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Abstract

Background: Lymphedema is an iatrogenic complication after breast cancer treatment in which lymph fluid in the
affected limb progresses to fat deposition and fibrosis that are amenable to liposuction treatment. Magnetic
resonance imaging (MRI) for lymphedema can differentiate fat tissue from fluid, but estimating relative volumes
remains problematic.
Methods and Results: Patients underwent routine bilateral arm MRI both before and after liposuction for
advanced lymphedema. The threshold-based level set (TLS) segmentation method was applied to segment the
geometric image data and to measure volumes of soft tissue (fat, muscle, and lymph fluid) and bone. Bioim-
pedance testing (L-Dex�) to detect extracellular fluid was also used. Volumes derived by using TLS or girth
measurement were evaluated and showed consistent agreement, whereas L-Dex showed no significant reduction
between pre- and postoperative measures. The percentage median volume difference between the affected and
unaffected sides was 132.4% for girth measures compared with 137.2% for TLS ( p = 0.175) preoperatively, and
99.8% and 98.5%, respectively ( p = 0.600), postoperatively. MRI segmentation detected reductions in fat
(median 52.6%, p = 0.0163) and lymph fluid (median 66%, p = 0.094), but the volumes of muscle and bone were
relatively constant.
Conclusions: MRI imaging with TLS technology may be a useful tool to quantitatively measure fat tissue and
fluid for patients with advanced lymphedema and may assist in the selection of eligible liposuction candidates at
initial assessment and follow-up of patients who proceed with surgery.
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Introduction

Breast cancer-related lymphedema (BCRL) occurs
most commonly as a debilitating iatrogenic complica-

tion of axillary lymph node dissection, with an average in-
cidence of 21.4% increasing to 50%–60% when axillary
dissection is combined with radiation.1–4 Lymphedema can
cause pain, increase the risk of cellulitis, and limit a patient’s

activities of daily living, including bathing, dressing, groom-
ing, and domestic tasks.5

With the staging treatment of axillary lymph nodes
through surgery and sometimes additional radiation therapy,
the remaining lymphatic structures become overloaded or
blocked and their valves become incompetent, impeding their
functionality. This failure spreads distally from the axilla to
the peripheral lymph vessels, which, in turn, become dilated
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and nonfunctional.6 Protein-rich exudate accumulates in the
dependent tissue, leading to swelling of the ipsilateral arm.7

BCRL is commonly staged according to clinical presen-
tation.8 Early stage (International Society of Lymphology
[ISL] Stage 1) BCRL is characterized by accumulation of
lymph fluid in the interstitial tissue with no fibrosis. At this
stage, the swelling in the extremities can be reversible and
relieved via prolonged elevation of the affected extremity.
Advancing BCRL stage and increasing tissue volume leads to
fat deposition followed by fibrosis in the affected limb.6,9,10

Brorson et al. developed liposuction protocols for ad-
vanced lymphedema,11–13 the rationale being that the asso-
ciated swelling is not due solely to lymphatic fluid but also to
accumulating adipose tissue6,14 and sometimes fibrosis.15

Liposuction significantly reduces excess limb volume11,15,16

for patients with advanced upper or lower extremity lym-
phedema,11,13,17,18 with ongoing reduction maintained by
continuous compression garment use.15,16,19 The pitting test,
part of the physical examination to determine the level of
fluid accumulation, is an easy screening tool to determine
eligibility for liposuction; however, it may be associated with
inter-observer variation. Validation with other techniques
such as magnetic resonance imaging (MRI) is useful.20

Successful management of BCRL relies on early diagnosis
and appropriate intervention by using sensitive measurement
techniques. Upper limb volume can be measured via cir-
cumferential limb girth, water displacement, and perometry,
and bioimpedance spectroscopy has been used to determine
the extent of extracellular fluid.21 We have previously re-
ported that water displacement during limb immersion,
considered the standard benchmark, correlates highly to
volume measurements derived from a truncated cone for-
mula.22 However, the water displacement method and de-
rived volumes are limited, as they are unable to distinguish
changes in muscle, adipose tissue, or extracellular fluid vol-
ume. Nor are they able to identify localized areas of swelling.
Further, water displacement is rarely performed, as it is
cumbersome and time-consuming in clinical settings.

