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ABSTRACT

Body mass index (BMI) is widely used to define obesity. In studies of pancreatic beta-cell/islet
mass, BMI is also a common standard for matching control subjects in comparative studies along
with age and sex, based on the existing dogma of their significant positive correlation reported in
the literature. We aimed to test the feasibility of BMI and BSA to assess obesity and predict beta-
cell/islet mass. We used National Health and Nutrition Examination Survey (NHANES) data that
provided dual-energy Xray absorptiometry (DXA)-measured fat mass (percent body fat; %BF), BMI,
and BSA for adult subjects (20-75y; 4,879 males and 4,953 females). We then analyzed 152 cases of
islet isolation performed at our center for correlation between islet yields and various donor
anthropometric indices. From NHANES, over 50% of male subjects and 60% of female subjects
with BMI:20.1-28.1 were obese as defined by %BF, indicating a poor correlation between BMI and
%BF. BSA was also a poor indicator of %BF, as broad overlap was observed in different BSA ranges.
Additionally, BMI and BSA ranges markedly varied between sex and race/ethnicity groups. From
islet isolation, BMI and BSA accounted for only a small proportion of variance in islet equivalent
(IEQ; r* = 0.09 and 0.11, respectively). BMI and obesity were strongly correlated in cases of high
BMI subjects. However, the critical populations were non-obese subjects with BMI ranging from
20.1-28.1, in which a substantial proportion of individuals may carry excess body fat. Correlations
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between BMI, BSA, pancreas weight and beta-cell/islet mass were low.

Introduction

In the human pancreas, there is distinct intra-
individual regional variability in beta cell/islet
mass." In general, endocrine cell mass gradually
increases from head, body and toward tail region,
roughly 1:1:2 in ratio, respectively."> However, this
ratio can vary such as 2:1:22 in some cases.”
Throughout the pancreas, beta-cell/islet mass mark-
edly fluctuates. We have shown the preferential loss
of beta-cells in the head region of patients with type
2 diabetes®, whereas in type 1 diabetes, residual
beta-cells were exclusively spared in the head
region.” The head region is developmentally and
anatomically distinct from the rest of the pancreas,
with its proximity to the duodenum, distinct blood
supply, and the localization of a pancreatic poly-
peptide cell rich area.! Furthermore, inter-
individual heterogeneity is far more complex.
Altogether, this suggests the importance of

analyzing the whole pancreas with unbiased quan-
tification. Three major sources of biased measure-
ment of beta-cell/islet mass in the human pancreas
are: [1] Sampling specific pancreatic region(s) of the
whole pancreas; [2] Restricted selection of islet-rich
areas of the entire section; and [3] Reference to the
population-based pancreas volume data, instead of
individual pancreas weight. These could lead to up
to 14-fold overestimation of beta-cell/islet mass.’
On the other hand, although whole pancreas ana-
lysis is labor-intensive, it provides accurate quanti-
fication of each cell type as well as spatial
distributions of several cell types within the same
tissue section.” Using a stereological approach to
examine the large size of the human pancreas, we
have shown the underlying heterogeneity of beta-
cell/islet mass in healthy individuals.” In contrast to
previous studies and general belief of the close
association between obesity and beta-cell mass
and/or islet numbers, we found no clinically
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relevant correlation between beta-cell/islet mass and
age, BMI or pancreas weight, with large differences
in beta-cell/islet mass and islet number among the
individuals.

Regarding BMI and pancreatic beta-cell mass,
statistically significant correlation was reported by
two well-known studies, one conducted in the US
by Saisho et al.’ and another in Europe by Rahier
et al.” Interestingly, in Asian populations, while
one study conducted in Korea showed positive
correlation®, another in Japan reported a negative
correlation.” Unfortunately, none of these studies
was based on the whole pancreas analysis, and all
four studies included two to three sources of
biased measurements of beta-cell/islet mass in the
human pancreas described above. Nonetheless, it
is noted that both Saisho et al.’ and Rahier et al.”
fairly and accurately reported their results. Saisho
et al. provided a linear correlation coefficient value
(r) of 0.5, which makes a coefficient of determina-
tion value (r*) of 0.25. The authors described the
correlation as “considerable variance in beta-cell
mass not explained by BMI”. Rahier et al. reported
a correlation between beta-cell mass and BMI
(r = 0.3, r’= 0.09), concluding that “obesity has
a modest impact on beta-cell mass when compared
with rodents.” Comparably, in clinical islet trans-
plantation, it is believed that pancreas weight cor-
relates with the body size™'’, and further that the
larger a pancreas is, the more beta-cells/islets it
contains.””® Therefore, donors with larger BMI
are favored. North America Islet Donor Score
(NAIDS), a new scoring system used for optimal
pancreas donor selection for islet transplantation,
included BSA'' in addition to the original
Edmonton scoring system.'”> BMI and BSA
strongly influence NAIDS, encompassing up to
35 out of 100 points.

