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Abstract

Breast cancer-related lymphedema is a treatment-related chronic disease that causes great
distress and medical burden. Early screening and precautionary measures for lymphedema
could improve well-being and decrease medical costs. Herein, we used bioelectrical imped-
ance analysis for early screening of lymphedema. We set up a verifiable standardized sub-
clinical standard to screen subclinical lymphedema in postoperative breast cancer patients
using bioelectrical impedance. The first part determined the criteria of subclinical lymph-
edema. Among the 424 female participants, 127 were healthy women, whereas 297 were
postoperative breast cancer survivors. Subclinical standard boundaries were determined by
the 95% confidence interval of the healthy women. The screening rate of patients with sub-
clinical ymphedema was inferred by comparing the subclinical standard boundaries and the
postoperative patient values. A total of 14.81-20.87% of postoperative breast cancer survi-
vors were identified as patients with subclinical lymphedema. The second part provided the
results of the verification test of this subclinical standard. The data of the verification test
from 30 healthy women and 30 screened patients met the subclinical standard, and 30
breast cancer survivors with lymphedema verified the utility and feasibility of the subclinical
standard. Therefore, this standard could provide a screening tool for early the identification
of subclinical breast cancer survivors. Early detection helps implement personal and precise
medical precautions for patients with subclinical lymphedema.

Introduction

Breast cancer-related lymphedema (BCRL) is a treatment-related chronic disease without a
radical cure [1, 2]. This disease has an insidious onset and progressive chronic course and
imposes a heavy disease burden on breast cancer survivors [3, 4]. A previous study of 2171
American breast cancer survivors with a 5-year follow-up revealed that 13.7% of the survivors
had upper limb lymphedema following surgical treatment [5]. In China, up to 49% of patients
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who undergo mastectomy develop lymphedema [6]. The discrepancy is probably traceable to
the extent of lymph node removal, study design, different populations, self-management abil-
ity, lifestyles, etc. [7, 8]. Furthermore, breast cancer survivors with lymphedema not only expe-
rience skin changes, progressive swelling, and pain in the arms but also have restricted arm
movement. BCRL often coexists with psychological manifestations such as self-image distur-
bances, fear, depression, and lower life satisfaction [9]. Therefore, early identification can pro-
mote early protective intervention, preventing lymphedema from progressing and improving
the quality of life and well-being.

Reliable and valid standards are the core of early detection. The utility and validity of the
subclinical standard relies on the ability to distinguish patients with subclinical lymphedema
from postoperative patients. In fact, in the early stage of lymphedema, the absence of swelling
and volume measurement makes it challenging to assess subclinical lymphedema [10]. Self-
assessment acts as a supplemental screening tool, contributing to the diagnosis of secondary
lymphedema but not subclinical lymphedema [2, 11]. However, continuous monitoring using
bioimpedance spectroscopy can help in the early detection of lymphedema, and early interven-
tion for high-risk patients can further reverse or delay the course of lymphedema [10]. Thus,
bioelectrical impedance (BI) measurement is well-adapted for the early screening of subclinical
lymphedema.

BI analysis (BIA) using biophysical model-based algorithms can directly evaluate the
impedance and resistance of the body. It also helps assess body composition indirectly by
transforming the value of Bl into the value of body composition [12]. However, there is no
standardization of assessment protocols for subclinical lymphedema. The BI value varies
between different device models and versions [13, 14]. It is therefore, essential to address this
issue. Our study aimed to establish a subclinical standard that can screen high-risk patients for
upper limb lymphedema early using BIA. This subclinical standard should possess the charac-
teristics of clinical utility and standardization. It would be best to establish a uniform subclini-
cal standard among different bioelectric device models and versions. This standard can be
validated by using real-world clinical data. Moreover, a previous study has implicated trauma
to the lymph nodes as a fundamental reason for BCRL [15]. However, there is a paucity of evi-
dence regarding the correlation between subclinical lymphedema and the extent of nodal sur-
gery. Our study attempted to directly assess the possibility that trauma to the lymph nodes
mediates the risk of secondary lymphedema using a BI device. This study aimed to establish
and verify a subclinical standard of BI and to evaluate whether breast cancer survivors with
trauma to the lymph nodes had a higher risk of lymphedema. This study aimed to evaluate
whether subclinical lymphedema screening assessment in breast cancer survivors in the early
postoperative period using BI resulted in a more accurate identification of subclinical lymph-
edema caused by nodal surgery.

Materials and methods
Participants

This study was a case—control trial conducted at West China Hospital (a large district general
hospital) between January 2021 and December 2021. The participants’ data were collected dur-
ing the past year. A total of 127 healthy female adults were enrolled in the study. A total of 297
patients who underwent unilateral breast and lymph node removal were included in the
screening group. Six patients were excluded as they had bilateral breast cancer. Each trial par-
ticipant provided written informed consent. In this study, BIA was performed on both healthy
controls and patients.
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Healthy females aged 18-55 years were included in the study. Healthy women were
included in the control group. After surgery, 297 eligible patients with breast cancer were
assigned to the screening group. In China, doctors recommend the initiation of chemotherapy
<30 days after surgery. Postoperative patients underwent the BI measurements on the day
before the first chemotherapy session. Breast cancer survivors who received intravenous che-
motherapy or radiotherapy had significantly changed BIA results. The exclusion criteria were
as follows: (1) participants with a history of radiotherapy and chemotherapy; (2) participants
diagnosed with kidney disease, cardiovascular events, lymphedema-related diseases, and
immune disorders; (3) participants who were menstruating or pregnant during the analysis.

Demographic characteristics and BI measurement

Implementation of effective and timely guideline-recommended screening in breast cancer
survivors is needed for early identification of subclinical changes in lymphedema. Ordinarily,
lymphedema-related changes in BI devices are detected earlier. Early detection of secondary
lymphedema implies early treatment and management. Given the ability for early detection of
lymphedema in patients with breast cancer, BIA was used in American centers as a screening
tool for breast cancer survivors after axillary surgery [16]. BI measurement is a quick test to
screen breast cancer patients at risk of lymphedema. Before each measurement, demographic
data on age, sex, marital status, date of birth, ethnicity, and residential region were collected
through brief conversations. For the patient group, treatment-related data (basic medical his-
tory, surgical history, and date of breast cancer surgery) were also collected. A skilled therapist
in our study assessed several aspects before measurement, such as whether the inclusion and
exclusion criteria were met, whether skin changes occurred, whether limb pain or discomfort
existed, whether the patient experienced upper extremity swelling or nonpitting edema, and
whether the range of motion was restricted. BIA data were collected by a trained therapist. The
therapist wiped the electrodes using alcoholic tissue before every measurement and steered the
participants who used light clothes through this measurement to increase the accuracy of the
measurement. The time spent on this process was less than 10 min. BI measurements were
performed in the morning after overnight fasting and bladder emptying. All participants were
instructed to stand on the platform of an InBody 770 multifrequency BI device (InBody 770,
Cerritos, CA, USA), with whole soles touching the voltage-sensing electrodes. The participants
then stayed motionless as the device measured their body weight. In the subsequent step, the
participants held the handles with the thumb in contact with the hand electrodes and kept the
two arms in the right position. All the participants completed the BI measurements. All
authors could access information that could identify individual participants during data collec-
tion and statistical analysis.

