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Does Islet Size Really Influence Graft Function
After Clinical Islet Transplantation?
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Background. It has been proposed that islet transplants comprised primarily of small rather than large islets may provide better
graft function, due to their lower susceptibility to hypoxic damage. Our aim was to determine whether islet size correlated with in
vivo graft function in islet transplant recipients with C peptide—negative type 1 diabetes when islets have undergone pretransplant
islet culture. Methods. Human pancreatic islets were isolated, cultured for 24 hours and infused by standardized protocols.
Ninety-minute stimulated C-peptide concentrations were determined during a standard meal tolerance test 3 months
posttransplant. The islet isolation index (IEa/islet number) was determined immediately after isolation and again before transplan-
tation (after tissue culture). This was correlated with patient insulin requirement or stimulated C-peptide. Results. Changes in in-
sulin requirement did not significantly correlate with islet isolation index. Stimulated C-peptide correlated weakly with IEq at
isolation (P = 0.40) and significantly with IEq at transplantation (P = 0.018). Stimulated C-peptide correlated with islet number at
isolation (P = 0.013) and more strongly with the islet number at transplantation (P = 0.001). In contrast, the correlation of stimulated
C-peptide and islet isolation index was weaker (P = 0.018), and this was poorer at transplantation (P = 0.034). Using linear regres-
sion, the strongest association with graft function was islet number (= 0.722, P = 0.001). Islet size was not related to graft function
after adjusting for islet volume or number. Conclusions. These data show no clear correlation between islet isolation index and
graft function; both small and large islets are suitable for transplantation, provided the islets have survived a short culture

period postisolation.
(Transplantation 2018;102: 1857-1863)

/

linical islet transplantation is an effective treatment for
stabilizing glycemic control in patients with type 1 dia-
betes complicated by severe hypoglycemia. Unfortunately,
numerous donor and retrieval factors, such as donor age,
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body mass index (BMI), cold ischemia time, collagenase lot,
organ perfusion quality, or retrieval team can influence the
outcome of the islet isolation process and affect islet yields,'
whereas factors such as donor age have been shown to be im-
portant determinants of islet graft function.”” As a result, at

and Transplantation program is gratefully acknowledged. We acknowledge
funding from the Diabetes UK Grant: Biomedical and Psychosocial Outcomes of
Islet Transplantation BDA 06/0003362.

The authors declare no confiict of interest.

S.J.H. participated in research design, data analysis, and article preparation. P.A.B.
participated in data analysis and article preparation. S.E.C. participated in article
preparation. D.B. participated in article preparation. H.B. participated in article
preparation. 1.S. participated in data analysis and manuscript preparation. C.B.
participated in article preparation. M.R. participated in article preparation. M.K.R.
participated in data analysis and article preparation. J.S. participated in article
preparation. S.G. participated in article preparation. P.R.V.J. participated in
research design and article preparation.

Correspondence: Stephen J. Hughes, PhD, Islet Lab, Nuffield Department of
Surgical Sciences, OCDEM Bldg, Churchill Hospital, Headington, Oxford OX3
7LE, United Kingdom. (stephen.hughes@nds.ox.ac.uk).

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. This is an
open access article distributed under the Creative Commons Attribution License 4.0
(CCBY), which permits unrestricted use, distribution, and reproduction in any me-
dium, provided the original work is properly cited.

ISSN: 0041-1337/18/10211-1857

DOI: 10.1097/TP.0000000000002392

www.transplantjournal.com 1857


mailto:stephen.hughes@nds.ox.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.transplantjournal.com

