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Abstract

Background: Bioelectrical impedance analysis (BIA) is commonly used to assess fat-free mass (FFM) and fat mass (FM) in
breast cancer patients. However, because of the prevalence of overweight, obesity and variable hydration status in these patients,
assumptions for existing prediction equations developed in healthy adults may be violated, resulting in inaccurate body composition
assessment. Methods: We measured whole-body FFM using single-frequency BIA (50 kHz) and dual-energy x-ray absorptiometry
(DXA) in 48 patients undergoing treatment for breast cancer. We applied raw BIA data to 18 previously published FFM prediction
equations (FFMpg4 ) and compared these estimates to DXA (FFMpxa; reference method). Results: On average, patients were 52 +
10 (mean & SD) years of age and overweight (body mass index: 27.5 & 5.5 kg/m?; body fat by DXA: 40.1% % 6.6%). Relative
to DXA, BIA overestimated FFM by 4.1 £+ 3.4 kg (FFMpxa: 42.0 £ 5.9 kg; FFMgja: 46.1 + 3.4 kg). Individual equation-
generated predictions of FFMps ranged from 39.6 &+ 6.7 to 52.2 £ 5.6 kg, with 16 equations overestimating and 2 equations
underestimating FFMpg;4 compared with FFMpxx. Based on equivalence testing, no equation-generated estimates were equivalent
to DXA. Conclusion: Compared with DXA, BIA overestimated FFM in breast cancer patients during treatment. Although several
equations performed better than others, none produced values that aligned closely with DXA. Caution should be used when
interpreting BIA measurements in this clinical population, and future studies should develop prediction equations specific to breast
cancer patients. (Nutr Clin Pract. 2019;00:1-12)
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Bioelectrical impedance analysis (BIA) is the most
widely used body composition modality in clinical settings'?
because of its accessibility, ease of use, and noninvasive
nature. BIA functions by passing a small electric current
at 1 (single-frequency BIA [SF-BIA], usually at 50 kHz)
or more (multifrequency BIA [MF-BIA] or bioimpedance

Introduction

Approximately two-thirds of recently diagnosed breast can-
cer patients have overweight or obesity.> Further, patients
can gain up to 5 kg body mass during treatment>* and may
continue to gain weight for several years into survivorship.’
Excess adiposity is associated with greater breast cancer—
specific and all-cause mortality,® impaired effectiveness

of certain forms of treatment,”” and increased risk of
developing secondary morbidities (such as cardiovascular
disease, diabetes, and cancer recurrence) in survivorship.
Even patients who do not gain weight during treatment
may exhibit deleterious body composition changes (ie,
concomitant losses of fat-free mass [FFM] and gains in
fat mass [FM] with no net change in body mass) that
contribute to adverse disease-specific and overall health
outcomes.'® Weight management through exercise and nu-
trition programs has become an important component of
breast cancer rehabilitation,®!! and practical evaluation of
changes in body composition features as they relate to the
disease trajectory, or as a measure of efficacy of nutrition
and exercise programs, is needed in this patient population.
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spectroscopy [BIS]) frequencies through the body and mon-
itoring the reduction in voltage. The impedance charac-
teristics of the current (R, resistance; X, reactance) are
then used to estimate total body water (TBW), from which
FFM (water-based tissues through which the electrical
current is easily conducted) and FM (tissues that impede the
current), or percent body fat, can be calculated. However,
SF-BIA and MF-BIA rely entirely on prediction equations
to estimate TBW (and FFM) from R and X, and the
validity and accuracy of each equation is highly dependent
on the characteristics of the population in which it was
developed (eg, age, sex, ethnicity). BIS, in contrast, is based
on biophysical modeling. Because BIS does not require
the use of regression-derived prediction equations, it is less
vulnerable to the population-specific assumptions of SF-
BIA and MF-BIA,!? although there are several constants
in commonly applied BIS algorithms that can be sources
of error. Furthermore, all forms of BIA (including BIS)
are negatively influenced by abnormal body geometry (as is
often observed in individuals with overweight and obesity)
and atypical fluid distribution of the patient.!3

BIA is commonly used to evaluate body composition in
breast cancer patients; but despite that, no breast cancer—
specific prediction equations exist. Because breast cancer
patients often have overweight or obesity and sometimes
develop lymphedema (swelling and fluid retention) as a
result of treatment, they possess unique body geometry and
fluid shifts that may violate the assumptions of available
equations derived from healthy, normal-weight populations.
Therefore, the use of BIA to assess body composition in
breast cancer patients may produce inaccurate estimations.

The objective of this study was to compare the ability of
previously published SF-BIA equations that predict FFM
with measurements of FFM made using a reference method
(dual-energy x-ray absorptiometry [DXA]) in a group of
breast cancer patients currently undergoing treatment. We
hypothesized that most BIA equations would overestimate
FFM and be unsuitable for use in these patients.

Methods
Subjects

Forty-eight female breast cancer patients took part in the
present study. These patients were part of a larger trial that
evaluated the effect of an exercise training program on body
composition and metabolic outcomes (M. Mourtzakis, un-
published data). Any female currently undergoing treatment
for breast cancer was eligible to participate, regardless of
disease stage, treatment stage, or treatment type. This study
received clearance from the university’s ethics board (ORE
#: 18987). All participants were informed of the nature and
possible risks associated with the study before their written
informed consent was obtained.

Study Protocol

During a single study visit, participants reported to the lab-
oratory after 8-12 hours of overnight fasting and received
a whole-body DXA scan followed by 2 wrist-ankle SF-BIA
measurements.