Evaluation criteria

There is no international standard for screening subclinical patients. “Screened patients” were
defined as those who fulfilled the criteria for subclinical lymphedema in our study. In oncol-
ogy, arm volume increased more than 3% corrected for body weight is widely used as a defini-
tion for early onset lymphedema [17]. However, these standards apply only to clinical
lymphedema cases and are less able to detect subclinic BCRL [18]. In our study, all data from
the healthy participants were used to establish a 95% reference range. According to this range,
the feasibility of each indicator was assessed using the screening rate (the number of screened
patients divided by the total number of patients with breast cancer). The verification method
was then used to select the sensitive indicators. Finally, subclinical screening standards were
constructed using sensitive indicators.
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Verification data sets of subclinical standards

A systematic review and meta-analysis of 72 studies showed that the incidence of lymphedema
in patients who underwent unilateral breast and lymph node removal varied between 13% and
21% according to multiple criteria (clinical assessment, arm circumference, and self-reporting)
[8]. Within the scope of the current incidence, the five indexes presented in this paper are con-
sidered subclinical standards. To further verify this subclinical standard, we added a confirma-
tory assay including 30 healthy control participants, 30 screened patients meeting subclinical
standards, and 30 lymphedema breast cancer survivors. The reference range for our standard
should be validated in patients with lymphedema. Ideally, a few patients with lymphedema
were missed by this standard, and the reverse applied to the healthy population. Fig 1 shows
participant flow.

Statistical analysis

All statistical analyses were performed using SPSS version 25.0, and statistical significance was
set at P < 0.05. Student’s t-test and analysis of variance were used to assess the differences in
continuous variables between the control and patient groups. Given the sensitivity and speci-
ficity of the diagnostic thresholds, the threshold was set at two standard deviations above the
mean of the healthy women to establish subclinical screening criteria [13]. Therefore, the refer-
ence range of each indicator was defined as the mean value plus or minus two times the stan-
dard deviation. High-risk lymphedema groups (screened patients) were defined as
participants who had special measurement values beyond the threshold of the reference range.

Previous studies have noted the difference between dominant and nondominant limbs in
terms of the impedance ratio. In fact, the difference between both arms not only exists in the
dominant and nondominant arms but also in the proximal and distal arms (according to the
distance between the breast cancer location and arm). These differences between the dominant
and nondominant limbs (proximal and distal arms) could be addressed by evaluating the ratio
difference in both upper arms. The ratio difference is given as follows:

Ratio difference
= absolute value of difference between both upper limbs/the minimum value of both upper limbs
x 100%.

Results

Demographic characteristics

A total of 424 participants were enrolled in our study from January 2021 to December 2021.
All participants were females. The mean age of the control group was 39.2 years (range, 24-55
years), and the mean age of the patient group was 47.2 years (range, 27-75 years). Of the 297
patients with breast cancer in our study, 29 (9.8%) were older than the upper reference range
of healthy women (65 years). In total, 424 participants had a height range of 137-172 cm in
our study. Table 1 shows that the participants in the patient group had a significantly higher
weight and body mass index (BMI) than those in the control group. Table 1 shows demo-
graphic and descriptive information.

Fat-related characteristics of the control and patient groups

The normal reference range was defined as that of the control group (healthy women). The
critical screening values of various parameters were determined using the normal reference
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Fig 1. CONSORT 2010 flow diagram.
https://doi.org/10.1371/journal.pone.0274570.9001
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Table 1. Demographic characteristics of the study population.

Variables Control group (n = 127) Patients group (n = 297) t score P score

Age 39.15+13.28 47.15%£12.27 9.665 <0.001
Gender(Female) 127 297 - -
Height 156.11£20.29 156.38+11.88 0.23 0.818
Weight 55.63+8.11 57.09+8.01 2.33 0.020
BMI 22.14+3.16 23.14+3.12 4.31 <0.001

https://doi.org/10.1371/journal.pone.0274570.t001

range and clinical judgment. In our study, more than eight indicators were related to fat. Par-
ticipants in the patient group tended to have a higher proportion of fat than healthy women.
In the current study, the mean weight of the control group was 55.63 kg (range, 47.52-63.74
kg). Of the patients included, eight (2.5%) weighed greater than 71.53 kg (the upper reference
limit). Eighteen (6.06%) postoperative patients had a body fat mass higher than 27.91 kg/m”.
Twelve of the 297 (4.04%) patients had BMI values higher than the limit. Table 2 provides the
fat characteristics of healthy individuals, including the percent body fat, obesity degree, fat-free
mass (FFM) of the right arm, FFM% of the right arm, FFM of the left arm, and FFM% of the
left arm. The critical values for percent body fat and obesity degree were 41.70 (screened
patients = 21, screening rate = 7.07%) and 13.73 (screened patients = 9, screening

rate = 3.03%), respectively. The critical values for FFM of the right arm and FFM of the left
arm were 2.40 (screened patients = 10, screening rate = 3.36%) and 2.41 (screened patients = 7,
screening rate = 2.35%), respectively. The screening rates of FFM% and FFM in the upper
limbs were similar.

Cellular water characteristics of the control and patient groups

Table 3 describes the total body water (TBW), intracellular water (ICW), and extracellular
water (ECW) profiles of both groups. The upper reference ranges of the ECW/TBW of the
right arm and ECW/TBW of the left arm were 0.3856 and 0.3867, respectively. The ECW/
TBW of the unilateral arm tended to have a higher screening rate (screening rate of ECW/
TBW of the right arm = 10.77%, screening rate of ECW/TBW of the left arm = 12.12%) among

Table 2. Fat characteristics and screening rate.

