measurement is important in several fields of

research and medical care. It is used to optimize the cos-

metic outcomes of breast surgery [1–5] but is linked to an

increased breast cancer risk [6–8]. Measurement of breast

size is described as a risk factor for the development of

type 2 diabetes mellitus [9] and is of interest in aesthetic

surgery regarding changes in breast shape during preg-

nancy [10]. Although breast volume assessment is not

routinely performed in clinical practice, measurement of
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breast size may be a helpful diagnostic tool in various

clinical and research settings.

Various methods used to measure breast volume have

been reported (Table 1) [1–5, 11–30]. Morphometric

methods calculate the breast volume from distances between

defined reference points on the breast surface. These refer-

ence points are either measured on the patient’s body sur-

face [24, 28] or taken from two-dimensional images such as

photographs, mammograms [19, 31] or ultrasounds [21, 23]

of the breast. These methods often are referred to as direct or

indirect anthropomorphic measurements.

Archimedean methods are based on Archimedes’ prin-

ciple of water displacement: The patient bends over the top

of a filled water container, with the breast displacing water.

This water is collected and measured [11, 32].

Thermoplastic sheets are a possibility for generating a

three-dimensional (3D) negative cast of the breast. The

resulting 3D shell is filled with water or sand to determine

the breast volume [14, 17, 33]. This technique additionally

allows an evaluation of symmetry, shape, and surface of

the breast.

Furthermore, modern radiologic procedures such as

computed tomography (CT) and nuclear magnetic reso-

nance imaging (MRI) are widely available tools for mea-

surement of breast volume [3, 11, 12, 15, 16, 18, 22]. To

date, breast MRI can be considered the gold standard for

breast size measurements [3], to which all other techniques

should be compared.

Finally, new 3D body surface imaging methods such as

stereo photography [2, 4, 34] and laser scanning [12, 20]

are available. These methods create a virtual three-

dimensional model of the breast with the body in an upright

position [16]. Thus, the quantitative evaluation of sym-

metry, volume, shape, contour, surface, and distance

measurements without contact or distortion become pos-

sible [2, 4, 12, 20, 34, 35]. Nevertheless, these new non-

contact methods such as stereo photography [2, 25, 26, 30,

34, 36] and laser scanning [12] might be costly. Laser

Table 1 Overview of the different methods used for breast volume measurement

Method Validation statusa References

Anthropomorphic

Direct: distances between predefined points on the patients’ surface

are measured, and the volume is calculated by a mathematical

function

-/0/0 [13, 24, 28]

Indirect: distances between predefined points on a mammogram/

ultrasound-picture/2D photograph are measured, and the volume is

calculated by a mathematical function

2D-photography: - Mammogram:

-/- Sonography: -/?

[19, 31] [21, 23]

Thermoplastic

3D cast: a negative 3D cast of the breast is taken, and the volume is

evaluated by filling the cast with sand or water

?/-/-/?/0/0 [12, 14, 17, 22, 26, 33]

Archimedian

Water basin: volume is measured by the amount of water displaced

by the breast in a water-filled basin

?/- [11, 32]

Cylinders: with calibrated measurement cylinders, the breast volume

is evaluated empirically

0/-/0/- [14, 22]

Radiologic procedures

CT: the breast volume is marked in an axial multislice CT

examination and calculated

?/?/NA/? [3, 11, 12, 15, 22]

MRI: the breast volume is marked in an axial MRI examination and

calculated

NA [3, 15, 16, 18]

3D body surface imaging

Laser scanner: with laser rays the surface is scanned, and the breast

is marked followed by volume calculation

?/? [12, 20]

Stereo photography: photos of breasts are taken from different

angles, a stereo picture is generated, and volumes are calculated

0/0/- [2, 4, 34]

3D surface scanning: the skin surface is scanned and visualized. The

breast is marked and cut out followed by volume calculation

? [16]

a Not validated against another method. 0 (validated against another method), ? (validated against computed tomography (CT) or magnetic

resonance tomography (MRT)

2D Two-dimensional, 3D three-dimensional, CT computed tomography, NA not available, MRI magnetic resonance imaging
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scanning devices especially need to be set up very precisely

using a precise geometric apparatus [26].

Our study introduced an optical, noninvasive, 3D body

surface imaging method referred to as 3D body surface

volume assessment using solely visible light for measuring

breast volume and surface area. This study aimed to

explore how well breast volume measurement using the 3D

body surface method predicts breast MRI volumetry and to

assess interobserver agreement using the 3D body surface

method and two independent observers.