Dual-Energy X-Ray Absorptiometry

Whole-body FFM, FM, fat- and bone-free mass (FBFM;
ie, lean soft tissue), and bone mineral content were mea-
sured using DXA (Hologic Discovery QDR 4500, Christie
Group, Mississauga, ON, Canada). Prior to the DXA scan,
participants changed into a cloth hospital gown, and weight
and height were obtained using a balance-beam scale and
stadiometer, respectively. Participants were then positioned
supine on the scanning table with their shoulders depressed
and forearms positioned parallel to the bed. Participants’
legs were extended with their toes internally rotated and
held in position with masking tape to prevent movement
during the scan. A second scan was required for participants
(n = 2) who did not fit within the lateral limits of the
scanning table. These scans were analyzed by summing the
left and right segments of the body bisected along the
midline of the spine, as previously described.'* All scans
were performed and analyzed by 1 of 2 certified medical
radiation technologists (MRTs). Prior to all scans, the
MRTs performed quality control and phantom calibration
procedures using whole-body and spine phantoms.

Bioelectrical Impedance Analysis

Raw R and X measurements at 50 kHz were obtained
using the BIA Quantum IV (RJL Systems, Clinton TWP,
MI, USA). After voiding their bladder and removing all
jewelry, participants lay supine while the electrode sites were
cleaned with rubbing alcohol or iodine (if a patient was
sensitive to alcohol). Four electrodes were then placed on
the right side of the body in the following locations: (1)
hand (dorsal side of the third metacarpal-phalangeal joint),
(2) wrist (on the dorsal side between the styloid processes
of the radius and ulna), (3) foot (dorsal side of the second
and third metatarsal-phalangeal joints), and (4) ankle (on
the anterior side between the lateral and medial malleoli).
Arms were abducted 30° from the trunk, and the feet
were not touching. Participants lay supine for a minimum
of 5 minutes to allow for fluid shifts prior to obtaining
measurements. Measurements were performed twice, and
the average R and X values were used to calculate FFMpja.

Waist Circumference

A tape measure was used to measure waist circumference
at the top of the iliac crests following a normal expiration,
while participants stood with their arms crossed over the
chest and feet shoulder-width apart.
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Selection of Prediction Equations

We searched PubMed and Google Scholar for equations to
predict whole-body FFM or TBW from SF-BIA measure-
ments (50 kHz) that were developed and validated against
a reference method (isotope dilution, hydrodensitometry,
multiple-component models, or DXA). To minimize error,
we only included equations that used wrist-ankle SF-BIA
devices. In an effort to match our patient sample as closely
as possible, we also excluded equations that were developed
and/or validated in children and adolescents, male-only
populations, exclusively non-Caucasian populations, clini-
cal populations, and populations from developing countries.

Estimation of FFM by BIA

To generate estimates of FFMgja, we applied the raw
R and X values from BIA measurements made in our
sample of breast cancer patients to the selected prediction
equations. For equations that required impedance (Z), Z
was calculated as follows:

NS

Statistical Analysis

Several statistical tests may be used to evaluate the
agreement between 2 methods; however, there are
limitations inherent to each approach. Based on recent
recommendations aimed at addressing this criticism,'?
we compared estimates of FFMpgia to FFMpxa using
multiple statistical techniques. First, we used 2-tailed paired
Student z-tests to assess whether estimates of FFMpjs were
significantly different than FFMpxs measurements. We
tested for equivalence between the 2 methods using the 90%
confidence interval (CT) method."> Coefficients of variation
(CVs) for FFM measurements made in women with
overweight and obesity using DXA range from 0.94% to
1.34%.16-18 Therefore, we used the median reported CV of
1.30% to establish an equivalence range of —0.504 to 0.504
kg. This range was used when conducting the equivalence
tests. Next, we used Lin’s concordance correlations (r) to
evaluate the strength of the relationship between FFMgpia
and FFMpxa. Lastly, we constructed Bland-Altman plots
to test for systematic error associated with BIA. A mean
difference between the 2 methods (ie, fixed bias) of <0 or >0
would suggest that BIA consistently underestimates or over-
estimates FFM, respectively.'” We also tested for evidence
of proportional bias by performing Pearson product-
moment correlations between the mean of the 2 methods
([FFMpia + FFMpxal/2) and the difference between the
2 methods (FFMpia — FFMpxa). A significant correlation
between these variables indicates proportional bias.

In an exploratory secondary analysis, we divided our
cohort of 48 patients into the following body mass index

(BMI) categories: normal (18.5-24.9 kg/m?, n = 18), over-
weight (25-29.9 kg/m?, n = 16), obese (30-35 kg/m?,
n = 11), and severely obese (>35.0 kg/m?, n = 3). Us-
ing a l-way analysis of variance, we examined whether
FFMpxa, FFMgia, and the difference between the 2 meth-
ods (FFMga — FFMpxa) were different among these 4
subgroups.

Statistical analysis was conducted using IBM SPSS
Statistics version 25.0 for Mac (Armonk, NY, USA) and
GraphPad Prism 8.0 (La Jolla, CA, USA). Significance was
accepted as P < .05. Data are presented as mean + SD.