Variables Control group (N = 127) The critical screening values (M+2SD) The number of screened patients screening rate (%)
Weight 55.63£8.11 71.53 8 2.69
Body Fat Mass 17.19+5.47 27.91 18 6.06
Soft Lean Mass 36.16%3.79 43.59 5 1.68
Body Fat Mass 17.19+5.47 27.91 18 6.06
Soft Lean Mass 36.16%£3.79 43.59 5 1.68
Fat Free Mass(FFM) 38.43+4.00 46.27 5 1.68
Percent Body Fat 30.37+5.78 41.70 21 7.07
FFM of Right Arm 1.79+0.31 2.40 10 3.36
FFM% of Right Arm 92.94+10.37 113.27 12 4.04
FFM of Left Arm 1.76+0.33 2.41 7 2.35
FFM% of Left Arm 90.85+10.89 112.19 9 3.03

*“Screened patients” were defined as those who fulfilled the criteria for subclinical lymphedema.
*“Screening rate” were defined as the number of screened patients /total number of patients*100%.

#

The critical screening values” The critical screening values of various parameters were determined using the normal reference range and clinical judgment.

https://doi.org/10.1371/journal.pone.0274570.t1002
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Table 3. Cellular water characteristics and screening rate.

Variables Control group The critical screening values (M+2SD) The number of screened patients screening rate (%)
(N=127)
Total Body Water(TBW) 28.2+2.95 33.98 5 1.68
Intracellular Water(ICW) 17.36+1.84 20.97 4 1.34
Extracellular Water(ECW) 10.84+1.13 13.05 7 2.35
TBW of Right Arm 1.40+0.24 1.87 10 3.36
TBW of Left Arm 1.37+0.25 1.86 9 3.03
ICW of Right Arm 0.87+0.15 1.16 9 3.03
ICW of Left Arm 0.85+0.16 1.16 8 2.69
ECW of Right Arm 0.53+0.09 0.71 9 3.03
ECW of Left Arm 0.52+0.10 0.72 9 3.03
ECW/TBW 0.3842+0.0073 0.3985 10 3.36
ECW/TBW of Right Arm 0.3776%0.0041 0.3856 32 10.77
ECW/TBW of Left Arm 0.3789+0.0040 0.3867 36 12.12

*“Screened patients” were defined as those who fulfilled the criteria for subclinical lymphedema.
*“Screening rate” were defined as the number of screened patients /total number of patients*100%.

*“The critical screening values” of various parameters were determined using the normal reference range and clinical judgment.

https://doi.org/10.1371/journal.pone.0274570.t003

all parameters of cellular water. The mean TBW, ICW, and ECW values were 28.20, 17.36, and
10.84, respectively. Only 4-7 patients with breast cancer (screening rate range, 1.34-2.35%)
were screened by these indicators (TBW, ICW, and ECW). The number of screened patients
and the screening rate were similar among the other variables of cellular water (screened
patients = 8-10, screening rate = 2.69-3.36%).

Bioelectrical analysis characteristics and screening rate

BI, reactance, and body angle analyses are presented in Table 4. The 50 kHz reactance and 50
kHz phase angle of the upper limbs had a higher screening rate. Similarly, the 5 kHz imped-
ance and 50 kHz reactance had higher screening rates in the frequency range of 5 kHz to 1000
kHz. The critical value of 5 kHz impedance was 325.18 (5 kHz impedance in the right arm:
screened patients = 11, screening rate = 3.70%) and 328.01 (5 kHz impedance in the left arm:
screened patients = 13, screening rate = 4.38%), respectively. In total, 26 patients (8.75%) were
selected using 5 kHz impedance. Furthermore, the critical values of the 50 kHz reactance were
21.92 (50 kHz reactance in the right arm: screened patients = 31, screening rate = 10.44%) and
21.18 (50 kHz reactance in the left arm: screened patients = 25, screening rate = 8.42%),
respectively. In total, 56 (18.86%) patients were screened. Finally, the mean values of the 50
kHz phase angle were 4.5 (50 kHz phase angle in the right arm) and 4.26 (50 kHz phase angle
in the left arm), respectively. The screening rate increased to 19.99%.

Differential interlimb analysis

According to the current standards, clinical lymphedema is defined as the volume difference
between the arms. Based on this principle, we established an indicator set for the interlimb dif-
ference. Data collected from the BI device included five parts: the left arm, right arm, trunk,
left leg, and right leg. All the data are numerical-type variables. Therefore, an interlimb differ-
ence can be calculated between the values of the left and right arms using the same index. Pre-
vious studies have reported a difference between the dominant and nondominant arms. In
fact, the difference between both arms exists not only in the dominant and nondominant arms
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Table 4. Bioelectrical impedance characteristics and screening rate.

Variables Control group (N =127) | The critical screening values (M+2SD) | The number of screened patients | screening rate (%)
1 kHz-RA Impedance 435.06+52.84 323.18 7 2.36
1 kHz-LA Impedance 442.49+55.11 334.48 8 2.69
5 kHz-RA Impedance 427.16+52.03 325.18 11 3.70
5 kHz-LA Impedance 434.53+54.35 328.01 13 4.38
50 kHz-RA Impedance 388.61+47.9 294.73 8 2.69
50 kHz-LA Impedance 397.74+50.8 298.17 10 3.37
250 kHz-RA Impedance 354.4+44.56 267.07 7 2.36
250 kHz-LA Impedance 364.01+47.53 270.85 8 2.69
500 kHz-RA Impedance 343.06+43.4 258.01 7 2.36
500 kHz-LA Impedance 352.45+46.35 261.61 7 2.36
1000 kHz-RA Impedance 336.72+42.7 253.03 7 2.36
1000 kHz-LA Impedance 345.37+45.53 256.13 7 2.36
5 kHz-RA Reactance 14.94+2.66 9.73 26 8.75
5 kHz-LA Reactance 14.38+2.52 9.44 15 5.05
50 kHz-RA Reactance 30.37+4.31 21.92 31 10.44
50 kHz-LA Reactance 29.42+4.2 21.18 25 8.42
250 kHz-RA Reactance 24.17+2.95 18.38 27 9.09
250 kHz-LA Reactance 24.4+2.93 18.66 19 6.40
50 kHz-RA Phase Angle 4.5+0.49 3.54 50 12.59
50 kHz-LA Phase Angle 4.26+0.50 3.28 22 7.40
50 kHz-Whole Body Phase Angle 4.86+0.51 3.86 20 6.73

*“Screened patients” were defined as those who fulfilled the criteria for subclinical lymphedema.
*“Screening rate” were defined as the number of screened patients /total number of patients*100%.
The critical screening values of various parameters were determined using the normal reference range and clinical judgment.