Materials and Methods

Patients

Between March 2009 and November 2009, a total of 22

female patients who attended the University Breast Center

outpatient clinics at the University Hospital of Erlangen

were included in this study. The patients were older than

18 years, needed an MRI scan of the breasts independently

of this study, and had no major malformations of the breast

due to natural reasons or previous surgery. All the patients

provided written informed consent, and the study was

approved by the ethics committee at the University

Hospital of Erlangen.

The MRI volume for each breast was measured by one

observer. Two independent observers performed 3D body

surface volume assessments, and the results were compared.

MRI Volumetry

The MRI scans were performed with a 1.5 tesla scanner

(Avanto; Siemens, Erlangen, Germany). The patient was

placed in a prone position with a standard breast case

to prevent compression. A standard four-channel receiver

breast coil was used in all cases. The examinations covered

the entire breast in an axial scan direction. No intravascular

contrast agent was used. The calculations of the breast

volumes were performed by a specially trained radiologist

using an analysis software (Syngo Software Argus 4D;

Siemens). This software had been established already in

clinical routine for cardiac measurements.

The breast itself was defined to include the areola, nipple,

and outer surface skin as the surface limit and the pectoral

muscle (excluded from volume) as the dorsal limit. The

medial parasternal limit was identified, and the lateral

border was defined as this point of the lateral thorax wall,

where the subcutaneous fat of the breast reached the same

height as the subcutaneous fat of the thorax wall. From this

point, an arched line was drawn radial to the pectoral

muscle. The contour was marked on every single image.

The volume was calculated afterward by the software.

3D Body Surface Volume Assessment

The 3D-image was taken with the patient in an upright

position using an optical 3D sensor (BreastSCAN3D; 3D-

Shape GmbH, Erlangen, Germany) for acquisition of the

breast surfaces. The sensor is based on a modification of

the phase-measuring triangulation method. A sequence of

phase-shifted fringe patterns of structured light is projected

on the region of interest. Two CCD cameras record the data

from different directions. Subsequently, the images of the

phase-shifted patterns are evaluated via a four-shift algo-

rithm to receive the 3D shape of the object’s surface. The

3D sensor takes advantage of an astigmatic optical device

to project precise sinusoidal intensity-coded fringe patterns

instead of a commonly used Ronchi-grating fringe pro-

jection. After breast surface data acquisition, a calibrated

digital texture camera generates an additional textured

image, which is made to overlap the geometric data. The

result is a textured 3D image [37, 38] (Fig. 1).

The surrounding light was standardized for every patient

to avoid distortion. The photo was taken during an inspi-

ration. The calculation of the 3D photography was per-

formed using a software package (slim3D; 3D-Shape

GmbH) according to a standardized workflow consisting of

outlining the breast and calculating a back wall to complete

the limits of the assumed breast volume by a new nonlinear

subdivision scheme. This scheme enabled seamless inte-

gration of synthetic surfaces into measured data and vol-

ume calculation based on newly defined pyramids with the

surface triangles as their base area and the volume’s center

of gravity as their tip (modified Stoke’s integral theorem)

[38]. This calculation was performed by two specially

trained observers.

Statistical Considerations

This study aimed to explore how well breast volume

measurement using the 3D body surface method predicts

breast MRI volumetry and to assess interobserver agree-

ment using the 3D body surface method performed by two

independent observers.

The prediction of MRI volumes by 3D volumes was

analyzed by linear regression models. For each observer

(observers A and B) and each side (left and right breasts),

the regression coefficients were estimated, and the R2 sta-

tistic, which measures the predictive strength between

the two methods, was calculated. The regression line and

its 95% confidence band, which reflects the uncertainty of

the line, are displayed as well as the prediction band, which

reflects the uncertainty about future observations. The

prediction band should capture 95% of future observations.

For each regression analysis, the measurements of the

Aesth Plast Surg (2011) 35:847–855 849

123



opposite observer are used as ‘‘future observations’’ for

purposes of validating the model (Fig. 2a–d).

Linear models were chosen because low-degree poly-

nomial and natural cubic spline models, respectively, did

not improve the predictive strength (R2 similar to those of

linear models). The assumption of normally distributed

residuals was checked using the Shapiro–Wilk normality

test with a significance level 0.1 and graphically by Q–Q

plots.