Ranking of Equations

To objectively select equations that produced accurate
estimates of FFMgp4 in this patient population, we assigned
a point when each of the following 6 criteria were met:
(1) P > .05 during the paired z-test, (2) strong correlation
(re > 0.80), (3) equivalence (ie, 90% CI for the mean
difference contained within the equivalence region of
—0.504 to 0.504 kg), (4) fixed bias within the CV between
repeat DXA measurements (0.0 £ 0.504 kg), (5) limits of
agreement (ie, 1.96*SD of the mean difference between the
methods) within £10% of the group mean FFMpxa (42
kg), and (6) no proportional bias during Bland-Altman
analysis. There is no consensus on the acceptable range
for the limits of agreement,'” but previous studies have
considered +5% to 10% as wide.2’ As such, we have used
+10% as our acceptable range for limits of agreement. We
then tallied the points to determine which equations were
most, and least, likely to provide valid estimates of FFM
using BIA in this group of breast cancer patients.

Results

Patients

On average, patients were 52 + 10 years old (range: 30—
75 years) and had 40.1% =+ 6.6% body fat (range: 23.8%—
49.3%; Table 1) as measured by DXA. Most patients had
overweight or obesity, based on BMI (n = 30, or 63%), and
central obesity according to waist circumference (n = 29,
or 62%), which is in line with data on larger breast cancer
populations.!?

Most patients (n = 44, or 92%) presented with unilateral
breast cancer, and the side affected was split approximately
evenly between right and left. Surgery (mastectomy, lumpec-
tomy, or wedge resection; 88% of patients, Table 2) and
radiation therapy (83% of patients) were the most com-
mon forms of treatment. Axillary or sentinel lymph node
dissection was performed in 22 (46%) patients. Seventy-one
percent of patients received chemotherapy, and the major-
ity (63%) of chemotherapy was taxane-based. Hormonal
therapy and targeted (ie, monoclonal antibody) treatment
was provided to 63% and 21% of patients, respectively.
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Table 1. Physical and Clinical Characteristics of Patients (n =
48).

Table 2. Type of Cancer Treatment Administered to Patients
(n = 48).

Characteristics Mean + SD (Range) Treatment Type n (%)
Age,y 52 + 10 (30-75) Surgery 42 (88)
Weight, kg 72.7 + 14.1 (49.1-102.0) Lumpectomy 21 (44)
Height, m 1.63 £ 0.07 (1.51-1.80) Mastectomy 15(31)
BMI, kg/m? 27.5+5.5(18.9-41.8) Wedge resection 5(10)
Underweight, <18.5 kg/m? (n, %) 0, 0% Unspecified 1(2)
Normal, 18.5-24.9 kg/m? (n, %) 18, 38% Lymph node dissection 22 (46)
Overweight, 25-29.9 kg/m? (n, %) 16, 33% Radiation 40 (83)
Obese, 30-35 kg/m? (n, %) 11,23% Chemotherapy 34 (71)
Severely obese, >35 kg/m? (n, %) 3, 6% ACT 21 (44)
Waist circumference, cm?® 94.1 +13.5 (71-122) CT 4(8)
>88 c¢cm (n, %) 29, 62% AC 1Q2)
FMpxa (%) 40.1 + 6.6 (23.8-49.3) Taxol only 3 (6)
FMbpxa, kg 29.1 £9.3 (11.6-47.5) Docetaxel and carboplatin 2(4)
FFMpxa, kg 42.0 +5.9 (32.1-55.6) FEC-D 1(2)
FBFMpxa, kg 39.8 +£5.7(30.7-52.7) Unspecified 2(4)
BMCpxa, kg 2.2+ 0.4(1.4-3.0) Hormonal therapy 30 (63)
Side affected (n, %) Tamoxifen 12 (25)
Right 19, 40% Anastrozole 6(13)
Left 25, 52% Letrozole 5(10)
Bilateral 2,4% Exemestane 1(2)
Evidence of lymphedema (n, %) Unspecified 8 (17)
Yes 2,4% Targeted therapy 10 (21)
No 46, 96% Trastuzumab 10 (21)
Ethnicity (n, %) Pertuzumab 2 (4)
Caucasian 47, 98%
Asian 1,2% AC, doxorubicin and cyclophosphamide; ACT, doxorubicin

BMI, body mass index; BMC, bone mineral content; DXA, dual-
energy x-ray absorptiometry; FBFM, fat- and bone-free mass; FFM,
fat-free mass; FM, fat mass.

an =47.

Evidence of lymphedema was reported in 2 patients. Please
refer to Supplementary Table S1 for additional medications
prescribed to patients.

Prediction Equations

We identified 18 prediction equations from 13 source ar-
ticles, which are presented in Table 3. The majority of
equations (14/18 equations) were developed using SF-BIA
instruments from RJL Systems. Of the remaining equations,
2 were developed using the Quadscan 4000 (Bodystat; Isle
of Man, UK), 1 used the Bodystat 1500 (Bodystat; Isle of
Man, UK), and 1 used the Human-IM Plus (Dietosystem;
Milan, Italy). Hydrodensitometry was the most commonly
employed reference technique (7/18 equations); other ref-
erence techniques included DXA (5 equations), multiple-
component models (4 equations), and deuterium dilution
(2 equations).

The populations in which the equations were developed
and validated were either American (6 sources; see Table 4)
or European (7 sources) and entirely Caucasian, except for
1 study whose subject pool was 20% African American.?!
The majority of studies evaluated healthy adult popula-

(Adriamycin) and cyclophosphamide (Cytoxan), followed by
paclitaxel (Taxol) or docetaxel (Taxotere); CT, cyclophosphamide and
docetaxel; FEC-D, 5-fluorouracil, epirubicin, and cyclophosphamide,
followed by docetaxel.

tions (11/13 sources) comprising both sexes (9/13 sources);
2 sources only included obese adults, and 4 sources only
included females.