Several imaging techniques have been used for qualita-
tive assessment of lymphedema. Lymphoscintigraphy is a
standard diagnostic imaging modality in which a radiotracer
is used to demonstrate the lymphatic system in the affected
limb. The disadvantage of lymphoscintigraphy is poor
spatial resolution, but it does allow an understanding of the
extent of drainage to the axillary lymph nodes. Poor drain-
age is manifested through the presence of dermal backflow,
which indicates recirculation of lymphatic fluid rather
than normal drainage to the regional nodes and eventually
into the venous system. A lymphoscintigram can also show
tracer uptake in regional lymph nodes, indicating proper
functioning, as well as drainage bypassing the regional
nodes, for example, to the internal mammary chain or op-
posite axilla. This test is useful, particularly as a tool in
lymph node transfer to determine which lymph node to
harvest to avoid compromising the lymphatic system at the
donor site.23

Indocyanine green (ICG) fluorescence lymphangiography
is an emerging imaging technique using near infrared tech-
nology. This real-time outpatient or intraoperative procedure
can evaluate the superficial lymphatics up to 15 mm below
the surface of the skin and again serves as a useful baseline
before deciding on surgical intervention. Classification of the

severity of lymphedema based on fluorescence lympho-
graphic images has been reported.24 Both ICG lymphography
and lymphoscintigraphy evaluate function, but their useful-
ness after surgical intervention may be limited. Further, no
modalities, including conventional MRI, can correlate the
proportion of lymphatic fluid versus fat in an affected limb.

MRI has had limited usage in patients with advanced
lymphedema, largely because of cost and discomfort, and
partly because of limitations in analyzing the imaging data.
However, the soft-tissue contrast provided by MRI enables
accurate characterization of changes in both affected and
unaffected limbs. Contrast-enhanced MR lymphography can
be used to visualize the lymphatics, but again this technique
remains experimental and is more invasive for the patient.25

MRI imaging has made it possible to visualize and take
three-dimensional (3D) measurements of tissue within
the limbs, allowing reconstruction of patient-specific bone,
muscle, fat, and lymphatic fluid. However, due to compli-
cations such as generation of random noise, intensity inho-
mogeneity, and partial volume effect, segmentation of soft
tissue containing lymphatic fluid in patients with BCRL is a
highly challenging task. For example, it is difficult to accu-
rately separate blood from lymph liquid by using noncontrast
MRI. To date, there have been no reports focusing on the use
of 3D MRI reconstruction of bone, muscle, adipose tissue,
and lymphatic fluid to measure associated volumes within
limbs for the diagnosis and evaluation of BCRL. In this ar-
ticle, preoperative and postoperative MRI data from five
patients with BCRL undergoing liposuction were used for a
pilot analysis. The threshold-based level set (TLS) segmen-
tation method was used to segment data obtained from these
images.26,27

Materials and Methods

Patient data

Five upper limb lymphedema patients with MRI scans
before and after liposuction surgery were selected from the
records of patients attending the Advanced Lymphedema
Assessment Clinic (ALAC) at Macquarie University Hospi-
tal. Patients attending the ALAC were evaluated after having
provided informed consent. The clinical and imaging proto-
cols were approved by the Macquarie University Human
Research Ethics Committee (Ref.: 5201300315).

Eligibility criteria for liposuction were (1) unilateral, non-
pitting primary or secondary advanced ISL stage II or III
lymphedema; (2) limb volume difference greater than 25%
(calculated using truncated-cone method); and (3) decon-
gestive lymphatic therapy provided no further volume
reductions.6,13

MRI protocols

Upper limb MRI was performed in each participant by
using a clinical 3T MRI machine (3.0T Siemens Verio). The
images were obtained with the patient supine and head-first
into the gantry. The arm of interest is at the patient’s side, and
surface coils are positioned to image the arm from the
proximal humerus to the distal radius.