1858

best in leading clinical centers worldwide, only 50% of islet
preparations are of sufficient quality and high enough yield
for transplantation.>® In addition, early posttransplant islet
destruction, variable engraftment, the nature of the immuno-
suppression used, and subsequent graft deterioration over
time all contribute to variable long-term islet function.”!? In-
deed, it is widely accepted that less than 50% of transplanted
islets survive the initial stage of engraftment.>"® Conse-
quently, there has been considerable debate about the optimal
composition of islet preparations used for transplantation. It
has been long been established that total islet graft volume
and islet number are critical for transplantation success,'”
but more recently, it has also been suggested that grafts com-
prising predominantly of small islets may be preferential due
to their reduced susceptibility to hypoxia and central necrosis.
Indeed, a number of in vitro studies have shown that smaller
islets have superior function compared with larger ones.****
However, data confirming this in clinical studies are more lim-
ited. Lehmann et al'® acknowledged the importance of the fac-
tors discussed above for islet success and transplantation
outcomes but also reported that better function was associated
with grafts comprising of smaller islets in simultaneous islet-
kidney transplant recipients; however, there were only 7 recip-
ients in the study, all in end-stage renal failure. Importantly, the
islets used within that study were transplanted “fresh” after
islet isolation, rather than having the benefit of undergoing
a period of islet culture. A larger study in autologous islet re-
cipients after pancreatectomy also supported this conclusion,
although in this study, grafts of marginal islet mass were of-
ten transplanted.” Our own observation,?® however, is that
provided larger islets survive a period of pretransplant islet
culture, they can confer advantages over smaller islets in
terms of graft function and graft longevity. To investigate this
discrepancy, we aimed to correlate islet size (preculture and
postculture) with in vivo measures of graft function in all islet
transplant recipients receiving their first transplant in our is-
let transplant program over a 6-year period.

METHODS

Human pancreases were retrieved with appropriate con-
sent and ethical approval from 25 deceased multiorgan do-
nors (15 women and 10 men). Median (range) donor age
was 49 years (34-60 years) and median donor BMI of
29 kg/m” (23-37 kg/m?). After standardized procurement,
the pancreas was transported in University of Wisconsin so-
lution at 4°C to the Diabetes Research & Wellness Founda-
tion Human Islet Isolation Facility in Oxford. Median
(range) cold ischemia time was 6.7 hours (4-10.5 hours).
Pancreatic islets were isolated using a standard protocol as
described previously.?” After infusion and digestion with col-
lagenase NB 1 and neutral protease NB enzyme blend (Serva,
Heidelberg, Germany), islets were purified using a Ficoll-
based continuous density gradient and quality-assessed (for
sterility, viability, purity, and vyield) as previously de-
scribed.?®3° Islet number and size were determined in
dithizone stained islet samples by visual microscopic inspec-
tion by comparing the stained islet- particles in multiple rep-
resentative samples against a size graticule ranging from 50
to greater than 400 uM in size. Each preparation was resus-
pended in 150- to 200-mL CMRL-based culture media and
multiple samples collected whilst in continuous suspension.
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The islets in the samples were visualized by dithizone staining
under a light microscope and the size of each islet in the sam-
ple determined by comparison with a calibrated graticule in
the microscope objective; the total number of islets in each
sample and their sizes were recorded. Islet preparations were
then cultured for a minimum of 24 hours in the CMRL me-
dia in a humidified atmosphere at 37°C before a full reas-
sessment. Islets were then transplanted either locally or at
a satellite transplant center. If allocated to a recipient at a
satellite transplant center,®® the islet preparation was
transported by road (maximum journey time, 8 hours) in
cooled standard 500 mL blood transfusion bags with a
temperature monitor.””"*® After confirmation of satisfac-
tory temperature maintenance during transport together
with confirmation of maintained islet integrity and viabil-
ity from a side-arm islet sample, islets were transplanted
directly from the transport bag.

Only recipients undergoing their first islet transplant were
included in this study (n = 25). In all cases, islets were
transplanted by percutaneous transhepatic delivery into the
portal vein under radiological visualization. All patients re-
ceived a minimum of 5000 Islet Equivalents (IEq) per kg body
weight (median, 5500 IEq/kg). Peritransplant, recipients were
placed on an intravenous glucose/insulin sliding scale and re-
ceived a heparin infusion according to published protocols.®*

Each patient received a standard immunosuppression pro-
tocol comprising alemtuzumab (Campath) induction 30 mg
before and on day 1 after transplant; tacrolimus at 0.05 mg/kg
per day titrated to a serum trough level of 8 to 12 ng/mL; my-
cophenolate mofetil (500 mg BD) and total daily insulin re-
quirements were monitored at routine intervals. Intensified
insulin regimens were continued in all postdischarge, with
the goal being maintenance of optimal glycemic control.