* LA: left arm RA: right arm

https://doi.org/10.1371/journal.pone.0274570.t004

but also in the proximal and distal arms (according to the distance between the breast cancer
location and arm). Our study showed that differences between arms exist in breast cancer sur-
vivors, which has not been suggested by previous research. As an exploratory study, the differ-
ence between both arms in the healthy group will be used to provide a benchmark that uses
two standard deviation cut-offs for screening breast cancer survivors [17]. For example, the
ratio difference of ECW was calculated using the absolute value of the ECW difference in both
upper limbs divided by the minimum value of ECW of both upper limbs x 100%. All the inter-
limb indicators adopted a similar formula for the calculation. The reference range of the ECW
ratio difference, the FFM ratio difference, the impedance ratio difference at 5 kHz, the reac-
tance ratio difference at 50 kHz, and the phase angle ratio difference at 50 kHz were 8.22
(screened patients = 48, screening rate = 16.16%), 13.78 (screened patients = 1, screening

rate = 0.34%), 8.13 (screened patients = 52, screening rate = 17.50%), 17.59 (screened

patients = 62, screening rate = 20.87%), and 19.73 (screened patients = 44, screening

rate = 14.30%), respectively (Table 5).

Verification data sets of subclinical standards

Table 6 provides a univariate analysis of the significant differences among the three groups.
The ratio difference of ECW in the lymphedema breast cancer survivor group was higher
than that in the other groups (healthy control group = 3.12+3.19, subclinical group = 18.25
+9.23, and patient group = 44.05+35.72). The ECW/TBW of the unilateral arm in the
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Table 5. Inter-limbs differential analysis and screening rate.

Variables

The ratio difference of ECW

The ratio difference of FFM

The ratio difference of Impedance in 5kHz
The ratio difference of Reactance in 50kHz
The ratio difference of Phase Angle in

3.14+2.59
3.47+5.26
3.07+2.58
5.89+5.97
7.37+6.31

Control group (N = 127) | The critical screening values (M

+2SD)
8.22
13.78
8.13
17.59
19.73

The number of screened

patients
48
1
52
62
44

screening rate (%)

16.16
0.34
17.50
20.87
14.81

50kHz

*“Screened patients” were defined as those who fulfilled the criteria for subclinical lymphedema.

*“Screening rate” were defined as the number of screened patients /total number of patients*100%.

The critical screening values of various parameters were determined using the normal reference range and clinical judgment.
* ECW: Extracellular Water FEM: Fat Free Mass

https://doi.org/10.1371/journal.pone.0274570.t005

lymphedema breast cancer group was also higher than that in the other groups (healthy
control group = 0.379+0.037, subclinical group = 0.388+0.071, and patient group = 0.397
+0.120). Analysis of variance revealed that participants in the healthy control group had a
lower impedance ratio difference value at 5 kHz (health control group = 2.95£3.31, sub-
clinical group = 37.70+26.31, and patient group = 43.55+33.87), the reactance ratio differ-
ence at 50 kHz (health control group = 7.34+8.65, subclinical group = 18.58+9.43, and
patient group = 82.03+56.00), and the phase angle ratio difference at 50 kHz (health con-
trol group = 8.29+7.88), subclinical group = 22.66+15.12, and patient group = 28.87
+16.13).

It was found that the subclinical standard we established can distinguish more than 90%
(range, 90-100%) of the healthy participants from subclinical breast cancer survivors.
Meanwhile, 60-90% of lymphedema breast cancer survivors can be detected by this
standard.

Table 6. Verification data sets of subclinic standard.

Index reference range (M |screening | healthy Subclinic lymph-edema |F P The number (ratio) |The number
+1.96SD) rate (%) controls group Mean |survivors Mean of healthy people (ratio) of patients
Mean(SD) (SD) (SD) excluded by this meet this
standard standard
The ratio 8.22 16.16 3.12(3.19) | 18.25(9.23) | 44.05(35.72) | 28.112 | <0.001 28(93%) 26(87%)
difference of ECW
ECW/TBW of Right 18.27 0.379(0.037) | 0.388(0.071) 0.397(0.120) | 23.426 | <0.001 30(100%) 25(83%)
unilateral Arm Arm = 0.3856 Left
Arm = 0.3867
The ratio 8.13 17.50 2.95(3.31) | 37.70(26.31) | 43.55(33.87) | 44.222| <0.001 28(93%) 26(87%)
difference of
Impedance in 5
kHz
The ratio 17.59 20.87 7.34(8.65) | 18.58(9.43) | 82.03(56.00) | 18.026 | <0.001 27(90%) 27(90%)
difference of
Reactance in 50
kHz
The ratio 19.73 14.81 8.29(7.88) | 22.66(15.12) | 28.87(16.13) | 35.973 | <0.001 28(93%) 18(60%)
difference of
Phase Angle in 50
kHz

https://doi.org/10.1371/journal.pone.0274570.t006
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Discussion

Early recognition and intervention of lymphedema are very important for breast cancer survi-
vors’ health and quality of life. As a noninvasive measure, BI is well-suited for the early detec-
tion of lymphedema. In China, doctors recommend chemotherapy initiation <30 days after
surgery. Patients underwent the measurement on the day before the first chemotherapy ses-
sion, rather than after 3 months, compared with prior studies in Massachusetts [18]. This dis-
crepancy was based on the measurement methods. The present study suggests that changes in
BI can be detected prior to the onset of lymphedema symptoms. The detection of secondary
lymphedema by bioimpedance will allow the identification of subclinical criteria based on pre-
defined reference ranges. The established indicators of the subclinical criteria of lymphedema
included the ECW ratio difference of > 16.16, the impedance ratio difference at 5 kHz

of > 17.50, the phase angle ratio difference at 50 kHz of > 14.81, ECW/TBW of the right arm
of > 0.3856, or ECW/TBW of the left arm of > 0.3867. Individuals who met any of the five cri-
teria (Table 6) were determined to have subclinical impairment. These results demonstrate a
relationship between subclinical lymphedema, invasive breast cancer, and lymph node
removal. Breast cancer survivors who received intravenous chemotherapy before measure-
ment had significantly changed assessment results. Therefore, it is important to exclude the
effects of chemotherapy. Dissection/disruption of the axillary lymph nodes, radiotherapy, and
chemotherapy are risk factors for the development of BCRL. In our study, we did not evaluate
all the risks of BCRL but only the dissection/disruption of axillary lymph nodes.

A higher BMI is an important risk factor for lymphedema [19]. Our study revealed that
breast cancer survivors had a significantly higher BMI, increased body fat mass, and a higher
percentage of body fat. The frequency of BIA should vary with BMI, with increasing frequency
at higher BMI. Regular evaluation and management of weight and body fat may reduce the
risk of lymphedema. However, only 2.69-6.06% of patients had higher values than the cut-offs,
and we were unable to screen patients using FFM or FEM% of the unilateral arm. Our study
did not find a significant difference in interlimb FFM. Indicators of fat perform poorly in
screening patients.