Estimation of FFM by BIA

On average, the selected equations predicted FFMpga to
be 46.1 £+ 3.4 kg in our sample of breast cancer patients.
Relative to FFMpxa (42.0 £+ 5.9 kg), the equations over-
estimated FFMpis by 4.1 £ 3.4 kg (Table 5). Individual
equation-generated predictions of FFMpja ranged from
39.6 +6.7t052.2 + 5.6 kg, with 16 equations overestimating
and 2 equations underestimating FFMpgja compared with
FFMpxa. The technical error measurement associated with
our BIA instrument is 2.14 Q (0.42%) for R and 1.94 Q
(3.52%) for X.

Paired t-Tests and Equivalence Tests

Except for equations 6 and 10, all equations produced
estimates of FFMpga that were significantly different from
FFMpxa (Table 5). Using the 90% CI method, no equations
produced estimates of FFM were equivalent to DXA mea-
surements (Figure 1).



Bell et al 5

Table 3. BIA Prediction Equations Evaluated in This Study.

Source (First

Author, Date) Equation Instrument Reference Technique
1 Bedogni FFM = (—7xPWS) + (0.57x(ht*/Z)) + 22.07 Human-IM Plus DXA (Lunar Prodigy)
2015 (mo=0;yes=1)
2 Ramel 2011 FFM = 7.610 — (0.0855xage) + (0.273xwt) + Bodystat 1500 DXA (Hologic QDR
(0.148xht) — (0.00746xR) 2000 plus)
3 Verdich a) FFM = (0.314x (ht*/Zsp)) + (0.174xwt) + Quadscan 4000 DXA (Lunar DPX-1Q
20112 (0.143xage) + 12.1 and Hologic QDR
b) FFM = (0.813x(ht?/Zs)) + 8.91 2000)
4 Sun 2003 FFM = — 9.53 + (0.69x (ht*/R)) + (0.17xwt) + (0.02xR)  RIJL BIA-101 Multicomponent model?
5 Dey 2003 FFM = 11.78 + (0.499 x (ht?/R)) + (0.134xwt) + RJL BIA-101 4 compartment model®
(3.449 x sex)
(female = 0, male = 1)
6 Roubenoff FFM = 5.7410 + (0.4551 x (ht*/R)) + (0.1405x wt) + RJL BIA-101 DXA (Lunar DPX-L)
1997 (0.0573xX) + (6.2467 x sex)
(female = 0; male = 1)
7 Deurenberg  FFM = (0.340x 10*x (ht*/R)) + (15.34xht) + RJL BIA-101 Hydrodensitometry
1991 (0.273xwt) — (0.127xage) + (4.56xsex) — 12.44
(female = 0; male = 1)
8 Deurenberg  FFM = 3.9 + (0.671x 10*x (ht*/R)) + (3.1 xsex) RIJL BIA-101 Hydrodensitometry
1990 (female = 0; male = 1)
9 Heitmann a) TBW = (0.172xwt) + (0.24x (ht*/R)) + (0.165xht) — RJL BIA-103 4-compartment model®
1990 17.58

b) FFM = (0.181 xwt) + (0.279x (ht>/R)) — (0.077 x age)
+(0.231 xht) — 14.94
10 Lukaski TBW = (0.377x(ht*/R)) + (0.14xwt) — (0.08xage) + 4.65 RJL BIA-101 Deuterium dilution
1988 + (2.9xsex)
(female = 0; male = 1)
11 Segal 1988®  a) FFM = (0.00108xht?) — (0.0209xR) + (0.23199xwt) — RIJL (modelnot  Hydrodensitometry
(0.06777xage) + 14.59453 specified)
b) FFM = (0.00091186xht?) — (0.01466xR) +
(0.29990 x wt) — (0.07012x age) + 9.37938

12 Van Loan a) TBW = (0.000724 x ht?) + (0.2822 xwt) — RJL BIA-101 Deuterium dilution
1987 (0.0153xR) — (2.3313xsex) — (0.1319xage) + 9.9868 (TBW) and
b) FFM = 17.7868 + (0.00085xht?) + (0.3736xwt) — hydrodensitometry
(0.02375xR) — (0.1531 xage) — (4.2921 xsex) (FFM)
(female = 1; male = 0)
13 Lukaski a) FFM = (0.756 x (ht*/R)) + (0.110xwt) + RJL BIA-101 Hydrodensitometry
1986¢ (0.107xX) — 5.463

b) FFM = (0.821 x (ht*/R)) + 4.917

BIA, bioelectrical impedance analysis; DXA, dual-energy x-ray absorptiometry; FFM, fat-free mass in kg; ht, height in cm; PWS, Prader-Willi
Syndrome; R, resistance; TBW, total body water in kg; we, waist circumference in cm; wt, weight in kg; X, reactance; Z, impedance.
4Equations (a) and (b) were developed from subjects scanned on a Lunar (n = 47) and Hologic (n = 84) DXA, respectively.

PEquation (a) was developed using all subjects; equation (b) was derived from subjects with >30% body fat (n = 175), as measured using
hydrodensitometry.

¢Equation (a) was developed using all subjects; equation (b) was developed using only female subjects (n = 67).

dBased on the measurement of body density by hydrodensitometry, TBW by deuterium dilution, and bone mineral content by DXA (Sun et al?!
used both Lunar [model not specified] and Hologic QDR 2000 scanners), as described by Withers et al.%

¢Based on the measurement of body weight, TBW by tritium dilution, and body cell mass by 42K dilution, as described by Bruce et al.*® Note:
FFM can be estimated from TBW by assuming hydration constant of (ie, dividing by) 0.732.

"The Quadscan 4000 is a MF-BIA device, but equations 3a and 3b are specific to the 50-kHz frequency.