In a subgroup of the recipients (n = 18), 90-minute stimu-
lated C-peptide concentrations were determined during a
standard meal tolerance test 3 months posttransplant. Grafts
with primary nonfunction as defined by a stimulated
C-peptide level less than 50 pmol/L were excluded from all
subsequent analysis. Assessment of stimulated C- peptide
was made at 3 months posttransplantation as an indicator
of early graft function. It was also done at this time to avoid
any complicating effects of a subsequent second transplant
which is carried out in the UK islet transplant program.*!
The beta score was also determined for each transplant recig—
ient at 3 months posttransplant as described by Ryan et al.*?

For each islet preparation transplanted, the islet isolation
index (IEg/islet number) was calculated; the total IEq of
the preparation is the internationally agreed standard for
the total volume of the islet graft. The islet isolation index
therefore is a measure of the average size of each islet within
the graft, with an index of 1 indicating an average islet size of
150 uM in diameter. Islet isolation index was related to 3 var-
iables of graft function in transplant recipients: (a) the
change in insulin requirement (before vs 3 months after
transplant), (b) the 90-minute stimulated C-peptide level
taken 3 months posttransplant, and (c) the beta score at
3 months posttransplant.

For statistical analysis, data were tested for normalcy and
are presented as means = standard deviations (SD) or median
(range) depending on data distribution. Groups were com-
pared using paired Student ¢ test when appropriate. Correla-
tions were assessed using Pearson correlation coefficient.
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Donor and recipient characteristics and islet preparation
data. Data are presented as mean + SD except for donor
characteristics which are median (range)

Donor characteristics (N = 25)

Age, y 49 (34-60)
BMI, kg/m? 29 (23-37)
CIT, h 6.5 (4-10.5)

Islet preparation characteristics (N = 25)
Isolation yield, IEq
Isolation number (islet particles)

454800 + 190900
232320 + 114060

Isolation purity 74 +12
Isolation Viability 846 +88
Transplant yield, IEq 408600 = 126700
Transplant number (islet particles) 197300 + 91200
Transplant purity 74 £12
Transplant viability 85.6 +8.4
Recipient characteristics (N = 25)

Weight, kg 66 +11.2
IEq transplanted/kg body weight 6340 + 2323
Insulin requirement before TX, U/d 31.5+134
Insulin requirement after TX, U/d 15.3+14.0
Stimulated C-peptide, pmol/L 624 + 524

Linear regression was performed with preculture and
postculture islet isolation variables (age, BMI, CIT, viability,
purity, IEQ/kg, Islet number/ kg, and islet isolation index)
as exposure variables and change in insulin dose or stimu-
lated C-peptide as outcome variables. Multiple regression
was conducted to assess the impact of islet isolation out-
comes on stimulated C-peptide, adjusting for donor age and
BMLI, or on beta score, adjusting for donor age and prep pu-
rity. Final multiple regression models were fitted using back-
ward stepwise elimination of candidate variables. P less than
0.05 was considered statistically significant. Finally, a power
calculation was carried out assuming P less than 0.05, a sam-
ple size of 25, and a = 0.05. To obtain an R value of 0.5, the
power was 0.73; R value of 0.6, power was 0.9; and an R
value of 0.7, the power was 0.98. Data analysis was per-
formed using SPSS, Version 20 & 24 (2011) (IBM Corp,
Armonk, NY).

RESULTS

Donor and islet preparation characteristics are summa-
rized in Table 1. Immediately postisolation, the islet yield
(mean = SD) was 454800 = 190900 IEq with a mean islet
number of 232320 = 114060 islets, purity ranged from
50% to 90% and viability was 75% or greater in all cases.
After 24 hours in culture, the islet number had significantly
reduced to 197300 = 91200 islets (P = 0.013, paired # test)
whereas the small reduction in IEq to 408600 = 126700
was not significant. Before transplantation, patients required
a mean of 31.5 = 13.4 U insulin per day (0.48 = 0.18 U/kg
body wt per day), which was reduced by 17.1 = 9.9 U/d to
15.3 = 14.0 U/ (0.22 = 0.18 U/ kg body wt per day) at
3 months posttransplant. The mean stimulated C-peptide
concentration during a meal tolerance test at 3 months
posttransplant was 624 = 524 pmol/L (Table 1).
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The change in insulin requirement before and 3 months af-
ter transplant was correlated with islet size as assessed by the
islet isolation index of the transplanted islet preparation
(Figure 1). There was no significant correlation with chang-
ing islet isolation index of the transplanted islets and graft
function; either absolute change in insulin requirement
(r = =0.005, P = 0.49), percentage change in insulin require-
ment (r = -0.27, P = 0.099), or insulin change per kg body
weight of the recipient (r = -0.15, P = 0.24). The change in
insulin requirement also correlated poorly with IEQ
(r = 0.11, P = 0.49) or IEQ/kg body weight (r = 0.05,
P = 0.4) (data not shown).