The image data obtained were exported into DICOM for-
mat, with all images measured on a high-field strength system
at the Macquarie University Hospital at Macquarie Medical
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Imaging (MMI). Scans covered the area between the proxi-
mal humerus at the shoulder joint to the distal radius at the
wrist joint in both the affected and unaffected limbs of each
patient. The upper extremity of the patient was scanned in
three separate blocks with 40 images per block by using 5 mm
distance between images. The image resolution was
512 · 512 on each slide. The study utilized a spine coil in
combination with an anterior phase array coil. A standardized
protocol used for all participants included: axial short tau
inversion recovery (STIR) time of repetition (TR) 7000
mseconds, time to echo (TE) 35 mseconds, time of inversion
(TI) 215 mseconds, and axial T1 fast spine echo (FSE) TR
600 mseconds, TE 9.5 mseconds. Slices of continuous
thickness were used to segment and reconstruct the 3D ge-
ometry of bone, muscle, fat, and lymphatic fluid. The time of
the second MRI varied between patients because of factors
such as cost and accessibility to the clinic, as some were from
outside our state of NSW.

Segmentation methods

In this article, we used our previously developed seg-
mentation algorithm TLS.27 This method is based on the
Geodesic Active Contours (GAC) model28 and Chan-Vese
(CV) model,26 integrating both region and boundary infor-
mation to segment the components of the enlarged limb af-
fected by lymphedema through use of a global threshold and
gradient magnitude to form the speed function.

We used geometric information of the image data to elim-
inate overlap in the three blocks of images to form a 3D image
of the whole limb. Hence, at the preprocessing stage, there was
no longer any overlap, eliminating this potential concern of the
segmentation process. The initial threshold is calculated by
using the result of the CV model and is then iteratively updated
throughout the process of segmentation.26 On reaching the
target tissue boundary, the variation of the threshold declines

because of the contrast between target tissue and surrounding
tissue intensities, and the process stops. This algorithm can be
implemented in an automatic or semi-automatic form de-
pending on the complexity of the tissue shape.

The TLS method combines the GAC and the CV model26

together within the level set framework.27

Under the level set scheme, the contour deforms by

the function;
›G tð Þ

›t
þF =uj j ¼ 0, with an embedded sur-

face G(t) represented as the zero level set of 4 by
G(t)¼ x, y 2 Rjf u x, y, tð Þ¼ 0g. F is a function for speed,
which drives the G(t) surface evolution in the normal direc-
tion. It is clear that F directly impacts the quality of medical
image segmentation. The associated evolution equation in the
level set framework is as follows:

›u
›t
¼ =uj j a I� Tð Þþbdiv g

=u
=uj j

� �� �
, (1)

where I represents the image to be segmented, T represents
the intensity threshold, g represents the image gradient,27

div =u
=uj j

� �
represents the curvature, a represents the image

propagation constant, and b represents the spatial modifier

constant for the curvature div =u
=uj j

� �
, a, and b weight the rel-

ative influence of each of these terms on the movement of the
surface contour.

According to the theory of confidence intervals, the lower
bound threshold of the segmenting tissue can be defined by:

Ti¼ la� kira i � 0: (2)

The threshold T is the difference between the mean of the
contour of the segmenting tissue (la) and k times its stan-
dard deviation (ra). The intensities of the segmenting tis-
sue and its background regions are different. The lowest

FIG. 1. Segmentation of limb components.
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intensity threshold of the segmenting tissue is the same as
the highest intensity threshold of the background. Thus,
lbþ kbrb¼ la� kara would apply. The confidence level for
both the segmenting tissue and background is considered the
same; kb¼ ka¼ k. Therefore, k can be described as:

k¼ la� lb

raþ rb

: (3)

We utilized the CV model method to perform an initial
segmentation. From the segmentation results, the initial ko

can be calculated by Equation 3. The initial To can subse-
quently be found by using Equation 2. The initial zero level
set is a cylinder surface, constructed via the manual input
of an initial seed on the image for each tissue type. These
parameter settings have been validated in our previous
publication.27

Table 1. Patient Demographics

Patient 1 2 3 4 5

Patient factors
Age at liposuction (years) 64.6 71.6 55.8 73.4 55.8
Height (m) 1.65 1.58 1.63 1.70 1.60
Preoperative weight 68 94 60 84 79
Postoperative weight 66 99 63 86 72
Preoperative body mass index 25.0 37.7 22.6 29.1 30.9
Postoperative body mass index 24.2 39.7 23.7 29.8 28.1
Hand dominance Right Right Right Right Left

Tumor and treatment factors
Year of diagnosis of breast cancer 1997 2012 2007 2008 2002
Age at diagnosis of breast cancer 48 69 49 67 44
Previous radiation therapy No Yes Yes Yes Yes
Previous chemotherapy No Yes Yes Yes Yes

Lymphedema factors
Year of diagnosis 1997 2013 2007 2008 2002
Duration of lymphedema (years) 16.7 1.4 6.6 6.0 11.8
Time to second MRI from surgery (months) 6.1 12.1 5.2 11.2 5.3
Affected side Right Right Left Left Left

MRI, magnetic resonance imaging.