In the present study, we first explored a general
trend in the relationship between BMI and obesity
based on a large NHANES cohort data set. We
aimed to determine BMI and BSA trends at the
population level and to learn the distribution of
relevant BMI and BSA ranges. The NAIDS frame-
work, which was based on over 1,000 clinical islet
isolations, provided an existing guidance in asses-
sing potential islet donors, which includes assess-
ment of BSA and BMI, in the context of a large
donor population such as the one sampled from

NHANES. We then examined the correlation of
islet yields in clinical islet isolation from our center
with BMI, BSA, and various other donor anthro-
pometric factors.

Subjects and methods
NHANES data analysis

We examined adult subjects over 20 years old
from the US NHANES 1999-2004 data set, con-
taining in vivo measurements of regional body fat
distributions using DXA scanners. The data was
retrieved using the R package “NHANES™"® and
analyzed with the R base package.'* Following
exclusion criteria based on NAIDS (age:<20y and
>75y, weight<55kg) and incomplete anthropo-
metric data, 9,832 (4,879 male and 4,953 female)
of 31,126 subjects (15,184 males and 15,942
females) from the NHANES data set were
analyzed.

Islet isolation data analysis

In parallel, we reviewed 152 cases of human
islet isolations performed in our center. Nine
individuals were excluded from pancreas weight
analysis due to missing data. Islet isolations
were performed according to the Edmonton
Protocol with subsequent improvement.15,16
The time from the cross clamp to digestive
enzyme perfusion was limited to less than
12 hours. The islet isolation time was usually
6-7 hours. Isolations were considered successful
for post-purification IEQ measuring greater
than 400,000, which cover recipients with
80 kg body weight (5,000 IEQ/kg body weight).
Qualitatively, islet isolation was considered suc-
cessful when isolated islets were digested opti-
mally, which results from administration of
proper enzyme concentration, technical timing,
and high quality of donor pancreata. Optimal
digestion can be identified by high islet yield,
high quality dithizone (DTZ) stain intensity,
rounded islet borders without fragmented islets,
and high purity."” The information about the
donors and islet isolation characteristics is sum-
marized in Table 1.



Table 1. Donor and islet isolation characteristics.
Total number/Mean

Data Summary Range + SD
Age (year) 1-71 45.0 + 13.7
Sex Male 94
Female 62
Race American 1
Indian/
Alaska Native
Asian 1
Black/ 23
African
American
Hispanic/ 17
Latino
White 114
Height (cm) 60.0- 196.0 173.1 £ 148
Weight (kg) 8.0- 179.6 929 + 24
BMI 17.6- 56.9 306 + 6.4
BSA 0.4- 3.1 21 +03
Total Post-Purification IEQ 2,842- 255,486 + 180,851
857,630
Final Trimmed Pancreas 6.7- 207.8 99.8 + 32.7

Weight (g)

Statistical analyses

Statistical analyses were performed using the
Pearson’s correlation method for evaluating con-
tinuous variables. Correlations were analyzed
using the same data set repeatedly in comparing
various anthropometric indices with pancreas
metrics/islet yields. The non-normally distributed
data from calculating partial NAIDS population
scores was tested for significance using Mood’s
median test. Differences were considered to be
significant at P< 0.05.

Results
Distribution of %BF by BMI and BSA range

In order to first define feasibility of BMI in
assessing adiposity, we examined the correla-
tion between BMI and DXA-measured %BF in
non-diabetic adults (Figurel(a).a). Coefficient
of determination (r*) was modest for both
sexes (0.57 in males and 0.59 in females). The
population was classified into BMI groups used
in NAIDS; BMI<20.1, BMI:20.1-28.1,
BMI:28.1-32.5, BMI:32.5-52.0, and BMI>52.0.
Distribution of %BF was plotted according to
these BMI ranges (Figurel(a).b). The overall
distribution of %BF in each group is shown by
a red line. According to the American
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Association  of  Clinical ~ Endocrinology/
American College of Endocrinology and the
World Health Organization, cutoffs for obesity
are 25% and 35% of %BF for males and females,
respectively.'®'” The area under the gray bar
indicates a fraction of obese individuals based
on %BF. Overall, almost all individuals with
BMI over 30 (97.9% of males and 99.8% of
females) were defined to be obese. Similarly,
a marked proportion of those with BMI under
20 were not obese as defined by %BF (93.8% of
males and 92.9% of females). The critical popu-
lation for this study appeared to be non-obese
subjects defined by BMI:20-28.1. In males, over
half had %BF greater than 25. Over 60% of
females were obese as defined by %BF above
35. Both males and females had median %BF
beyond the cutoff for obesity (28.0% and 41.5%,
respectively).

