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Abstract

Background Few studies have validated bioelectrical imped-
ance analysis (BIA) following bariatric surgery.

Methods We examined agreement of BIA (Tanita 310) mea-
sures of total body water (TBW) and percent body fat (%fat)
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Results TO to T12 median (IQR) change in deuterium TBW
and 3C %fat was —6.4 L (6.4 L) and —14.8 % (13.4 %),
respectively. There were no statistically significant differences
between deuterium and BIA determined TBW [median (IQR)
difference: TO —0.1 L (7.1 L), p=0.75; T12 0.2 L (5.7 L),
p=0.35; A 0.35 L(6.3 L), p=1.0]. Compared with 3C, BIA
underestimated %fat at TO and T12 [T0 —3.3 (5.6), p<0.001;
T12 —1.7 (5.2), p=0.04] but not change [0.7 (8.2), p=0.38].
Except for %fat change, Bland-Altman plots indicated no
proportional bias. However, 95 % limits of agreement were
wide (TBW 15-22 L, %fat 19-20 %).

Conclusions BIA may be appropriate for evaluating group
level response among severely obese adults. However, clini-
cally meaningful differences in the accuracy of BIA between
individuals exist.

Keywords Total body water - Fat mass - Weight loss -
Bariatric surgery

Introduction

Bariatric surgery is associated with substantial weight loss;
however, the composition of weight loss varies with some
losing a greater percentage of fat-free mass than others [1-3].
Determining the composition of weight loss is important for
clinical monitoring and research, but assumptions underlying
estimates may be invalid in severe obesity. The standard
hydration level of fat-free mass may be violated due to excess
extracellular water [4, 5]. Body geometry is associated with
greater body water in the trunk region (due to greater mass),
which contributes to higher impedance relative to total body
water (TBW), leading to underestimates of TBW and fat-free
mass and overestimates of fat mass [6]. Therefore, estimating
body composition in severe obesity and following surgery is
challenging and requires validation.

Body composition is typically estimated by dividing the
body into compartments. A two-compartment model divides
the body into fat and fat-free mass [7], whereas a three-
compartment model (3C) partitions the fat-free mass into
TBW and jointly bone mineral and protein. Four-
compartment models partition bone mineral and protein using
dual-energy X-ray absorptiometry (DXA) estimates of bone
mineral content. Because severely obese subjects do not always
fit within the DXA, a 3C model is considered a gold-standard
body composition reference method in this population [8].

Single-frequency bioelectrical impedance analysis (BIA;
50 kHz) is a method accessible in clinical settings that mea-
sures impedance (ohms) from which TBW is estimated and fat
mass (and percent body fat (%fat)) are derived. BIA TBW
estimates have been compared with deuterium (D,0) deter-
mined values [9] and with D,O determined TBW change
during weight loss [10] but not with BIA pre to postoperative
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TBW change. One study has compared BIA %fat pre to
postsurgery with a 3C model (TBW by D,0, body density by
ADP, and body mass) [11]. BIA %fat was lower than 3C %fat
for 20 women before and after surgery, but pre to postoperative
changes in BIA %fat were not different from 3C estimates [11].

Here, we examine the validity of the single-frequency
Tanita 310 BIA to assess changes in TBW and %fat from
pre to post bariatric surgery. We evaluated whether BIA va-
lidity varied by initial BMI and the magnitude of weight and
fat loss following surgery.

Methods

Between November 2006 and February 2009, participants
(n=64) enrolled in the Longitudinal Assessment of Bariatric
Surgery-2 (LABS-2) at Weill Cornell Medical College and
University of Pittsburgh Medical Center sites were enrolled in
this ancillary study [12—14]. Due to recruiting delays, 41
additional participants were enrolled through December
2009 for a total of 105 participants, 53 from Weill Cornell
and 52 from Pittsburgh.

Only Weill Cornell subjects were included in this analysis
because BIA and reference measurements were not collected
concomitantly in Pittsburgh. Three participants did not under-
go bariatric surgery and were excluded, leaving an analysis
sample of 50. All studies were approved by the Institutional
Review Board of St. Luke’s-Roosevelt Hospital, and written
informed consent was obtained.