In contrast, stimulated C-peptide levels at 90 minutes dur-
ing a meal tolerance test were significantly correlated with the
number of islets in the graft (P = 0.004, » = 0.605), and the
strongest correlation determined was with the number if
islets in the graft per kg body weight (r = 0.722, P < 0.001,
Figure 2B). In contrast, the correlations with IEq (r = 0.17,
P =0.25) or IEq per kg recipient body weight (r = 0.494, P =
0.018) were poorer (Figure 2A). When plotted against the
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FIGURE 1. Change in insulin requirement per day (A) or % change /
day (B) or per kg body weight /day (C) in relation to islet isolation index
of the islet graft.
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FIGURE 2. Correlation of stimulated C-peptide with the number IEQ
(A, islets (islet particles) (B), or islet isolation index (C) or stimulate C-
peptide/kg wt (D) at.transplantation.

islet isolation index of the transplanted islets, the correlation
with stimulated C-peptide remained significant (r = -0.416,
P =0.043) as did stimulated C-peptide per IEq per kg body
weight of the recipient (r = -0.439; P = 0.034, Figures 2C
and D). As the islet yield and number had changed
during culture from the values measured at isolation,
we also determined correlations for stimulated C-peptide
with parameters measured immediately after isolation. The
correlation of stimulated C-peptide with islet number was
significant (Figure 3B, 7 = 0.526; P = 0.013) but poorer than
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that determined at transplantation, whereas the correlation
with IEq at isolation was weak (Figure 3A, » = -0.056;
P = 0.411). The correlation of stimulated C-peptide per
[EQ per kg body weight, however, was more significant
with the islet isolation index of the preparations determined
immediately after isolation (Figure 3C, r = -0.495; P = 0.018)
than that determined at transplantation.

We assessed the strength of univariable- and multivariable-
adjusted associations between islet isolation yield parame-
ters, purity, viability, donor variables (age, BMI, CIT), and
90-minute stimulated C-peptide levels using linear regres-
sion. These data confirmed the observation that the factor
most strongly associated with graft function in univariable
analysis was the number of islets in the graft (P = 0.001;
Table 2). In a model including both total islet volume (IEq/kg)
and islet size (Isolation index; IEq/ Islet number), total islet
volume and donor age were related to 90-minute stimulated
C-peptide levels (islet volume, p =0.101, P = 0.019; donor
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Univariate and multivariate relationships between islet isolation variable and 90-minute stimulated C-peptide levels at 3 months

Islet isolation variables B (95% Cl) P
Univariate models
Age —24.77 (-52.17 t0 2.64) 0.074
BMI 48.87 (—23.71 10 121.46) 0.174
CIT 64.82 (-—23.07 to 252.71) 0477
Viability 20.42 (—46.62 to 87.45) 0.529
Purity 9.34 (-7.50 10 26.17) 0.258
IEQ/kg 0.10 (0.01 t0 0.20) 0.039
Islet number/kg 0.19(0.09 10 0.29) 0.001
Isolation index (EQ/Islet number) —227.14 (-521.23 10 66.96) 0122
Multiple regression models
Including IEQ/kg and islet number/kg
First model (F = 4.70 (4,14), P=0.013, B = 0.573)
Age —12.37 (-38.15 10 13.41) 0.321
BMI 30.53 (-29.66 t0 90.73) 0.295
IEQ/Kg 0.01 (-0.11100.13) 0.824
Islet number/kg 0.16 (-0.01 10 0.32) 0.054
Final mode! (F = 15.25 [1-17], P= 0.001, B = 0.473)
Islet number/kg 0.19 (0.09 t0 0.29) 0.001
Including IEQ/kg and isolation index
First model (F= 3.12 [4-14], P = 0.050, R = 0.471)
Age —19.10 (—46.86 t0 8.67) 0.162
BMI 17.63 (—48.82 t0 84.07) 0.578
IEQ/Kkg 0.10 (0.01 10 0.19) 0.033
Isolation index (EQ/islet number) —123.92 (—409.58 to 161.74) 0.368
Final model (F = 5.828 [2-16], P= 0.013, B = 0.421)
Age —25.97 (-49.77 t0 -2.17) 0.034
IEQ/kg 0.11(0.02 10 0.19) 0.019
Including Islet number/kg and isolation index (IEQ/islet number)
First model (F = 5.510 [4-14], P= 0.007, # = 0.612)
Age —15.22 (-38.93 t0 8.50) 0.190
BMI 35.84 (-20.17 t0 91.84) 0.192
Islet number/kg 0.211 (0.08 t0 0.34) 0.003
Isolation index (EQ/islet number) 170.07 (-133.74 t0 473.87) 0.250
Final mode! (F = 5.510 [4-14], P= 0.007, B> = 0.612)
Islet number/kg 0.19 (0.09 t0 0.29) 0.001