Next, we examined a correlation between BSA
and %BF (Figurel(b)). Interestingly, although
the equations used to calculate both BSA and
BMI use only height and weight as their para-
meters, coefficient of determination was modest
(0.56 for males and 0.60 for females) (Figurel
(b).a). Surprisingly, the correlation between BSA
and %BF had far more variability (r*:0.29 and
0.31) (Figurel(b).b) as compared to that between
BMI and %BF (Figurel(a).a). Distribution of %
BF was plotted according to BSA ranges in
NAIDS; BSA<1.54, BSA:1.54-1.82, BSA:1.82-2,
BSA:2-2.18, and BSA>2.18 (Figurel(b).c).
Notably, a considerable proportion of popula-
tions in different BSA ranges had similar %BF
distributions. In males with BSA:1.54-1.82, the
interquartile range (IQR, 25th-75th percentile)
for %BF overlapped appreciably with the %BF
IQR of individuals with BSA:1.82-2.0 and
BSA:2.0-2.18 (20.3-27.8, 23.2-29.8, 25.7-32.3,
respectively). This trend was observed to a lesser
degree in females in the same BSA ranges (IQR’s
35.4-42.7, 40.0-46.2, and 43.1-49.2, respec-
tively). The NAIDS was then used as a guiding
framework for a simulation using NHANES, the
aim being to examine population data in the
context of individual body metrics, and how
they might relate to obesity, and by extension
to pancreas parameters. The total NAIDS score
includes BMI (0-10), BSA (0-25), vasopressor
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Figure 1. Relationship of %BF with BMI and BSA. A. Distribution of %BF by BMI range. (a) DXA-measured percentage of body fat
(%BF) compared with BMI in non-diabetic adults; male adults (n = 4,879) and female adults (n = 4,953). (b) Distribution of %BF
plotted according to BMI ranges. The population was classified into five BMI groups used in NAIDS; BMI<20.1 (purple), BMI:20.1-28.1
(blue), BMI:28.1-32.5 (green), BMI:32.5-52.0 (yellow), and BMI>52.0 (red). The red line depicts the proportion of individuals with



type used (0-15), unfavorable factors (0-35), and
favorable factors (0-15). A partial NAIDS was
calculated for each subject from the NHANES
database according to BMI (0-10), BSA (0-25),
and weight>120kg (+2 for favorable factor)
(Figurel(c).a). Scores ranged from 0 to 37, and
mean scores differed by more than five points
between males and females (19.6 and 14.3,
respectively; p < 0.05 with Mood’s median
test). Of all NHANES subjects examined, 4.4%
of males and 2.5% of females had a maximum
score of 37. Similarly, 17.0% of male subjects
and 4.5% of female subjects had a score greater
than 30. The distribution of %BF compared to
BMI was also examined in three race/ethnicity
groups: Black or African-American (Black),
Hispanic or Latino (Hispanic) and non-
Hispanic White (White). Black and White male
individuals tended to have higher partial NAIDS
points as compared to Hispanic subjects (mean
scores 20.2, 21.2, and 16.6, respectively). Black
females had the highest NAIDS points as com-
pared to Hispanic and White females (mean
points 17.6, 12.8, and 13.9, respectively)
(Figurel(c).b). Individual extreme cases from
NHANES, in which BMI and BSA were incon-
gruent, were plotted by sex (Figurel(c).c). Two
male individuals scored in the second-highest
BSA range and the lowest BMI range as deter-
mined by NAIDS. These individuals had an
average height of 1.96 m (1.960 m and
1.956 m) and weight 73.7 kg (71.8 kg and
75.5 kg) with an average %BF of 15.6%
(17.36% and 13.84%). Three female subjects
scored in the lowest BSA range, while earning
the most possible points for BMI, with an aver-
age height of 1.36 m, average weight of 65.6 kg,
and average %BF of 45.9%. Lastly, we examined
the distribution of BMI and BSA by sex based
on ranges from NAIDS for individuals from
NHANES (Table 2). We observed marked varia-
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tion in BSA for a given BMI between males and
females, with male subjects tending to have
a larger BSA than females.