Table 2. Comparison of Girth-Derived or Magnetic Resonance Imaging-Derived Total Limb Volume

Patient 1 2 3 4 5

Girth-derived volume (mL)
Preoperative Median

Affected arm 2666 5468 2909 3240 4279 3240
Unaffected arm 2042 4104 2197 2600 2903 2600
Affected/unaffected (%) 130.6 133.2 132.4 124.6 147.4 132.4

Postoperative
Affected arm 2157 3258 2107 3324 2940 2940
Unaffected arm 2229 3788 2112 3219 2724 2724
Affected/unaffected (%) 96.8 86.0 99.8 103.3 107.9 99.8

MRI derived volume (mL)
Preoperative

Affected arm 2250 3691 2472 2941 3183 2941
Unaffected arm 1641 2619 1874 2189 2073 2073
Affected/unaffected (%) 137.2 140.9 131.9 134.4 153.5 137.2

Postoperative
Affected arm 1557 2636 1635 2144 1885 1885
Unaffected arm 1667 3227 1659 1936 1913 1913
Affected/unaffected 93.4 81.7 98.5 110.7 98.5 98.5

L-Dex measures
Preoperative 18.0 78.7 32.8 70.6 31.8 32.8
Postoperative 17.4 42.5 38.4 27.9 28.5 28.5
Change in L-Dex (%) -3.3 -46.0 17.1 -60.5 -10.4 -10.4

MRI, magnetic resonance imaging.
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Segmentation procedure

The dominant signal intensities of different tissues on T1-
weighted MRI images indicated that fluid shows low signal
intensity (black), muscle shows intermediate signal intensity
(gray), and bone and fat show high signal intensity (white).
Therefore, the de-noised and bias-corrected T1-weighted
images were utilized in segmenting the bone, muscle, and fat.
Considering the MRI measurement in this study was non-
contrast MRI, it was difficult to accurately separate blood
from lymph liquid. Therefore, when we segmented the blood
volume of the unaffected arm, we assumed that the volume of
blood (and small amounts of normal lymph) was the same in
both arms. The volume of lymph fluid in the affected arm was
calculated by deducting the volume of blood measured in the
unaffected arm.

The signal intensities on fat-suppressed T2-weighted
STIR MRI images indicated that fluid shows high sig-
nal intensity (white) and muscle or fat shows low signal
intensity (black). The lymph fluid was segmented on fat-
suppressed T2-weighted STIR images. The bone, muscle,
fat tissue, and liquid were then reconstructed in 3D. Figure 1
depicts the results of 3D imaging of bone, muscle, fat, blood,
and lymphatic fluid from patient 1. The 3D geometries of
bone, muscle, fat, blood, and lymph fluid were colored
beige, brown, yellow, red, and green, respectively. Two-
dimensional axial, sagittal, and coronal sections were also
created.

Our previously developed program based on the TLS al-
gorithm was used in the segmentation process for all five
cases. The process was fully automated once we initialed a
segmentation seed on the targeted image (fat, muscle, bone,
or lymphatic fluid) that needed to be measured.25

Limb volume measurement

The limb volume was calculated by using 4 cm truncated
cone circumferential measurements.29 A measuring board
was used, with the patient seated and the arm in horizontal
abduction, hand pronated. Measurements commenced at the
ulnar styloid. Individual limb volume was calculated, as well
as the total volume and percentage difference between the
affected and unaffected limbs.22,29 The results of limb vol-
ume using girth calculations was compared with the limb
volume calculated by the 3D segmentation of MRI images.

Bioimpedance spectroscopy (L-Dex). Measurements
were taken supine by using bioimpedance spectroscopy (L-
Dex; Impedimed, Carlsbad, CA) to calculate extracellular fluid
in a unilateral limb using low voltage electrical current. The
spectroscopy readings are an impedance ratio comparing un-
affected and affected limb, with the unaffected limb acting as a
patient-specific internal control.30 The skin was cleaned with
alcohol swabs and electrodes placed according to the manu-
facturer’s recommendations. A normal (no-lymphedema) L-
Dex score reading range is between -10 and 10.31 This is a
standard technique used for patients with lymphoedema to
indicate the presence of extracellular fluid.