Lin’s Concordance Correlations using equation 7 (Figure 2 and Supplementary Figure S2).
. ) . Estimates from the remaining equations produced weak to

Based on concordance correlation coefficient ratings by moderate (0.20 < r. < 0.80; equations 2, 3a, 4, 5, 6, 8, 9a
22 .- . . - c = . 9 9 bl b b b b bl
Altman,** we observed an excellent (. > 0.80) positive cor- 9b, 10, 11a, 11b, 12a, 12b, 13a, and 13b) or poor (r < 0.20;

relation between FFMpx, and estimates of FFMpis made equations 1 and 3b) positive correlations with FFMpya.
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Table 4. Descriptions of Populations in Which the Predictive Equations Were Developed and Validated.

Sex and Sample

Population Age,y Size BMI and Percent Body Fat!
1 Obese Italian adult F (with PWS: 30 (95% CI, 27-33) PWS:n =27 PWS: 41.5 kg/m? (95% CI, 38.5-44.6);
and without PWS) Without PWS: 31 (95% CI, Without PWS: 55.6% (95% CI, 54.1-57.1)
28-33) n =56 Without PWS: 41.8 kg/m? (95% CI,
40.9-42.8); 51% (95% CI, 50-52.1)
2 Older Icelandic adults M:75+6 M:n =41 M: 30.1 £+ 4.9 kg/m?, 33.3% + 5.5%
(654 years) F:72+5 F:n=57 F:27.9 &+ 5.3 kg/m?, 40.6% =+ 6.3%
3 Obese European F Lunar: 37 (95% CI, 35-39) n =47 Lunar: 33.8 kg/m? (95% CI, 32.9-34.8)
Hologic: 34 (95% CI, 33-36) (Lunar) Hologic: 35.7 kg/m? (95% CI, 34.9-36.6)
(range for all: 20-50) n=_84 Range for all: 28.1-45 kg/m?
(Hologic)
4 Healthy F American Caucasians: 42.4 + 19.5 Caucasians: Caucasians: 24.5 & 5.3 kg/m?
children and adults African Americans: 51.7 n="785 African Americans: 28.1 & 5.7 kg/m?
18.4 (range for all: 12-94) African
Americans:
n=159
5 Healthy Swedish older 75 M:n =51 M: 25.6 + 2.9 kg/m®
adults from the NORA75 F:n=>55 F:25.3 + 3.8 kg/m?
birth cohort study (range for all: 19.2-33.6 kg/m?)
6 Older adults from M:78 £ 4 M:n =161 M: 28 £ 3.7 kg/m?, 30.7% £ 7%
Framingham Heart Study F:78 &5 F:n=29% F:27.1 + 4.7 kg/m?, 40.6% =+ 7.6%
7 Healthy Dutch subjects®® 28 + 17 (M/F breakdown not n =661 22.2 + 4.2 kg/m2 (range: 13.9-40.9)
provided) 24.6% £ 9.1%
8 Healthy Dutch older adults M:70 + 5 M:n =35 M: 25 4+ 2.2 kg/m?, 31% =4 4.5%
F:68+5 F:n=37 F:25.9 £ 3.2 kg/m?, 43.9% + 4.3%
(range for all: 60-83)
9 Healthy Danish adults® M: 53 £ 12 (35-65) M:n=72 M: 29.1 kg/m?, 27.7% + 7% (6.7-41.8)
F: 52 £ 10 (35-65) F:n=067 F: 28.9 kg/m?, 37.8% + 8.2% (19.1-51.3)
10 Healthy American adults M:35+6 M:n =51 M: 26.2 kg/m?, 25%
F:45+3 F:n=159 F: 25 kg/m?, 37%
(range for all: 20-73)
11 Healthy American F F:27+8 F:n =510 23.6 kg/m®, 27.8% 4 8%
12 Healthy American adults M:33 £ 10 M:n =123 M: 23.9 kg/m?
F:35 £ 9 (range for all: 18-64) F:n =65 F: 21.9 kg/m?
13 Healthy American adults M: 27 + 8 (range: 18-50) M:n =47 M: 25.8 kg/m?, 16.2% £ 7%
F: 27 &+ 6 (range: 19-43) F:n=67 F:22.3 kg/m?, 25.1% + 6.6%

CI, confidence interval; BMI, body mass index; F, female; M, male; PWS, Prader-Willi Syndrome.

4Measured using reference technique.

YEquation was developed using only subjects aged 16-83 years; however, age, BMI, and percent body fat data in table include subjects aged 7-15

years.

Bland-Altman Analysis

Proportional bias was not evident in equations 1, 4, 5, 6, 7,
8,9a,9b, 10, and 11b (Supplementary Figure S3). Fixed bias
(ie, the mean difference between the 2 methods) was within
0.0 + 0.504 kg only for equation 10 (Figure 3). No equations
had limits of agreement within £10%.

Ranking of Equations

Equation 10 met 3 of the 6 criteria, and equations 6 and
7 met 2 of the 6 criteria. Equations 1, 4, 5, 8, 9a, 9b, and
11b met 1 criterion, and the remaining equations met none
(Table 6).

Comparison of FFM Across BMI Categories

FFMpxa and FFMp|4 increased along with BMI category,
such that both were greater in patients with overweight
vs normal weight and greater in those with obesity vs
overweight (Table 7). However, FFMpxa and FFMgis
were statistically similar between patients with obesity and
severe obesity. The mean difference between the 2 methods
(FFMgia — FFMpxa) was significantly smaller in patients
with severe obesity (—0.2 4+ 3.1 kg) compared with all
other BMI categories. The mean differences between the
2 methods (FFMgja — FFMpxa) were not statistically
different between patients with normal weight, overweight,
and obesity.
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Table 5. Comparison Summary of Equation-Generated Estimates of FFMgpja.