Relationship between post-purification IEQ and
various anthropometric parameters from donors

To validate an existing paradigm of the associa-
tion between islet numbers and obesity, we first
examined correlations of pancreas weight with
height, weight, BMI and BSA data from islet
isolations performed at our center (Figure 2
(a)). There were significant positive correlations
with all four parameters (P < 0.05), however, r
values were low (range:0.11-0.27). In fact, when
we examined a correlation between pancreas
weight and IEQ, only 11% of the variability in
IEQ was explained by donor pancreas weight
(Figure 2(b)). As expected, BMI and BSA simi-
larly showed low correlations with IEQ
(r* = 0.09 and 0.11, respectively). In anticipation
of possible technical failure in cases of low islet
yields, we also exclusively examined successful
cases of islet isolation (IEQ>300,000). The cor-
relations of IEQ with three parameters remained
low; with pancreas weight: r’= 021, BMI:
r’= 0.05, and BSA: r’= 0.12 (Figure 2(c)). In
addition, we examined correlations of IEQ with
height and weight, but r’> values were low
(r’= 0.03 and 0.12, respectively) (Figure 2(d)).
Age showed a negative correlation with IEQ
(r’= 0.03). Sexual dimorphism was recognized
as males and females were differentially plotted
(open circles for males and closed circles for
females). This finding aligns with the well-
known observation that males are taller and
heavier than females in general (average height
from NHANES cohort: 1.75 + 0.08 m in males
and 1.62 £ 0.07 m in females, P < 0.05; average
weight: 860 + 182 kg in males and
77.8 £ 17.8 kg in females, P < 0.05).

a given %BF for all subjects. The cutoff for obesity as determined by %BF is shown by the gray bar (25% for males and 35% for
females). (B) Distribution of %BF by BSA range. (a) Correlation between BMI and BSA. (b) DXA-measured %BF compared with BSA in
male and female adults. c. Distribution of %BF by sex plotted according to BSA ranges. The population was classified into five BSA
groups used in NAIDS; BSA<1.54 (purple), BSA:1.54-1.82 (blue), BSA:1.82-2 (green), BSA:2-2.18 (orange), and BSA>2.18 (red). (C)
Comparison of NAIDS, BMI, and BSA by sex. a. Distribution of NAIDS for male and female subjects from NHANES data set. (b)
Distribution of NAIDS across sex and race/ethnicity groups from NHANES data set. The center bar indicates the median of each
group, the box contains the 25th-75th percentile of data, and the whiskers show the range of all data. (c) Cases of extreme BMI/BSA

disparity in males and females from NHANES data set.
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Table 2. BMI and BSA distribution by sex among NHANES subjects.

Male BMI < 20.1 BMI 20.1-28.1 BMI 28.1-32.5 BMI 32.5-52.0 BMI > 52.0 Total
BSA < 1.54 0 2 0 0 0 2
BSA 1.54-1.82 103 745 64 3 0 915
BSA 1.82-2.0 32 1,161 366 36 0 1,595
BSA 2.0-2.18 2 616 595 212 0 1,425
BSA > 2.18 0 104 307 525 13 949
Total 137 2,628 1,332 776 13 4,886
Female
BSA < 1.54 0 98 13 3 0 114
BSA 1.54-1.82 55 1,889 59 186 0 2,726
BSA 1.82-2.0 1 327 502 467 0 1,297
BSA 2.0-2.18 0 22 92 459 4 577
BSA > 2.18 0 0 2 216 26 244
Total 56 2,336 1,205 1,331 30 4,958
Discussion body metrics performed in this study, there were

Obesity is defined as an excess of body fat mass.
Currently, BMI is the most widely accepted metric
for assessing obesity. However, BMI fails to distin-
guish between fat and lean mass. As a result, the
accuracy of BMI in detecting body adiposity at the
individual level has been brought into question.
Meta-analysis studies demonstrated approximately
half of individuals with excess fat were classified as
non-obese by BMI.***' As shown in these studies, %
BF can be measured by a bioelectrical impedance
analysis, which accurately determines fat composi-
tion, similarly to DXA as performed in NHANES.

In assessing NAIDS in subjects from NHANES,
we found that scores were increased in males more
than females, possibly resulting from higher BSA
scores in males compared to females and the greater
influence of BSA than BMI on NAIDS (25 and 10
maximum points, respectively). Some cases showed
a large disparity in BSA and BMI, resulting in a high
NAIDS in one of these categories and a low score in
the other. In both cases, NAIDS remained relatively
high, but the body composition of these extreme
cases differed dramatically. Individuals with high
BSA and low BMI scores tended to be tall with little
body fat, while those with low BSA and high BMI
scores were short with elevated body fat. These dis-
parities highlight the striking anthropometric differ-
ences that may be masked in using BMI and BSA
without %BF assessment in potential pancreas donor
evaluation.