Results

The mean duration of lymphedema at the time of surgery
was 8.5 years (range 1.4–16.7 years). Table 1 shows the

FIG. 2. Pre- and postoperative volumes of fat (F), bone
(B), and muscle (M) – lymph fluid (L) of affected arm (left
panel) or unaffected arm (right panel). Dotted bars indicate
preoperative, and hashed bars indicate postoperative.
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patient, tumor, treatment, and lymphedema characteristics
both before and after liposuction. Most patients developed
their lymphedema within the first year after breast cancer
surgery. Most patients lost some weight after their surgery,
but patients 2 and 3 gained 5 and 3 kg, respectively (Table 1).

Table 2 compares pre- and postoperative limb volumes
derived from traditional girth measures to those derived
using TLS segmentation of the MRI. The percentage me-
dian preoperative volume difference between the affected
and unaffected sides was 132.4% (interquartile range (IQR):
130.6–133.2) for girth measures compared with 137.2%
(IQR: 134.4–140.9) for TLS. The percentage difference be-
tween girth measures and TLS was not statistically significant
(Mann–Whitney U test: z = 1.358, p = 0.175). The percent-
age median postoperative volume difference between the
affected and unaffected sides was 99.8% (IQR: 96.8–103.3)
for girth measures compared with 98.5% (IQR: 93.4–98.5)
for TLS (Mann–Whitney U test: z = 0.524, p = 0.600). Al-
though these relative differences were not significant, in-
dividual girth-derived volume calculations were uniformly
higher than MRI-derived volume calculations.

L-Dex measures, measuring extracellular fluid, increased
for patient 3, but decreased for all other patients and did not
demonstrate a statistically significant difference overall both
before and after liposuction (Mann–Whitney U test:
z = 0.940; p = 0.347. The % median change in L-Dex before

and after surgery was -10.4%, but ranged widely from
+52.2% to -60.5% (Table 2).

The volumes of bone, fat, muscle, and fluid for all five
patients derived from the MRI are shown in Figure 2 and
Table 3. The median volume was higher for fat, muscle, and
lymph fluid, but not bone, for the affected limb compared with
the unaffected limb. In contrast to L-Dex, the results indicated
a reduction in lymph fluid in the affected limb across all pa-
tients, but this difference was just outside statistical signifi-
cance (Mann–Whitney U test: z = 1.676, p = 0.094) (Table 3).
Aside from alterations in lymph fluid, the fat volume in the
affected limb was also observed to decline at the follow-up
observation and this difference was statistically significant
(Mann–Whitney U test: z = 2.402, p = 0.0163). The overall
volume also significantly decreased, at a statistically signifi-
cant decline (Mann–Whitney U test: z = 2.193, p = 0.0283).
As expected, there were no statistically significant differences
pre- and postsurgery in the unaffected limb.

Discussion

This study found that MRI segmentation may be an ap-
propriate method to help clinicians advise patients on the
relative components of fat, fluid, bone, and muscle in a
limb affected by lymphedema, guide decisions about surgical
intervention, and inform outcomes after surgery. To our

Table 3. Changes in Magnetic Resonance Imaging Volume of Fat,

Bone, Muscle, and Lymph Fluid after Liposuction

Patient 1 2 3 4 5

Preoperative MRI volume (mL)
Affected arm Median

Fat 1119 2162 1593 1554 1712 1593
Bone 50 67 50 98 59 59
Muscle 942 1275 800 1013 959 959
Lymph fluid 138 186 29 276 453 186
Total volume 2250 3691 2472 2941 3183 2941

Unaffected arm
Fat 725 1531 1042 1194 1103 1103
Bone 53 60 48 96 57 57
Muscle 863 1028 784 898 913 898
Lymph fluid 0 0 0 0 0 0
Total volume 1641 2619 1874 2189 2073 2079