Significance Concordance Limits of Agreement
Mean =+ SD, of Difference Correlation Fixed Bias,
Equation kg (P-Value)* (re) kg kg +%
Reference method 42 £ 59 - - - - -
(DXA)

1 522 + 5.6 <.0001 0.11 10.2 —0.6to 21 26
2 432 + 4.4 .002 0.56 1.3 —-39t0 6.4 12
3a 48.8 + 4.7 <.0001 0.23 6.9 —0.1t0 13.9 17
3b 519 £ 8 <.0001 0.13 9.9 —3.6t0234 32
4 479 £ 6.9 <.0001 0.30 6.0 —3to14.9 21
5 48.1 £ 6 <.0001 0.27 6.1 —2.41t014.6 20
6 43.0 £ 5.3 .071 0.50 1.1 —6.91t009.1 19
7 43.8 £ 6.6 .001 0.82 1.8 —4.8t08.5 16
8 39.6 £ 6.7 .009 0.36 -24 —142t09.5 28
9a 472 £ 6.1 <.0001 0.37 5.2 —1to11.5 15
9b 46.6 £ 5.2 <.0001 0.36 4.7 —1.8to11.1 15
10 419 + 6.9 937 0.56 —0.1 —-9t08.9 21
11a 458 £ 5.2 <.0001 0.43 39 —1.5t09.2 13
11b 44.6 £ 5.4 <.0001 0.54 2.4 —22t07 11
12a 447 £ 7.2 <.0001 0.58 2.7 —-3.5t0 8.9 15
12b 43.0 £ 7 .028 0.66 1 —5to7 14
13a 48.6 + 8.2 <.0001 0.21 6.6 —7.1t020.3 33
13b 48.6 £ 8 <.0001 0.26 6.7 —5to 18.3 28

BIA, bioelectrical impedance analysis; DXA, dual-energy X-ray absorptiometry; FFM, fat-free mass.
2Estimates of FFMpja made using each equation were compared with FFMpxa measurements using 2-tailed paired 7-tests.

In the normal weight, overweight, and obese subgroups
of patients, 16 and 17 equations overestimated FFMgpa,
and 1-2 equations underestimated FFMgpgs, relative to
DXA. In the group of patients with severe obesity, 10
equations overestimated FFMgpa, and 8 equations under-
estimated FFMg;s. Notably, the equations that performed
the best (3 points) and worst (0 points) were not consistent
across BMI categories.

Discussion

Despite the widespread use of BIA in clinical populations,
we are the first to comprehensively evaluate the accuracy
of several BIA prediction equations against a reference
method (DXA) in breast cancer patients currently under-
going treatment. In the present study, we found that most
equations overestimated FFM by an average of ~4.1 kg in
this group of breast cancer patients. Our results suggest that
researchers and clinicians who are forced to rely exclusively
on BIA to assess body composition in breast cancer patients
should use equations 6,2 7,2* or 10%; however, even these
top-ranked equations did not produce estimations that
aligned very closely with DXA. All other equations are not
recommended for this population, but especially 2,%° 3a,’
3b,27 11a,%% 12a,%° 12b,%° 13a,%° and 13b,*° because they met
none of our accuracy criteria.

The majority of BIA prediction equations produced
overestimates of FFM ranging from 1 to 10.2 kg, relative to

DXA. The tendency to overestimate FFM directly results
in an underestimation of FM, suggesting that BIA assess-
ments of adiposity measured in clinic may be inaccurate in
this patient population. This is concerning, because studies
employing BIA regularly report whole-body FM as high
as 40% in breast cancer patients during treatment’'-3? and
in survivorship.>>3* Given the underestimation of adipos-
ity predicted by our study, these patients may therefore
be at greater risk of developing secondary comorbidities
related to excess adiposity, such as cardiovascular disease
and diabetes, than previously thought. Further, consistent
underestimation of FM in clinic and research may indicate
a need for reevaluation of the effectiveness of existing
weight-management recommendations and breast cancer
rehabilitation programs.

We identified 3 BIA prediction equations that agreed
most closely with DXA measurements of FFM, yet even
these comparatively high-performing equations did not
fulfill all of the predetermined accuracy criteria, making it
difficult to advocate for their use in this clinical population.
In particular, the limits of agreement during Bland-Altman
analysis for these 3 equations were fairly wide and ranged
from £15% to 19%. Schubert et al’® have shown that the
limits of agreement for repeat DXA scans and for DXA
vs MF-BIA are =£6% and 7%, respectively, in young
healthy adults. Although there is no consensus on clinically
acceptable limits of agreement, values > +5%-10% have
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Equation

11a- —a

11b+ —u

12a —a

12b— —u

13a+ —a
13b+ —a

Observed difference between
FFMg, and FFMp,, (k)

Figure 1. Equivalence testing of the prediction equations.
Equations were considered equivalent to the reference method
(ie, DXA) if the 90% CI (indicated by the black symbols and
lines) of the mean difference between FFMpg 4 and FFMpxa
was completely contained within the equivalence region of
—0.504 to 0.504 kg (indicated by the gray-shaded area). BIA,
bioelectrical impedance analysis; CI, confidence interval;
DXA, dual-energy x-ray absorptiometry.