Variables with P < 0.25 in the univariate analysis were put forward into the backward stepwise multiple regression models. For multiple regression, the first and final models are reported.

age B = -26.0, P = 0.034, Table 2). In a model including both
islet number (number/kg) and islet size, only the islet number
was related to the 90-minute stimulated C-peptide levels
(B =0.19, P =0.001; Table 2). Islet size was not related to graft
function after adjusting for total islet volume or islet number
or any of the other variables analyzed.

Islet isolation index, islet volume, and islet number at
transplantation were also correlated with the beta score as
another measure of graft function at 3 months posttransplant
(data not shown). The correlation of the beta score with islet
isolation index at transplantation (r = -0.584, P = 0.011) was
poorer than that with islet number (r = 0.784, P = 0.001).
Univariate linear regression with the following factors:
islet isolation variables and donor variables with beta score
showed that islet number/ kg (P = 0.026), islet isolation
index (P = 0.022), and islet purity significantly (P = 0.027)
affected this measure of graft function. Further multi-
ple regression analysis, however, indicated that both islet
number/kg (P = 0.032) and islet purity (P = 0.38) but not islet

isolation index had a significant effect in the final model of
the analysis.

DISCUSSION

In this study, we tested the existing hypothesis that islet
grafts comprising predominantly smaller islets have superior
function compared with those composed of large islets. We
have done this by correlating islet size within transplanted
grafts with the posttransplant metabolic outcomes of the re-
cipients. Several studies using experimental animal models
have previously shown that smaller islets are potentially
more beneficial as islet grafts. Smaller islets have been shown
to have improved nutrient supply, with larger islets depleted
of both oxygen and glucose at the core.**** Smaller islets also
exhibit improved insulin secretory function in vitro, exhibit a
higher vascular density, and function preferentially in trans-
plant models.?*** Studies with human islets in vitro also re-
produce some of these results; small human islets were
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shown to be less susceptible to hypoxia and had improved
secretory function compared with large islets.'*>*

However, studies investigating whether the hypothesis is
born out in allotransplant recipients of islet grafts have been
limited. Lehmann et al*® correlated islet size with stimulated
C-peptide in 7 simultaneous islet-kidney transplant recipients
with type 1 diabetes. This study showed that increasing the
number of islets in the graft significantly correlated with graft
function and critically, the most significant correlation was
found between islet isolation index and stimulated C-peptide
per kg body weight of the recipient. The authors argued that
correction for islet size proved to be the best predictor of graft
function with 89% of the variability (as indicated by the corre-
lation R?) being accounted for by the islet isolation index pa-
rameter. However, the authors' recognized that their
findings should be confirmed in a larger series of islet trans-
plants. The present study was undertaken to do this. Here,
we report on 2 parameters of islet function in a larger cohort
of islet transplant recipients; reduction in insulin requirement
per day and stimulated C-peptide levels during a meal toler-
ance test. Neither of the parameters analyzed show convincing
correlation with the islet isolation index. There was no signif-
icant correlation with changes in patient insulin requirement in
absolute terms or per kg body weight or when expressed as %
change. Nor did the present study reproduce the findings of
Lehmann et al,'® as the most significant correlation we found
was between the number of islets in the graft and graft func-
tion as measured by stimulated C-peptide. When the correc-
tion for islet size was included, the correlation was poorer
and R? reduced with only 19.3% of the variability accounted
for by this parameter.