Baseline measures were obtained on average 1.3 week
before surgery (T0; range 0—11 week) and postoperative mea-
sures were approximately 12 months later (T12; range
10.6-17.7 months) at St. Luke’s-Roosevelt Hospital. A self-
report medication log was obtained and checked against pill
bottles and medical records when available. Exclusion criteria
included pregnancy, abnormal thyroid or cortisol levels, and
self-report of medications known to influence body composi-
tion (e.g., diuretics and corticosteroids). After chart abstrac-
tion, four subjects were identified to be on hydrochlorothia-
zide, a diuretic, and at baseline.

Weight (Weight Tronix, New York, NY; and Scale-Tronix,
Wheaton, IL), height (Holtain; Crosswell, Wales-New York),
BIA (Model TBF-310, Tanita Inc., Arlington Heights, IL),
and body density (Bod Pod; (Cosmed, Chicago, IL; software
version 2.3) [15, 16] measurements were obtained [17]. TBW
was measured using a D,O (~1 g/kg) oral dose administered
after a venous blood sample was taken from an antecubital
vein. After 3 h, a second blood sample was obtained
(see online supplementary materials for details). A 3C model
was used to estimate fat mass [18]: fat (kg)=2.122x(BW/d)—
0.779x TBW—1.356x BW, where BW is the body weight in
kilograms, d is the body density derived from BodPod, and
TBW s the total body water in kilograms.
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Table 1 Characteristics of study participants (n=50)

Age,y 45(17)
Race, n (%)
White 22 (44)
African—American 12 (24)
Hispanic 15 (30)
Other 1(2)
Female, n (%) 36 (72)
Surgery, n (%)
LAPBAND 4(8)
BPD/DS 4(8)
Roux-en-Y gastric bypass 30 (60)
Gastric sleeve 12 (24)
Height, cm 168.1 (12.7)
Baseline weight, kg 128.2 (30.9)
Weight at 1 year®, kg 87.0 (27.1)
Baseline body mass index, kg/m® 44.1 (7.3)
Body mass index at 1 year”, kg/m? 30.7 (8.8)

32 participants have complete data for analysis at baseline and 1 year.
Nine participants with baseline data are missing data at 1 year, and nine
participants with 1-year data are missing data at baseline

Median (IQR) unless otherwise noted

LAPBAND laparoscopic adjustable gastric band, BPD/DS biliopancreatic
diversion with duodenal switch

7 subjects are missing data

Table2 Body composition at baseline, 1 year following bariatric surgery,
and change between baseline and 1 year (n=50)

Baseline n=41 1 year =41 A"n=32

BIA
Fat-free mass, kg 64.6 (16.6) 55.8(19.0) —-8.9(6.2)
Fat mass, kg 60.0 (17.4) 30.2(17.2) —32.2(11.9)
Percent body fat, % 49.9 (6.8) 35.6 (12.5) —14.5(10.2)
Impedance, €2 377.0 (71.0)  427.0 (99.0) 43.0(53.5)
Total body water, L 472 (12.2) 40.8 (14.0) —6.54.5)
Deuterium (D,0)
Total body water, L 458 (11.8) 40.8 (152) -6.4(64)
3-compartment (Silva)
Fat-free mass, kg 59.4 (16.4) 549 (17.5) —-6.8(5.6)
Fat mass, kg 65.3 (18.0) 33.1(184) —34.6(17.5)
Percentage body fat, % 51.4 (9.6) 35.0(14.8) -14.8(13.4)

BIA bioelectrical impedance analysis, %fat percent body fat, D,O deute-
rium, TBW total body water, 3C 3-compartment

Of 50 subjects, nine are missing baseline data and nine are missing 1-year
data so baseline to 1-year change cannot be determined in 18 subjects