previously been cited as “wide.”'>? Considering that the
limits of agreement for the 3 equations that performed
best in the present study fall outside this range, it is
difficult to advocate for their use in clinic. All 3 equations

were derived using the RJL BIA-101 but were validated
against different reference techniques (DXA?? [equation 6],
hydrodensitometry** [equation 7], and deuterium dilution®
[equation 10]). The populations used to develop the equa-
tions varied: Roubenoff et al** (equation 6) recruited older
adults with overweight, whereas Deurenberg et al** (equa-
tion 7) and Lukaski et al* (equation 10) both included
healthy adults. The equations that performed the worst in
our group of patients were not united by common char-
acteristics. It is perhaps unsurprising that we were unable
to identify a single equation that accurately predicted FFM
in this cohort, because breast cancer patients often violate
2 common assumptions of whole-body tetrapolar SF-BIA
measurements. First, SF-BIA considers the limbs and the
trunk to be concentric cylinders of subcutaneous adipose
tissue, muscle, and bone that function as a circuit of parallel
resistors to an electric current.’® However, this assumption
is potentially problematic in individuals with obesity, and
previous work has shown that excess adiposity (particularly
abdominal adiposity) results in overestimations of FFM
relative to reference methods such as hydrostatic weighing®’
and magnetic resonance imaging.*® Furthermore, BIA pre-
diction equations that were derived and validated in normal-
weight individuals tend to overestimate FFM in healthy
individuals with obesity.3® Given that our patients had,
on average, overweight and central obesity, they likely had
increased FM over the trunk and limbs, resulting in over-
estimates of FFM with the previously published prediction
equations. Secondly, BIA assumes normal hydration of lean
tissues, as well as an even distribution of fluid between
the extracellular and intracellular compartments. Although
breast cancer patients sometimes develop lymphedema fol-
lowing surgery (specifically, the removal of axillary lymph
nodes), only 2 of the patients in this study exhibited overt
signs of lymphedema. Given that lymphedema typically

A Equation 6 B

70 70

FFMg), (kg)
g
FFMg,, (kg)

Equation 7

C

Equation 10

FFMg)4 (kg)

30 40 50 60
FFMpyxa (kg)

FFMpxa (kg)

60 60

Figure 2. Correlation analysis for the top-ranked equations: (A) equation 6; (B) equation 7; and (C) equation 10. We conducted
Lin’s concordance correlations (r.) between FFMpx4 and estimates of FFMp4 generated using these equations. On each panel,
the solid black line and dashed curved lines represent the line of best fit and 95% confidence intervals, respectively. The solid gray
line is the 45° line of identity (y = x), which represents perfect agreement between 2 variables. BIA, bioelectrical impedance
analysis; DXA, dual-energy x-ray absorptiometry; FFM, fat-free mass.
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Table 6. Summary of Statistical Analysis.
Paired #-Test Correlation  Equivalence Test Bland-Altman Analysis
90% CI Contained
Within —0.504 to  Small Fixed Bias ~ Narrow LOA  No Proportional  Points
Equation P> .05 r. > 0.80 0.504 kg (0 £ 0.504 kg) (Within £10%) Bias Total
1 v 1
2 n/a 0
3a n/a 0
3b n/a 0
4 v 1
5 v 1
6 v v 2
7 4 v 2
8 v 1
9a v 1
9b v 1
10 v v v 3
11a n/a 0
11b v 1
12a n/a 0
12b n/a 0
13a n/a 0
13b n/a 0
Equations were assigned a point for each of the 6 criteria they met.
CI, confidence interval; LOA, limits of agreement.
Table 7. Comparison of FFMg; Prediction Across BMI Categories.
Normal Overweight Obese (30-35 Severely Obese
Measurement All Patients (18.5-24.9 kg/m?)  (25-29.9 kg/m?) kg/m?) (>35 kg/m?)
FFMpxa, kg* 42+59 38 +£3.6* 41.8 £5.1° 46.3 £5.5¢ 50.6 £2.8¢
(32.1-55.6) (33.3-45.5) (32.1-51.5) (39.4-55.6) (47.4-52.5)
FFMpia, kg* 46.1 +£34 432+ 4 45.8 4+ 3.4° 50 £ 3.1° 50.4 + 3.1°
(39.6-52.2) (37.9-51.2) (39.1-51.8) (41.7-54.4) (41.4-54.1)
FFMga—FFMpxa, kg* 41+34 52+4 44342 3.7£3.1° —02+£3.1°
(—2.41t010.2) (—=0.1t0 13.2) (—2.7to 10) (—4.6t08) (-9.2t03.4)
Prediction equations
# Overestimating FFM 16 17 16 16 10
# Underestimating FFM 2 1 2 2 8
With 0 points 2,3a, 3b, 11a, 12a, 1, 2, 3b, 4, 13a, 13b 3b, 13a, 13b 2 -
12b, 13a, 13b
With 3 points 10 12b 10 6,9b, 10, 11a, 11b, 3a,9a, 9b, 11a,
12a, 12b 13b

Data are mean + SD (range), unless otherwise indicated.BIA, bioelectrical impedance analysis; BMI, body mass index; DXA, dual-energy x-ray
absorptiometry; FFM, fat-free mass. Values that do not share a letter (a,b,c, or d) are statistically different (P < 0.001).

3P < .001).

occurs in ~15% of breast cancer patients,* there were likely
a number of patients in the current study with subclinical
lymphedema. However, hydration status and fluid distri-
bution may become altered even in patients without lym-
phedema. Recent work has shown that systemic therapies,
such as certain types of chemotherapy and hormonal treat-
ment, may independently lead to mild swelling of the trunk
and upper extremities as the result of water retention,*4?

likely altering mass distribution. In order to confidently and
accurately assess FFM (and FM) in breast cancer patients
and survivors using BIA, new equations developed in these
distinct patient populations are required.