Postoperative MRI volume (mL)
Affected arm

Fat 516 1395 755 1064 786 786
Bone 50 71 50 95 52 52
Muscle 962 1107 810 965 851 962
Lymph fluid 29 63 19 20 196 29
Total volume 1557 2636 1635 2144 1885 1885

Unaffected arm
Fat 788 2133 856 1006 996 996
Bone 41 63 57 91 57 57
Muscle 839 1031 746 839 859 839
Lymph fluid 0 0 0 0 0 0
Total volume 1667 3227 1659 1936 1913 1913

Affected arm
Change in lymph fluid (%) -79.2 -66.0 -32.9 -92.8 -56.8 -66.0
Change in fat (%) -53.9 -35.5 -52.6 -31.5 -54.1 -52.6
Change in muscle (%) 2.1 -13.1 1.3 -4.7 -11.3 -4.7
Change in bone (%) -0.58 4.91 -0.82 -3.21 -11.38 -0.82
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knowledge, this technique has not been used before for
patients with lymphedema. MRI segmentation identified
reductions in fat (52.6%) and lymph fluid (66%), whereas L-
Dex, a more commonly used and less expensive measure of
extracellular fluid, showed no significant reduction in pre-
versus postoperative measures in this surgical setting.32

We believe that the almost identical total reductions in
volume both before and after liposuction verifies the consis-
tency of each measurement technique and that MRI segmen-
tation complements the validated girth measure technique
while providing the clinician with a quantitative and visual
understanding of the sub-components of the enlarged limb.11

For example, it has been previously demonstrated by using
dual energy X-ray absorptiometry (DXA) that muscle mass
(not fat alone) increases in an enlarged limb, simply because
the patient is carrying more weight every day.14

Advancement in microsurgical techniques for lymphoe-
dema has resulted in the need for high-quality lymphatic
imaging techniques to help choose the correct procedure and
assist in evaluation of postsurgical outcome. Previously,
lymphoscintigraphy was the gold standard,33–35 but this has a
low spatial resolution. Injection of ionizing radiation tracer
into the web space in the hand or foot can be uncomfortable
for patients.36,37 It is also unable to quantify the proportion of
abnormal fat deposition in an affected limb.

Another challenge facing patients and clinicians is having
accurate information to determine the appropriate surgical
procedure. For example, we have found that MRI may show
areas of fatty deposition to help guide liposuction, and other
procedures such as indocyanine green (ICG) lymphography
help identify whether superficial lymphatics are still patent or
are affected by significant dermal backflow.24 Although
bioimpedance is helpful for patients with early stage lym-
phedema, it is probably not ideal for advanced stage 2 or
stage 3 lymphedema in which fatty deposition occurs. L-Dex
values varied markedly from the normal upper limit of 10,
ranging in value from 18.0 in patient 1 to 78.7 for patient 2,
with no significant difference between pre- and postoperative
values. In contrast, the MRI segmentation method was more
accurate, with clinically significant reductions in both fat and
lymph fluid detected.

Limitations

As mentioned earlier, three separate image blocks were
taken of each affected and unaffected arm, due to the scan-
ning size limitation of the MRI machine. Although we used
our segmentation software to delete areas of image overlap,
there was still some uncertainty at the top and bottom of the
image scanned before and after treatment for the same pa-
tient. It is for this reason that bone volume differed both
before and after treatment (Table 3). There was some varia-
tion in girth and MRI volumes for the unaffected arm, which
did not completely parallel with postliposuction weight
changes for the individual patient. Girth obviously reflects a
combination of bone, fat, fluid, and muscle, and weight
changes may not necessarily result in consistent fat deposi-
tion in the unaffected arm. Further, previous studies of cos-
metic liposuction have found that liposuction in one area can
result in compensatory fat depositions elsewhere. This
complexity may be biological and/or reflect the lack of pre-
cision in comparing MRI volumes with girth measures, ne-

cessitating further study in a larger number of patients.38 For
future patients, we will standardize these points of uncer-
tainty by placing a standard mark on the patient by using
anatomical landmarks and measures.

Conclusions

We consider it possible to fully utilize a patient’s MRI
information by applying TLS segmentation technology to
quantitatively measure and reconstruct 3D fluid, fat, muscle,
adipose, and bone. We believe this will be a useful method to
objectively evaluate changes, particularly in lymph fluid
volume, after procedures such as lymphovenous anastomosis
and lymph node transfer.
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