Median (IQR), all such values
#Calculated as 1 year baseline

Statistical Analysis

Wilcoxon rank-sum tests compared body composition and
anthropometrics of those with data at both time points with
those with data at TO or T12 only. Spearman correlation
coefficients, Wilcoxon signed-rank tests, and Bland-Altman
plots [19] evaluated the relationship between (1) D,O and BIA
TBW, (2) 3C and BIA %fat, at T1, T12, and change.
Spearman correlation coefficients and linear regression
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Fig. 1 Association between total body water (TBW) estimates from
deuterium and Tanita 310 at baseline (n=41) (a), 1 year after surgery
(n=41) (b) and change between baseline at 1 year in participants with
complete data (n=32) (c)
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evaluated whether the difference between BIA and reference
values varied by initial BMI, weight loss (kg), or fat loss (kg
by 3C) from T1 to T12. Stata 12.0 (College Station, TX) was
used for all analyses with an «-level of 0.05.

Results

Characteristics of subjects are reported in Table 1. Some
subjects were on hydrochlorothiazide, a diuretic medication,
at TO (n=4, 10 %) and T12 (n=3, 7 %). Of the 50 subjects, 32
had complete data; the remaining had data only at TO (»=9) or
T12 (n=9). Body composition characteristics of subjects with
complete data were not different than those with data only at
TO and T12 (data not shown). Table 2 shows the body com-
position of subjects. While impedance increased from TO to
T12, all other values decreased (all p values<0.001).

Total Body Water

D,O TBW was correlated with BIA TBW at TO (+=0.79,
p<0.001) and T12 (»=0.91, p<0.001) but not TBW change
from TO to T12 (»=0.09, p=0.60; Fig. 1). There was no
difference between BIA and D,O TBW values at TO, T12,
or change (Table 3). Post hoc power calculations indicate that
with 32 subjects, this study was powered to detect very large
TBW change differences (i.c., we had 80 % power to detect a
difference >2.5 L (see online supplementary materials for
power calculations). Bland-Altman plots 95 % limits of agree-
ment with D,O TBW (indicating how far apart TBW by BIA
and D,O0 are likely to be for most individuals) were relatively
wide (Fig. 2). Difference between TBW measurements was not
correlated with initial BMI (T0 »=0.15, p=0.36; T12 r=-0.10,
p=0.54; and A r=—0.10, p=0.59), weight loss from TO to T12
(T12 =-0.09, p=0.58 and A »=0.31, p=0.08), or fat loss from
TO to T12 at T12 (»=0.03, p=0.88). However, difference

between TBW change measurements was associated with fat
loss (A r=—0.58, p<0.001). Based on a linear regression mod-
el, a 1-kg greater loss of fat was associated with a 0.21-L greater
difference between measurements of TBW change (p=0.004)
(e.g., underestimate of TBW by BIA).

Percentage Fat

3C %fat had high correlations with BIA %fat of 0.71
(»<0.001), 0.88 (p<0.001), and 0.81 (p<0.001) at TO, T12,
and change, respectively (Fig. 3). Compared with 3C, BIA
underestimated %fat at TO and T12, but there was no differ-
ence between measures of %fat change (Table 3). Bland-
Altman plots 95 % limits of agreement with 3C %fat were
relatively wide (Fig. 4). For %fat change, some bias was
present (A F (1.30)=7.8, p=0.009); based on a linear regres-
sion model, a 1 % greater change in %fat from T1 to T12 was
associated with a 0.31 % smaller difference between BIA
and 3C measurements. Difference in %fat was not correlat-
ed with initial BMI (TO »=-0.19, p=0.22; T12 r=—0.01,
p=0.93; and A r=0.11, p=0.53), weight loss from TO to
T12 (T12 r=-0.04, p=0.81 and A r=—0.35, p=0.06), or fat
loss from TO to T12 at T12 (»=-0.08, p=0.64). However,
difference between %fat change measurements was related
to fat loss (A r=-0.58, p<0.001); based on a linear regres-
sion model, a 1-kg greater loss of fat was associated with
0.20 % smaller difference in %fat change (p=0.002)
(e.g., overestimate of %fat by BIA).