For the cellular water profile, ECW and ECW/TBW values associated with lymphedema are
the focus of primary indexes to screen for patients with breast cancer [14, 19]. Abnormal accu-
mulation of ECW is a fundamental cause of lymphedema [20]. Our data revealed that the
value of ECW/TBW is substantially lower than that reported in other studies [21-24]. The dif-
ferent results of this study may be due to the different study populations. Regarding the differ-
ent periods and features of the clinical and subclinical lymphedema groups, different criteria
should be formulated for early diagnosis. It is worth noting that the two indicators of ECW
entered the final subclinical diagnosis standard. Given the very early changes in ECW, our
data highlight the possibility of screening patients with lymphedema in the early period after
breast cancer surgery. For further data analysis, the ratio of ECW/TBW may be below the nor-
mal range (ECW/TBW of the right arm = 0.3856 or ECW/TBW of the left arm = 0.3867) in
lymphedema patients with lower BMI (not mentioned in the results). However, this subset of
patients can be screened using the indications of the ECW ratio difference. Few studies have
focused on lymphedema patients with lower BMI, smaller arm circumference, and a lower
ECW/TBW ratio, which might hinder the early identification and intervention of lymph-
edema. For these patients, the ratio difference in ECW is a better predictive index for
lymphedema.

Additionally, BIA is widely used in a variety of diseases, including heart failure, sarcopenia,
unilateral vestibular hypofunction, and metabolic syndrome but is not widely used in second-
ary lymphedema [24-26]. This finding of our study that the impedance of the low-frequency

PLOS ONE | https://doi.org/10.1371/journal.pone.0274570 September 19, 2022 10/15


https://doi.org/10.1371/journal.pone.0274570

PLOS ONE Bioelectrical impedance analysis for early screening of upperlimb subclinical ymphedema: A case—control study

current is a reliable index to evaluate lymphedema is consistent with previous studies at cancer
centers and communities in New York City. However, our study population differed from the
New York study population (race, patient characteristics, and treatment period). Moreover,
the different results may be due to different BI devices and calculation methods [25]. Hence,
the lack of an agreed-upon reference standard for screening and diagnosis may be a vital cause
of the limited availability [26]. Our study revealed that bioelectrical information, including
impedance, reactance, and body angle, is affected by mixed factors such as patient age, state of
nutrition, and dominant or affected arms. Simply put, applying bioelectrical information of
the unilateral arm is challenging when making a clinical or subclinical judgment of secondary
lymphedema. However, bioelectrical information of the bilateral arms showed greater sensitiv-
ity and accuracy in screening patients with secondary lymphedema. Our study also confirmed
that all values of BI, reactance, and body angle were similar between the right and left arms at
different frequencies, except for the tendency of the right arm to have lower values. This dis-
crepancy led us to consider the influence of the dominant arm on the bioelectrical
measurements.

Volumetric assessment methods(circumference measurement, the water displacement
technique and perometry) are the main diagnosis tool for BCRL. Previous study use, arm vol-
ume increased more than 3% corrected for body weight is widely used as a definition for early
onset lymphedema. In addition, the threshold value of lymphedema relative volume (LRV)
>5% was used to assess as a diagnostic threshold of clinic lymphedema based upon circumfer-
ence measurements by water displacement of volume calculation. In case of circumference
measurements, patients with circumferences measured at 4cm intervals starting from the mid-
dle fingertip [17, 27, 28]. However, all the volumetric assessment methods have disadvantages.
BI are most appropriate or best fitting to diagnosis of subclinical BCRL [29, 30]. Previous stud-
ies have also applied the L-Dex ratio (measurement of extracellular fluid in the affected limb
compared with the control arm) to diagnose secondary lymphedema [25]. However, the
L-Dex ratio did not consider the inherent difference between the upper arms. Both main-
stream diagnostic standards for lymphedema are based on changes in the upper limbs. Based
on this theory, we built a dataset for the interlimb differential analysis. It is worth mentioning
that the inherent differences in both upper arms should be considered.

Inherent differences in both upper arms evaluated in our study were defined as the normal
range of the controls (healthy women). Hence, to assess the difference between the two arms,
we evaluated 297 patients with breast cancer and 127 healthy women by including the ECW
ratio difference, the FFM ratio difference, the impedance ratio difference at 5 kHz, the reac-
tance ratio difference at 50 kHz, and the phase angle ratio difference at 50 kHz. Considering
that only 0.34% of subclinical patients were screened using the FEM ratio difference, this index
was excluded from the subclinical standard. Therefore, a higher ECW ratio difference, imped-
ance ratio difference at 5 kHz, reactance ratio difference at 50 kHz, and phase angle ratio dif-
ference at 50 kHz are better screening tools for early recognition. There are several practical
advantages of interlimb difference analysis. First, compared with previous standards, bioelec-
trical measurements are more precise and objective, and reduce measurement errors. Not only
the actual difference but also the inherent difference of the upper arms in the assessment is
considered. Second, we took advantage of the interlimb difference analysis to avoid distin-
guishing between dominant and nondominant arms and affected and unaffected arms. This
can simplify the assessment, and the learning curve of the measurement is relatively short.
Moreover, regardless of the type of bioelectrical device model used, we can compare different
data.

Another fraction of our study verified the subclinical standard validity. This subclinical
standard validity was assessed within two levels of clinical discrimination groups: the
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subclinical lymphedema group vs. healthy control and subclinical lymphedema groups vs. the
lymphedema group. Our findings revealed that for more than 90% of healthy control partici-
pants, the cut-off values of the subclinical standard were not accessible in clinical practice.
Thus, the subclinical standard can distinguish subclinical lymphedema groups from healthy
controls, with high discriminatory power. In our study, each of the five criteria was an inde-
pendent index for screening patients with subclinical lymphedema. Between 60% and 90% of
patients with lymphedema had higher values above the subclinical standard. However, 30
patients with lymphedema from our center were at different clinical stages, which inevitably
had an impact on the change in ECW to some extent. Given a realistic situation, the recogni-
tion accuracy assessed from the subclinical standard is more optimistic. Therefore, the subclin-
ical standard we established is a highly sensitive tool for the early detection of lymphedema, as
shown in our study. Further studies need to use objective subclinical standards for taking spe-
cial precautions and interventions. Our report showed that the incidence of subclinical lymph-
edema was 14.21% to 20.87%. Compared with the previous meta-analysis, the subclinical
incidence in our study was consistent with the final prevalence results [8]. This suggests that
the subclinical standard we established could be a successful standard for recognizing patients
with subclinical lymphedema and could also be an effective indicator to predict secondary
lymphedema. Our results also revealed that 14-20% of breast cancer survivors developed sub-
clinical lymphedema very early after breast cancer surgery. Early prevention and intervention
could deliver a larger medical cost-saving effect.