Existing dogma asserts a strong relationship among
islet mass, pancreas weight, and body size.*'° For all
comparisons between islet mass (IEQ) and various

statistically significant correlations with p < 0.05.
However, such significance plainly indicates
a relationship between any of two variables, as all or
nothing. In translating from bench to bedside, we
propose that it is important to further validate the
extent of variability that is explained by a given rela-
tionship, which is best indicated by coefficient of
determination (r*). In practice, even with highly
scored donor pancreata with 80-100 points of
NAIDS, only 40-50% cases have been successful in
islet isolations.'" It may be possible that the ultimate
outcome of isolation is predetermined by intrinsic
islet mass in the donor pancreas.’

It is noteworthy that the NAIDS preference
for obese donors is based on the long-term
experience and observations of transplant sur-
geons. It appears that this notion somewhat
matched with the existing paradigm of the
close association between beta-cell mass and/
or islet numbers and obesity.°”>**7*” An alter-
native explanation for differences in islet
counts between lean and obese donors could
be attributed to changes in the extracellular
matrix (ECM). It is recognized that islet isola-
tion from young donors results in lower recov-
ery with difficulty in separating islets from
exocrine tissues by collagenase digestion,
regardless of BMI unlike adult donors.”*! In
fact, donors under 20 years of age are listed as
an unfavorable factor under NAIDS, although
it has been demonstrated that islets from
young donors exhibit superior function in
insulin secretion.’>>* Tt is suggested that there
are unique ECM components/structure in the



ISLETS (&) 7

A
o o] o o o o o o
__ Q71 O Male < &1 Q1
) ® Female
5 8 B 2 3
©
=
@ 8 3 8 8
s * = =] =
[&]
% (@) o o o
o © o] 0 . 0
150 170 190 20 30 40 50
Height (cm) Weight (kg) BMI
B
o o (= ]
g 2 g
S 8. S S |
o © © ©
o
g 8 g
g
LLJ o o o
Q A O S A
N N N
O A (@R o -
50 100 150 200 1.5
Pancreas weight (g)
C
2= ° 2= ° 2= ¢
= r2=0.21 5 g | r2=0.05 ) 5 g | r=0.12 5 5
S ©|n=55 9 © | n=56 © | n=56,
o o o
S 8 8 3
~— N~ o ° e 4 @ * B
X *e o o
z g =3 8.
g © °
™ o o
A 8, 87 8,
O [Te]
o o
-2 =3 =5
o o
80 100 120 140 160
Pancreas Weight (g)
D
o © o o ©
S+ r?=0.03 8 S Q- ©° . r2=0.03
@ ° @ @ N
n=152 n=152
- S gl °.° ’
8 © : °® o og © © % 8. %o
‘9 o '3 oo [e) o o . (c)o % o
X B e gptel g $loc® wtam
° 8 Q 3
8 o .§°§Ogo ° qo . Zooo.s%; ¢
- 8— Y o° egg ® 8 8— Oo £ 20. Y =
N o.:'. Q ge?@; © o o ° - 0(2’.0 .O‘O:.
oo:. o% g Ofg. ] o ®
ol **°: *3¥ 25055 ) o] 8 8 o 0% o
150 160 170 180 190 60 80 120 ' 160 20 30 40 50 60 70
Height (cm) Weight (kg) Age (y)

Figure 2. Relationship between post-purification IEQ and various parameters from donors. (A) Pancreas weight: height, weight, BMI
and BSA. (B) IEQ: pancreas weight, BMI and BSA. (C) IEQ>300K: pancreas weight, BMI and BSA. (D) IEQ: height, weight and age.
Males: open circles and females: closed circles.
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pancreas of the young.’' In terms of the ECM
components, Collagen IV has been recognized
as a major type of collagens, however, Hughes
et al. showed abundant expression of Collagen
VI in the islet-exocrine interface’®, which is
resistant to digestion by bacterial collagenase
unlike collagens I-V.>> Taken together, it may
be a testable hypothesis that the higher yield of
islets from obese donors would result from
altered ECM structure/composition that facili-
tates liberating islets from exocrine tissues, not
necessarily that obese people have more islets
than lean people.

In summary, correlations between BMI, BSA,
pancreas weight, and beta-cell mass/islet number
as measured by IEQ were low. Although BMI is
often used as a clinical indicator of obesity, BMI
only reliably predicted adiposity among indivi-
duals at the highest BMI levels. The largest varia-
tion in %BF from this study occurred in non-obese
individuals, which should be more closely moni-
tored, since BMI is commonly used in clinical
practice as well as comparative studies in which
control subjects are matched based on BMI along
with age and sex.
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