Examination of Outliers

Some outliers were identified in Bland-Altman plots. Each
TBW plot had one outlier. The %fat plots had two outliers at
TO for %fat change, and one outlier for T12. At TO, one of the
%fat outliers was also a TBW outlier, which was attributable
to the overestimate of TBW in this subject, but this subject

Table 3 Pair wise median differences in percentage fat and total body water between bioelectrical impedance analysis and reference values at baseline,

1 year, and change between baseline and 1 year (n=50)

Baseline (n=41) 1 year (n=41) A (n=32)

Difference (IQR) p value® Difference (IQR) p value® Difference (IQR) p value®
Total body water®, L ~0.10 (7.09) 075 0.20 (5.70) 035 035 (6.30) 1.0
Percentage fat° -3.30 (5.64) <0.001 ~1.66 (5.15) 0.03 0.65 (8.16) 038

Of 50 subjects, nine are missing baseline data and nine are missing 1-year data so baseline to 1-year change cannot be determined in 18 subjects

Power calculations for these analyses are provided in the supplementary material

TBW total body water

? p values from Wilcoxon signed-rank test

® Compared with Silva 3C model, difference calculated as bioelectrical impedance analysis %Fat—Silva %Fat

¢ Compared with deuterium oxide, difference calculated as bioelectrical impedance analysis TBW—deuterium oxide TBW

@ Springer
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Fig. 2 Bland-Altman plot comparing measured and predicted total body
water at baseline (n=41) (a), | year after surgery (n=41) (b), and change
between baseline and 1 year in participants with complete data (n=32) (¢)

was not on a diuretic. The second %fat outlier at TO was on
hydrochlorothiazide. At T12, the %fat outlier was the sub-
ject who lost the largest amount of weight in the sample but
was not on a diuretic. The TBW outlier at T12 was not on a
diuretic. It is unclear why these subjects had divergent
results. One of the outliers for %fat change had a BMI of
42 kg/m? with 44 % fat at TO, and after surgery, this subject
began an endurance exercise regimen and at T12 was 11 %
fat. Thus, the divergent results for %fat change may be
attributable to the marked fat loss coupled with changes in
lean mass from the exercise. The second outlier for %fat
change was on hydrochlorothiazide at baseline and T12.
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Fig. 3 Association between percent body fat determined with bioelectri-
cal impedance analysis and the referent 3-compartment model at baseline
(n=41) (a), 1 year after surgery (n=41) (b), and change between baseline
and 1 year in participants with complete data (n=32) (c)

The one outlier for TBW change was on hydrochlorothia-
zide at T12.

Discussion
Measuring body composition changes in severe obesity is
challenged by the variability in fat-free mass hydration [11],

body water distribution [4, 5], and the composition of weight
loss following surgical interventions [20]. Given these
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conditions coupled with the body composition changes fol-
lowing surgery, we expected to observe divergence between
BIA and reference measures for TBW and %fat pre to post
bariatric surgery.

BIA TBW estimates were not different from D,O measures;
thus, a fixed bias was not detected. However, as noted in the
results, this study was only powered to detect a very large
difference between BIA and D,0O measures of TBW change.
BIA and D,0 determined that TBW change was not correlat-
ed. Bland-Altman plots demonstrated that there was no pro-
portional bias, but the limits of agreement spanned a wide
range (i.e., T0 21.3 L, T12 14.8 L, and A 22.5 L), indicating
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that individuals’ BIA TBW estimates could differ from their
D,0O TBW values by as much as 22.5 L.

A fixed bias was detected with BIA estimates of %fat, such
that compared with 3C, BIA underestimated %fat both prior to
and following surgery. While the underestimation was slightly
greater prior to surgery, there was no difference between 3C
and BIA estimates of pre to postoperative %fat change. Bland-
Altman plots demonstrated that while there was no propor-
tional bias at baseline or 1 year, a greater change in %fat was
associated with a smaller difference between BIA and 3C
measures, such that for every 1 % greater change in %fat,
the difference between measures was 0.3 % smaller.
Additionally, the 95 % limits of agreement with 3C were wide
(%tat TO 19.3 %, T12 19.1 %, and A 20.4 %), suggesting that
clinically meaningful differences are present between BIA and
3C %fat. Together, these findings suggest that BIA (Tanita
310) estimates of TBW and %fat are not appropriate to guide
individual clinical treatment but may be suitable for monitor-
ing group level response.