The interobserver agreement was measured with concor-

dance correlation coefficients (CCC) and analyzed with

Bland–Altman plots. The CCC ranges from -1 (perfect

reversed agreement) to 0 (no agreement at all) to ?1 (perfect

agreement) [39]. With Bland–Altman plots, the average of

both observers’ measurements is plotted against the difference

in the measurements. The mean difference and the ‘‘limits of

agreement’’ (mean ± 1.96 SD) which include 95% of the

differences, are calculated and displayed [40] (Fig. 3a, b).

Fig. 1 Three-dimensional (3D)

volume measurement and

different aspects of the 3D

measurement process.

(a) Triangle-structured texture

of 3D image with photo texture

overlay. (b) Triangle-structured

texture for calculation purposes.

(c) Chest wall after removal of

the breast. (d) Chest wall with

interpolated dorsal boundary.

(e) Breast computation for

calculation of the volume
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All statistical analyses were performed using the R

system for statistical computing (version 2.10.1; R Devel-

opment Core Team, Vienna, Austria, 2009).

Results

The mean age of the patients was 43.1 ± 13.1 years (range

25–71 years), and the mean body mass index (BMI)

was 22.6 ± 3.3 kg/m2 (range 18–32 kg/m2). The patient

characteristics are presented in Table 2. Surgery of the

breast had been performed previously for 36.3% of the

patients. At the time of the examination, the diagnoses

were distributed as follows: benign lesion (31.8%),

malignant lesion (59.1%), and normal mammogram

(9.1%). The reasons for performing an MRI scan and thus

inclusion in the study were unclear mammogram result

(18.2%), screening for high-risk familial breast cancer

(31.8%), and further diagnosis as part of preoperative

breast cancer diagnostics (50%).

The mean breast volume using MRI volumetry was

442.8 ml on the left side and 471.8 ml on the right side.

The confidence intervals can be seen in Table 3. The mean

breast volumes using 3D body surface volume assessment

Fig. 2 Prediction of magnetic resonance imaging (MRI) measures

from three-dimensional (3D) measures (circles). (a) Left breast and

observer A. (b) Left breast and observer B. (c) Right breast and

observer A. (d) Right breast and observer B. Solid line shows

regression line. Long dashed curves indicate confidence band. Short
dashed lines indicate prediction band (95% of future observations).

Each regression analysis is evaluated by the opposite observer

(squares)
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were 273.8 ml (observer A) and 226.2 ml (observer B) on

the left side and 284.4 ml (observer A) and 234.9 ml

(observer B) on the right side. The confidence intervals can

be seen in Table 3.

The mean time for MRI recording and volume assess-

ment was 68 ± 14.1 min for both sides, and the mean

time for 3D recording and volume assessment was

11.6 ± 1.5 min. Comparing these two methods regarding

complete time, interobserver variability for the 3D method

was assessed by Bland–Altman plots. The limits of

agreement were -51.7 to 146.7 for the left breast

and -27.8 to 126.8 for the right breast. The CCC was 0.90

for the left breast and 0.93 for the right breast.

For prediction of MRI volumes by 3D body surface

volume assessment, linear regression models were built.

Regression lines Y = a ? bX with intercepts a between

114 and 192 and slopes b between 1.1 and 1.3 describe the

relation between the two methods. The findings showed an

R2 of 0.72 for observer A and an R2 of 0.59 for observer B.

For the left breast, R2 values of 0.77 (observer A) and 0.74

(observer B) were found. The prediction bands capture

95% of the future observations (Fig. 2a–d).

Discussion

This study showed that 3D breast volumetry is feasible and

can be used to predict volumes obtained from MRI volu-

metry. With regard to the assessment and recording time,

the 3D-measurement was significantly faster than the MRI

measurement. Furthermore, the interobserver agreement

was high (CCC C 0.90).

As observed, the 3D method measures had a much

smaller volume than the MRI. However, knowing the

intercept and the slope of the regression line enabled

acceptable prediction of the MRI volume with the 3D

method. The R2 values of approximately 0.75 confirmed

the predictive strength. Other studies comparing a 3D

surface method with MRI scans also measured MRI

volumes larger than the 3D estimates [12, 16].

Direct comparison of 3D pictures with the MRI images

showed some possible explanations for the difference. The

prone position of the patients during an MRI scan changes the

form of the breast and might impact the measured volume.

The axillary fat (processus axillaris) is shifted to the front and

might be added to the breast, whereas with an upright patient

position, this tissue remains in the axillary region.