A key comparison can be made between the present
study and that of Lee et al,>* who also evaluated BIA
estimates of FFM against DXA-derived measurements in
a group of similarly aged (53 + 10 [range: 29-76] years)
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Figure 3. Bland-Altman plots for the top-ranked equations: (A) equation 6; (B) equation 7; and (C) equation 10. Note the
difference in scale of the y-axis on each panel. For each equation, we plotted the mean of the 2 methods ([FFMgia + FFMpxa]/2)
against the difference between the 2 methods (FFMga — FFMpxa). To test for proportional bias, we conducted 2-tailed Pearson
correlations between the mean of and difference between the 2 methods. Correlation coefficients (r) and P-values for this
relationship are presented on each graph. The solid black line is the line of best fit. The solid gray line indicates fixed bias (ie, the
mean difference), and the dashed gray lines indicate the LOA (ie, mean difference + 1.96 SD) in absolute values and as a
percentage of FFMpxa. BIA, bioelectrical impedance analysis; DXA, dual-energy x-ray absorptiometry; FFM, fat-free mass;

LOA, limits of agreement.

women who had recently completed treatment for breast
cancer. Consistent with our findings, Lee et al** observed
that BIA overestimated FFM relative to DXA across all
patients (+3.8 kg) and also that BIA performed significantly
better in patients with severe obesity (>35 kg/m?) compared
with patients with lower BMIs (<35 kg/m?). The patients
with severe obesity had more FFM (as measured by DXA)
than all other patients, which is likely because of compen-
satory hypertrophy of skeletal muscle in response to the
demands of supporting excess body mass.*> Importantly,
elevated FFM in these patients may have contributed to
the improved agreement between BIA and DXA in this
patient subgroup. Indeed, in the current study, we observed
that FFM increased in a stepwise fashion as BMI category
progressed from normal to severe obesity, possibly reducing
the degree to which BIA overestimated FFM in patients
with excess adiposity. However, because patients with severe
obesity comprised a minority of the overall patient sample
in both our study and Lee et al,’® it is possible that
the superior agreement between BIA and DXA may have
been the result of a small and skewed data set. Future
studies with larger sample sizes are needed to verify this
potential effect.

Despite these similarities, several important distinctions
must be drawn between the current study and Lee et al.>> Lee
et al*} measured percent body fat in breast cancer survivors
on an MF-BIA (InBody 520 Body Composition Analyzer;
BioSpace, Cerritos, CA, USA) using the manufacturer’s
proprietary equation and subsequently used body mass to
indirectly calculate FM and FFM. In the current study,
we examined a distinct clinical cohort (patients currently
undergoing treatment for breast cancer) using an alterna-
tive, more rigorous approach. We applied raw R and X
data generated using SF-BIA (which is more commonly
used in clinic, compared with MF-BIA) to an array of pre-
viously published prediction equations, which disclose the
characteristics of the populations in which they were derived

and validated. Further, based on recent recommendations
aimed at improving comparisons between bedside (BIA)
and reference (DXA) body composition technologies,'?
we employed multiple statistical techniques in addition to
Bland-Altman analysis. As such, although our findings
complement those of Lee et al,*3 our more comprehensive
analysis strengthens the argument against using BIA to
measure FFM in breast cancer patients.*

The findings reported herein have important implications
for researchers and clinicians, but readers should be aware
of several limitations of the present study. Previously pub-
lished BIA prediction equations are highly specific to the
population and reference modality with which they were
generated.!> Though we only included equations derived
in predominantly Caucasian adult populations from de-
veloped nations, many equations employed reference tech-
niques other than the Hologic Discovery QDR 4500 DXA,
which likely introduced scaling errors into our comparisons.
Furthermore, although DXA generally produces more-
precise FFM measurements than BIA and is considered a
reference tool, it is not error-free. In the current study, we
performed all BIA measurements on the right side of the
body, regardless of limb dominance, which side was affected
by cancer, or whether the patient displayed overt signs of
lymphedema. As such, we are unable to determine whether
any of these potential confounding factors influenced the
prediction of FFM by BIA. Our sample size was relatively
small, but the characteristics of the patients included in the
present study are similar to previously published studies
on larger cohorts of breast cancer patients (ie, mean age
and percent body fat, distribution across BMI categories,
etc).” Therefore, our sample of patients is reasonably rep-
resentative of this clinical population, which improves the
generalizability of our findings; however, larger-scale stud-
ies in the future would be clearer and more definitive. A
final potential limitation of this study is that because of
our small sample size, we elected to evaluate the accuracy
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of previously published BIA prediction equations rather
than developing and validating a breast cancer prediction
equation of our own.

In conclusion, BIA consistently overestimated FFM (re-
sulting in underestimates of FM) in breast cancer patients
currently undergoing treatment. Notably, these trends were
inconsistent across BMI categories and equations. Although
we highlight certain equations that may be preferable (eg,
equations 6,2 7.%* or 10%) compared with others, cau-
tion should be used when interpreting body composition
outcomes measured using BIA in breast cancer patients.
Considering the positive associations between excess adi-
posity and breast cancer incidence, as well as the role that
deleterious body composition changes play in the develop-
ment of comorbid conditions and breast cancer recurrence,
there is an urgent need for clinically accessible and accurate
technologies. Future studies are required to develop and
validate BIA prediction equations specific to breast cancer
patients throughout the disease trajectory.
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