Differences between reference and BIA estimates for %ofat
and TBW did not vary by initial BMI or the magnitude of
weight loss after surgery. Greater fat loss following surgery
(by 3C) was associated with an underestimate of TBW change
and an overestimate of %fat change by BIA but was not
associated with TBW and %fat estimates postsurgery. Given
the violation of assumptions underlying BIA TBW estimates
from which %fat estimates are derived (e.g., no contribution
of water from adipose tissue, assumed constant hydration of
fat-free mass (0.73)), the association between greater fat loss
and divergence between BIA and reference estimates may be
attributable to meaningful (i.e., nonnegligible) contributions
from adipose tissue to TBW that may vary by adiposity and
amount of fat loss following surgery [11, 21].

Our baseline TBW findings are similar to a previous study
in severely obese adults (n=42; mean (SD) BMI 50.2+8.8 kg/
m?), where TBW values, estimated by Tanita 310, were highly
correlated (»=0.92) with D,O TBW [9]. The 95 % limits of
agreement were also relatively wide (10.3—6.7 L) but narrower
than our observed limits (10.2-12.3 L). Similar to our find-
ings, one outlier was identified whose divergent results could
not be fully explained [9].

Previously, %fat BIA estimates (Morel 103B, RJL
Systems, Mt. Clemens, MI) were lower than 3C values in 20
severely obese women before surgery (—5.7+0.6 %)
and14 months after surgery (=5.1=1.1 %). Since the fixed
bias was similar between time points, estimates of %fat chang-
es were not different from 3C values [11]. In contrast, in our
study, BIA underestimated %fat to a larger degree prior to
versus following surgery (i.e., TO —3.4+4.9and T12 —1.9+
4.9), leading to an overestimation of %fat change. The 95 %
limits of agreement in our study were larger preoperatively,
even though they were comparable postoperatively and for
%fat change [11]. While mean differences from 3C values in
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our study were smaller pre and postoperatively, standard
deviations were larger, indicating more variability between
subjects. This may be due to differences in the type of BIA
device (standing vs supine) or device-specific equations.

Despite the difficulty in using DXA in severely obese
adults, one study found that single-frequency BIA estimates
(BIA 101 RJL, Akern Bioresearch, Firenze, Italy) were highly
correlated (all 7>0.89, p<0.001) with DXA (Hologic QDR
4500A, Bedford, MA) derived estimates of %fat before and
6/12 months after surgery among 45 adults with a baseline
BMI of 42.1 kg/m? (range 34.5 to 48.7 kg/m?) [22]. Prior to
surgery, the range in limits of agreement (18 %) were compa-
rable with our observed limits (19 %); but 12 months after
surgery, the range in limits was narrower than our observed
limits (10.7 % vs 19 %) [22]. This difference may reflect
differences in weight loss, as our subjects had a higher mean
baseline BMI (46.1 vs 42.1 kg/m?) and lower mean BMI after
surgery (31.9 vs 33.4 kg/m?), or use of different BIA systems
and reference methods [22].

This study has limitations. First, outliers were identified in
each Bland-Altman plot, including individuals on diuretics,
but we were unable to evaluate whether the diuretic dosage
influenced TBW estimates. Second, this study was underpow-
ered to detect TBW change. This study has several strengths.
This is the first study to report on the validity of the Tanita 310
BIA for estimating TBW and %fat in severely obese adults pre
to post bariatric surgery, using a 3C model as the reference
method for %fat. These findings are likely generalizable to
other severely obese adults and postsurgical intervention, as
our population had exhibited a wide magnitude of weight
change and was racially diverse.

Conclusion

The results of this study suggest that clinically meaningful
differences exist between BIA estimates of TBW and %fat and
reference values. BIA estimates may be more appropriate for
use in measuring change over time at the group level rather
than at the individual level.
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