Limitations

Our study has some limitations. This study is only a case-control trial, and we assessed the bio-
electrical changes only once; we did not evaluate all the risks of BCRL except for dissection/dis-
ruption of axillary lymph nodes [31]. A prospective study would be help assess the impact of
different treatment-related factors, such as invasive cancer diagnosis, dissection/disruption of
axillary lymph nodes, chemotherapy, and radiation therapy. It can also evaluate the incidence
of patients with subclinical lymphedema who will develop lymphedema [17]. Moreover, the
cases only came from Western China, and a single-center study limits the generalizability of
our study. Future research using a prospective multicenter large-sample cohort study design
could improve the reliability of the findings. Furthermore, there were some between-group
demographic (age and BMI) differences. We attempted to use group correction between the
two groups by establishing a linear regression model. The statistical results showed that there
was no need for correction between the groups using age and BML

Conclusion

In clinical practice, early recognition and intervention for lymphedema in breast cancer survi-
vors are necessary. Our study established a subclinical lymphedema standard for screening
patients with lymphedema after surgery. There are five screening criteria, including the ECW
ratio difference of > 16.16, the impedance ratio difference at 5 kHz of > 17.50, the phase angle
ratio difference at 50 kHz of > 14.81, ECW/TBW of the right arm of > 0.3856, and ECW/
TBW of the left arm of > 0.3867. Patients with breast cancer patients were at the subclinical
lymphedema stage (International Society of Lymphology, stage 0) if their BI data satisfied any
of the five criteria. The more criteria that are met, the greater the risk of developing lymph-
edema symptoms in the future. Our study implies that patients with breast cancer experience
changes in Bl in the early stages after surgery. These changes correlated with lymph node
removal. Based on our results, early prevention and intervention are worthy of deep
exploration.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274570 September 19, 2022 12/15


https://doi.org/10.1371/journal.pone.0274570

PLOS ONE Bioelectrical impedance analysis for early screening of upperlimb subclinical ymphedema: A case—control study

Author Contributions

Conceptualization: Linli Zhuang, Huaying Chen, Xuemei Zheng, Shaoyong Wu.
Data curation: Linli Zhuang, Huaying Chen, Shaoyong Wu.

Formal analysis: Shaoyong Wu.

Investigation: Youhui Yu, Lu Lan, Liang Xu, Jumei Xu, Hongying Fan.

Methodology: Shaoyong Wu, Youhui Yu, Lu Lan, Liang Xu, Jumei Xu, Hongying Fan.

Project administration: Huaying Chen, Youhui Yu, Lu Lan, Liang Xu, Jumei Xu, Hongying
Fan.

Resources: Lu Lan, Liang Xu, Jumei Xu, Hongying Fan.

Supervision: Shaoyong Wu.

Validation: Linli Zhuang, Huaying Chen, Xuemei Zheng, Shaoyong Wu.
Visualization: Shaoyong Wu.

Writing - original draft: Linli Zhuang, Shaoyong Wu.

Writing - review & editing: Huaying Chen, Xuemei Zheng, Shaoyong Wu.

References

1. ByunHK, ChangJS, Im SH, Kirova YM, Arsene-Henry A, Choi SH, et al. Risk of Lymphedema Follow-
ing Contemporary Treatment for Breast Cancer: An Analysis of 7617 Consecutive Patients From a Mul-
tidisciplinary Perspective. Ann Surg. 2021 Jul 1; 274(1):170-178. https://doi.org/10.1097/SLA.
0000000000003491 PMID: 31348041.

2. Executive Committee of the International Society of Lymphology. The diagnosis and treatment of
peripheral lymphedema: 2020 Consensus Document of the International Society of Lymphology. Lym-
phology. 2020; 53(1):3—19. PMID: 32521126.

3. Warren AG, Brorson H, Borud LJ, Slavin SA. Lymphedema: a comprehensive review. Ann Plast Surg.
2007 Oct; 59(4):464—72. https://doi.org/10.1097/01.sap.0000257149.42922.7e PMID: 17901744.

4. Asdourian MS, Skolny MN, Brunelle C, Seward CE, Salama L, Taghian AG. Precautions for breast can-
cer-related lymphoedema: risk from air travel, ipsilateral arm blood pressure measurements, skin punc-
ture, extreme temperatures, and cellulitis. Lancet Oncol. 2016 Sep; 17(9):€392—405. https://doi.org/10.
1016/S1470-2045(16)30204-2 Epub 2016 Aug 30. PMID: 27599144,

5. McDuff SGR, Mina Al, Brunelle CL, Salama L, Warren LEG, Abouegylah M, et al. Timing of Lymph-
edema After Treatment for Breast Cancer: When Are Patients Most At Risk? Int J Radiat Oncol Biol
Phys. 2019 Jan 1; 103(1):62—70. https://doi.org/10.1016/j.ijrobp.2018.08.036 Epub 2018 Aug 28.
PMID: 30165125; PMCID: PMC6524147.

6. LiuYF, LiuJE, Mak YW, Zhu Y, Qiu H, Liu LH, et al. Prevalence and predictors of breast cancer-related
arm lymphedema over a 10-year period in postoperative breast cancer patients: A cross-sectional
study. Eur J Oncol Nurs. 2021 Apr; 51:101909. https://doi.org/10.1016/j.ejon.2021.101909 Epub 2021
Feb 8. PMID: 33626424.

7. Merchant SJ, Chen SL. Prevention and management of lymphedema after breast cancer treatment.
Breast J. 2015 May-Jun; 21(3):276-84. https://doi.org/10.1111/tb].12391 Epub 2015 Mar 13. PMID:
25772311.

8. DiSipio T, Rye S, Newman B, Hayes S. Incidence of unilateral arm lymphoedema after breast cancer: a
systematic review and meta-analysis. Lancet Oncol. 2013 May; 14(6):500—15. https://doi.org/10.1016/
S1470-2045(13)70076-7 Epub 2013 Mar 27. PMID: 23540561.

9. Anbari AB, Wanchai A, Armer JM. Breast cancer-related lymphedema and quality of life: A qualitative
analysis over years of survivorship. Chronic llin. 2021 Sep; 17(3):257—268. https://doi.org/10.1177/
1742395319872796 Epub 2019 Sep 4. PMID: 31483692.