Figure 4 attempts to picture the possible major differ-

ence between the MRI and the 3D body surface scan. There

is a relevant volume beneath the body surface, which

would not be included in the calculation with the 3D

method. The interpolation of the body surface (yellow line)

and the dorsal limit of the thorax (red line) mark an area

that would be included when the volume of the breast is

measured using MRI scans. We hypothesize that this dif-

ference adds up to the difference between the MRI and the

3D body surface scan. The difference can be found in the

positive intercept of the regression lines. The slopes greater

than 1 indicate that the difference increases with increasing

breast volume (Fig. 2a–d).

Several limitations of the described measurement

method must be weighed against its advantages. It works

without X-rays, is fast, and has low disturbance.

Fig. 3 Bland-Altman plots for volume assessment of the left (a) and

right (b) breasts. The middle dashed line indicates the mean

difference. The upper and lower dashed lines display ‘‘limits of

agreement’’ (mean ± 1.96 SD)
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Additionally, the pictures are taken with the patient in an

upright position, so the result is very close to the normal

aspect of the breast. However, to date, this method cannot

be applied for patients with clearly ptotic breasts. For these

patients, the submammarian fold is difficult to determine

and hence is the caudal limit of the breast.

Another possible source of inaccuracy is the dorsal

boundary of the breast. Using the 3D photometric method,

the dorsal limits are not visible, and the body surface

surrounding the breast has an influence on the interpolation

of the dorsal limit, which is used for the volume calcula-

tion. The form of the thorax itself or the amount of sub-

cutaneous fatty tissue, for example, could have a relevant

influence on the interpolation.

Problems occurring with the use of MRI are based pri-

marily on the accrual. The MRI scans are too expensive to

be performed routinely for volume measurement and too

time intensive. Because the scan is performed with the

patient in a prone position, the final picture is not an exact

reproduction of the normal aspect. On the other hand, the

measurement of ptotic breasts is not a problem, and the

dorsal end of the breast can be delineated easily.

Due to the limited sample size, our analysis cannot be

adjusted for possible confounders such as age, BMI, or

possibly the breast size itself. Larger studies are needed to

facilitate the development of more accurate and more

advanced models. Compared with other studies, which

have used dummies to compare methods [12, 16, 20], our

study clearly aimed at implementation in clinical practice

and therefore chose to test the methods with actual human

beings.

In summary, we believe that the described measurement

method is feasible and that the availability of the raw data

allows implementation of this method in the measurement

of breast volumes for large-scale epidemiologic studies

such as those examining breast cancer or diabetes risk.

Table 2 Patient characteristics

MRI Magnetic resonance

imaging, SD standard deviation

Mean ± SD or count (%)

BMI 22.6 ± 3.3

Age (years) 43.1 ± 13.1

Diagnosis Benign lesion 7 (31.8)

Normal lesion 13 (59.1)

Mammogram 2 (9.1)

Indication for MRI Further diagnostics due to breast cancer 11 (50.0)

Unclear mammogram result 4 (18.2)

Familial breast cancer screening 7 (31.8)

Table 3 Three-dimensional (3D) volumes and interobserver agreement

Left Breast in ml (95% CI) Right breast in ml (95% CI)

Mean observer A 273.8 (207.7, 339.8) 284.4 (209.1, 359.8)

Mean observer B 226.2 (161.2, 291.4) 234.9 (165.3, 304.6)

Mean difference between A and B 47.5 (25.1, 70.0) 49.5 (32.1, 67.0)

MRT 442.8 (349.0, 536.7) 471.8 (363.6, 580.0)

Lower limit of agreement -51.7 (-90.6, -12.8) -27.8 (-58.0, 2.5)

Upper limit of agreement 146.7 (107.9, 185.6) 126.8 (96.6, 157.1)

CCC 0.90 (0.88, 0.91) 0.93 (0.92, 0.94)

MRT Magnetic resonance tomography, CCC concordance correlation coefficient, CI confidence interval

Fig. 4 Exemplary difference in measurement methods. The red line
represents the dorsal border of the defined volume in the magnetic

resonance imaging (MRI) measurement. The yellow line represents

the dorsal boundary in the three-dimensional (3D) method
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Especially for measurements in the premenopausal setting,

the X-ray free technique offers some advantages. After

these early analyses, the accuracy of breast volume esti-

mation compared with the MRI scan will be the objective

of further mathematical modelling. This will enable the

use of volume estimation for planning of surgical proce-

dures in the near future.
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