Two factors may contribute to the different findings in our
study compared with those of Lehmann et al.' First, their
study was in patients undergoing simultaneous islet kidney
transplants, whereas all our patients received islet transplants
alone. Second, their observations were made using islets that
had not undergone the benefit of a period of pretransplant is-
let culture.®” In the UK islet transplant program, all islet prep-
arations considered for transplantation undergo a minimum
of 24-hour culture before transplant.”” Using this protocol,
any marginal grafts susceptible to hypoxic damage and lead-
ing to declining viability are screened out and therefore do
not proceed to transplantation. When islets are transplanted
immediately after isolation or where only the immediate
postisolation characteristics (of yield and viability) are used
to decide suitability for transplantation, declining or marginal
grafts are potentially transplanted. Because large islets are par-
ticularly susceptible to central necrosis, it can be postulated
that when islets are transplanted immediately after isolation,
it is the large islets that are particularly vulnerable to destruc-
tion, whereas large islets that are transplanted after surviving
a period of islet culture are primarily robust and fully viable.
Furthermore, the culture process itself may promote an adap-
tive or remodeling process in the islet preparation in which
susceptible islets are selectively lost. Changes in islet morphol-
ogy (rounding up) during culture and the significant reduction
in islet number after culture in the present study is evidence of
just such a process. We have also recently shown that short-
term tissue culture ameliorates the destruction of human islets
by instant blood-mediated inflammatory reaction.*® Thus it is
possible that islets cultured for short periods before transplant
are effectively preconditioned and any correlation between
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islet size and function in grafts is lost or reduced. In the present
study, the correlation of islet isolation index and graft function
was stronger in freshly isolated islets compared with islets cul-
tured for a minimum of 24 hours at transplant.

In addition, it may be the case that there are too many other
confounding donor and recipient factors which override any
effect of islet size in determining graft function.”” Suszynski
et al* argued that islet autotransplant patients offered a good
model for studying the effect of the size of islets in the graft as
these patients are uncompromised by factors, such as autoimmu-
nity, prolonged diabetic environment,*” and possibly IBMIR..'®*
In a cohort of 58 patients receiving islet autotransplants after pan-
createctomy for chronic pancreatitis, the islet isolation index cor-
related with the change in insulin requirement and insulin
independence rates in the patients.”®

Although the number of observations we present here is
significantly (threefold) greater that those reported by
Lehmann et al,'® our analysis indicates that this retrospective
study is still underpowered. Unfortunately, the number of pa-
tients available to study has been limited by the practice in the
UK islet transplant program to retransplant islet recipients
within 6 months of receipt of the first graft.>' The effect of a
second islet graft to potentially change the mean islet size
transplanted in the recipient makes the analysis carried out
in the present study impossible.

Another theoretical limitation of the present study is that
the method used to determine islet size in the graft samples
may be less accurate than computational methods®” which
may capture more of the population of smaller islets during
analysis. In the present study, islet sizes were determined by
inspection and comparison using a graticule after micro-
scopic visualization. Our methodology has been agreed and
validated between the participating islet isolation laborato-
ries operating within the UK islet transplant program. How-
ever, there is no evidence of a significant difference in the size
distribution of islets in our study compared with the study by
Lehmann et al'® because the range of islet isolation indices
here (0.8-4.2) overlap almost completely with those which
they reported (0.75-3.3)."°

Finally, it is important to note that changes in insulin re-
quirement as a measure of graft function are less robust than
stimulated C-peptide measurements. The latter is a positive
output directly measuring graft function, whereas changes
in insulin requirement are indirect and may not be necessarily
linearly responsive to graft size. This less objective parameter,
however, has been used as the indicator of islet graft function
in previous studies on islet transplant recipients.>>*!

In summary, our study found no clear correlation between
islet isolation index and islet graft function in recipients re-
ceiving islets that had been cultured before implantation.
These data therefore do not support the hypothesis that
smaller islets have better function when used in clinical is-
let transplantation; large islets are equally suitable pro-
vided they have undergone and survived a short period of
culture postisolation.
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