10. Davies C, Levenhagen K, Ryans K, Perdomo M, Gilchrist L. Interventions for Breast Cancer-Related
Lymphedema: Clinical Practice Guideline From the Academy of Oncologic Physical Therapy of APTA.
Phys Ther. 2020 Jul 19; 100(7):1163-1179. https://doi.org/10.1093/ptj/pzaa087 PMID: 32589208;
PMCID: PMC7412854.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274570 September 19, 2022 13/15


https://doi.org/10.1097/SLA.0000000000003491
https://doi.org/10.1097/SLA.0000000000003491
http://www.ncbi.nlm.nih.gov/pubmed/31348041
http://www.ncbi.nlm.nih.gov/pubmed/32521126
https://doi.org/10.1097/01.sap.0000257149.42922.7e
http://www.ncbi.nlm.nih.gov/pubmed/17901744
https://doi.org/10.1016/S1470-2045(16)30204-2
https://doi.org/10.1016/S1470-2045(16)30204-2
http://www.ncbi.nlm.nih.gov/pubmed/27599144
https://doi.org/10.1016/j.ijrobp.2018.08.036
http://www.ncbi.nlm.nih.gov/pubmed/30165125
https://doi.org/10.1016/j.ejon.2021.101909
http://www.ncbi.nlm.nih.gov/pubmed/33626424
https://doi.org/10.1111/tbj.12391
http://www.ncbi.nlm.nih.gov/pubmed/25772311
https://doi.org/10.1016/S1470-2045(13)70076-7
https://doi.org/10.1016/S1470-2045(13)70076-7
http://www.ncbi.nlm.nih.gov/pubmed/23540561
https://doi.org/10.1177/1742395319872796
https://doi.org/10.1177/1742395319872796
http://www.ncbi.nlm.nih.gov/pubmed/31483692
https://doi.org/10.1093/ptj/pzaa087
http://www.ncbi.nlm.nih.gov/pubmed/32589208
https://doi.org/10.1371/journal.pone.0274570

PLOS ONE Bioelectrical impedance analysis for early screening of upperlimb subclinical ymphedema: A case—control study

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Svensson BJ, Dylke ES, Ward LC, Black DA, Kilbreath SL. Screening for breast cancer-related lym-
phoedema: self-assessment of symptoms and signs. Support Care Cancer. 2020 Jul; 28(7):3073—
3080. https://doi.org/10.1007/s00520-019-05083-7 Epub 2019 Oct 22. PMID: 31641870.

Ward LC. Bioelectrical impedance analysis for body composition assessment: reflections on accuracy,
clinical utility, and standardisation. Eur J Clin Nutr. 2019 Feb; 73(2):194—199. https://doi.org/10.1038/
s41430-018-0335-3 Epub 2018 Oct 8. PMID: 30297760.

Liu S, Zhao Q, Ren X, Cui Y, Yang H, Wang S, et al. Determination of Bioelectrical Impedance Thresh-
olds for Early Detection of Breast Cancer-related Lymphedema. Int J Med Sci. 2021 Jun 11; 18
(13):2990-2996. https://doi.org/10.7150/ijms.53812 PMID: 34220327; PMCID: PMC8241780.

Kim WJ, Jo GY, Park JH, Do HK. Feasibility of segmental bioelectrical impedance analysis for mild- to
moderate-degree breast cancer-related lymphedema: Correlation with circumferential volume mea-
surement and phase angle. Medicine (Baltimore). 2021 Jan 29; 100(4):e23722. https://doi.org/10.1097/
MD.0000000000023722 PMID: 33530173; PMCID: PMC7850733.

Bucci LK, Brunelle CL, Bernstein MC, Shui AM, Gillespie TC, Roberts SA, et al. Subclinical Lymph-
edema After Treatment for Breast Cancer: Risk of Progression and Considerations for Early Interven-
tion. Ann Surg Oncol. 2021 Dec; 28(13):8624—8633. https://doi.org/10.1245/s10434-021-10173-0 Epub
2021 Jun 11. PMID: 34117574.

Ward LC, Dylke E, Czerniec S, Isenring E, Kilbreath SL. Confirmation of the reference impedance ratios
used for assessment of breast cancer-related lymphedema by bioelectrical impedance spectroscopy.
Lymphat Res Biol. 2011 Mar; 9(1):47-51. https://doi.org/10.1089/Irb.2010.0014 PMID: 21417767.

Armer JM, Ostby PL, Ginex PK, Beck M, Deng J, Fu MR, et al. ONS Guidelines™ for Cancer Treat-
ment-Related Lymphedema. Oncol Nurs Forum. 2020 Sep 1; 47(5):518-538. https://doi.org/10.1188/
20.0ONF.518-538 PMID: 32830794.

McLaughlin SA, Brunelle CL, Taghian A. Breast Cancer-Related Lymphedema: Risk Factors, Screen-
ing, Management, and the Impact of Locoregional Treatment. J Clin Oncol. 2020 Jul 10; 38(20):2341—
2350. https://doi.org/10.1200/JC0O.19.02896 Epub 2020 May 22. PMID: 32442064; PMCID:
PMC7343436.

Jung M, Jeon JY, Yun GJ, Yang S, Kwon S, Seo YJ. Reference values of bioelectrical impedance analy-
sis for detecting breast cancer-related lymphedema. Medicine (Baltimore). 2018 Nov; 97(44):e12945.
https://doi.org/10.1097/MD.0000000000012945 PMID: 30383644; PMCID: PMC6221712.

Yasunaga Y, Yanagisawa D, Ohata E, Matsuo K, Yuzuriha S. Bioelectrical Impedance Analysis of
Water Reduction in Lower-Limb Lymphedema by Lymphaticovenular Anastomosis. J Reconstr Micro-
surg. 2019 May; 35(4):306—-314. https://doi.org/10.1055/s-0038-1675368 Epub 2018 Nov 2. PMID:
30388722.

Hankinson SJ, Williams CH, Ton VK, Gottlieb SS, Hong CC. Should we overcome the resistance to bio-
electrical impedance in heart failure? Expert Rev Med Devices. 2020 Aug; 17(8):785-794. https://doi.
org/10.1080/17434440.2020.1791701 Epub 2020 Jul 13. PMID: 32658589; PMCID: PMC8356137.

Di Vincenzo O, Marra M, Di Gregorio A, Pasanisi F, Scalfi L. Bioelectrical impedance analysis (BIA)
-derived phase angle in sarcopenia: A systematic review. Clin Nutr. 2021 May; 40(5):3052—-3061.
https://doi.org/10.1016/j.clnu.2020.10.048 Epub 2020 Nov 1. PMID: 33183880.

Micarelli A, Viziano A, Granito |, Micarelli RX, Felicioni A, Alessandrini M. Changes in body composition
in unilateral vestibular hypofunction: relationships between bioelectrical impedance analysis and neuro-
otological parameters. Eur Arch Otorhinolaryngol. 2021 Jul; 278(7):2603—-2611. https://doi.org/10.1007/
s00405-020-06561-z Epub 2021 Jan 3. PMID: 33392761.

Jeon HH, Lee YK, Kim DH, Pak H, Shin SY, Seo JH. Risk for metabolic syndrome in the population with
visceral fat area measured by bioelectrical impedance analysis. Korean J Intern Med. 2021 Jan; 36
(1):97-105. https://doi.org/10.3904/kjim.2018.427 Epub 2020 Apr 29. PMID: 32340088; PMCID:
PMC7820642.

Fu MR, Cleland CM, Guth AA, Kayal M, Haber J, Cartwright F, et al. L-dex ratio in detecting breast can-
cer-related lymphedema: reliability, sensitivity, and specificity. Lymphology. 2013 Jun; 46(2):85-96.
PMID: 24354107; PMCID: PMC4040962.

Rockson SG, Keeley V, Kilbreath S, Szuba A, Towers A. Cancer-associated secondary lymphoedema.
Nat Rev Dis Primers. 2019 Mar 28; 5(1):22. https://doi.org/10.1038/s41572-019-0072-5 PMID:
30923312.

Mayrovitz HN. Noninvasive Measurements of Breast Cancer-Related Lymphedema. Cureus. 2021 Nov
22; 13(11):e19813. https://doi.org/10.7759/cureus. 19813 PMID: 34963833; PMCID: PMC8695693.

Blom KY, Johansson Kl, Nilsson-Wikmar LB, Brogardh CB. Early intervention with compression gar-
ments prevents progression in mild breast cancer-related arm lymphedema: a randomized controlled
trial. Acta Oncol. 2022 Jul; 61(7):897-905. https://doi.org/10.1080/0284186X.2022.2081932 Epub
2022 Jun 3. PMID: 35657063.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274570 September 19, 2022 14/15


https://doi.org/10.1007/s00520-019-05083-7
http://www.ncbi.nlm.nih.gov/pubmed/31641870
https://doi.org/10.1038/s41430-018-0335-3
https://doi.org/10.1038/s41430-018-0335-3
http://www.ncbi.nlm.nih.gov/pubmed/30297760
https://doi.org/10.7150/ijms.53812
http://www.ncbi.nlm.nih.gov/pubmed/34220327
https://doi.org/10.1097/MD.0000000000023722
https://doi.org/10.1097/MD.0000000000023722
http://www.ncbi.nlm.nih.gov/pubmed/33530173
https://doi.org/10.1245/s10434-021-10173-0
http://www.ncbi.nlm.nih.gov/pubmed/34117574
https://doi.org/10.1089/lrb.2010.0014
http://www.ncbi.nlm.nih.gov/pubmed/21417767
https://doi.org/10.1188/20.ONF.518-538
https://doi.org/10.1188/20.ONF.518-538
http://www.ncbi.nlm.nih.gov/pubmed/32830794
https://doi.org/10.1200/JCO.19.02896
http://www.ncbi.nlm.nih.gov/pubmed/32442064
https://doi.org/10.1097/MD.0000000000012945
http://www.ncbi.nlm.nih.gov/pubmed/30383644
https://doi.org/10.1055/s-0038-1675368
http://www.ncbi.nlm.nih.gov/pubmed/30388722
https://doi.org/10.1080/17434440.2020.1791701
https://doi.org/10.1080/17434440.2020.1791701
http://www.ncbi.nlm.nih.gov/pubmed/32658589
https://doi.org/10.1016/j.clnu.2020.10.048
http://www.ncbi.nlm.nih.gov/pubmed/33183880
https://doi.org/10.1007/s00405-020-06561-z
https://doi.org/10.1007/s00405-020-06561-z
http://www.ncbi.nlm.nih.gov/pubmed/33392761
https://doi.org/10.3904/kjim.2018.427
http://www.ncbi.nlm.nih.gov/pubmed/32340088
http://www.ncbi.nlm.nih.gov/pubmed/24354107
https://doi.org/10.1038/s41572-019-0072-5
http://www.ncbi.nlm.nih.gov/pubmed/30923312
https://doi.org/10.7759/cureus.19813
http://www.ncbi.nlm.nih.gov/pubmed/34963833
https://doi.org/10.1080/0284186X.2022.2081932
http://www.ncbi.nlm.nih.gov/pubmed/35657063
https://doi.org/10.1371/journal.pone.0274570

PLOS ONE Bioelectrical impedance analysis for early screening of upperlimb subclinical ymphedema: A case—control study

29. Forte AJ, Huayllani MT, Boczar D, Avila FR, Kassis S, Ciudad P, et al. Use of bioimpedance spectros-
copy for prospective surveillance and early diagnosis of breast cancer-related lymphedema. Breast Dis.
2021; 40(2):85-93. https://doi.org/10.3233/BD-201008 PMID: 33646139.

30. Shah C, Zambelli-Weiner A, Delgado N, Sier A, Bauserman R, Nelms J. The impact of monitoring tech-
niques on progression to chronic breast cancer-related lymphedema: a meta-analysis comparing bioim-
pedance spectroscopy versus circumferential measurements. Breast Cancer Res Treat. 2021 Feb; 185
(3):709-740. https://doi.org/10.1007/s10549-020-05988-6 Epub 2020 Nov 27. PMID: 33245458;
PMCID: PMC7921068.

31. Dylke ES, Schembri GP, Bailey DL, Bailey E, Ward LC, Refshauge K, et al. Diagnosis of upper limb

lymphedema: development of an evidence-based approach. Acta Oncol. 2016 Dec; 55(12):1477—-1483.
https://doi.org/10.1080/0284186X.2016.1191668 Epub 2016 Jun 22. PMID: 27333213.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274570 September 19, 2022 15/15


https://doi.org/10.3233/BD-201008
http://www.ncbi.nlm.nih.gov/pubmed/33646139
https://doi.org/10.1007/s10549-020-05988-6
http://www.ncbi.nlm.nih.gov/pubmed/33245458
https://doi.org/10.1080/0284186X.2016.1191668
http://www.ncbi.nlm.nih.gov/pubmed/27333213
https://doi.org/10.1371/journal.pone.0274570

