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We have previously reported that both Histidine-Tryptophan-Ketoglutarate solution (HTK) and
University of Wisconsin solution (UW) provide equal preservation of the pancreas for islet
isolation, based upon the assessment of islet yield and function. In this study, we further assessed
the ability of each solution to prevent cellular edema. This large-scale, retrospective analysis
included the assessment of islet isolation outcomes influenced by cellular edema, such as
pancreatic digestion efficacy, purification outcome, and islet size distribution. Multi-variable
linear regression analysis, adjusted for donor age, sex, BMI, cold ischemia time, and enzyme,
demonstrated similar results for the HTK group (n = 95) and the UW group (n = 157), including
post-purification islet yields (the HTK: 289,702 vs. the UW: 283,036; p = 0.76), percentage of
digested pancreatic tissue (the HTK: 66.9% vs. the UW: 64.1%; p = 0.18), and islet loss from
post-digestion to post-purification (the HTK: 24,972 vs. the UW: 39,551; p = 0.38). Changes in
islet size between the post-digestion and post-purification stages were comparable within each
islet size category for the HTK and the UW groups (p = 0.14 - 0.99). Tissue volume distribution
across purification fractions and islet purity in the top fractions were similar between the groups;
however, the HTK group had significantly higher islet purity in the middle fractions (p = 0.003 0.008). Islet viability and stimulation indices were also similar between the HTK and the UW
groups. In addition, we analyzed a small sample of patients transplanted either with HTK (n = 7)
or UW (n = 8) preserved islets and found similar outcomes. This study demonstrates that HTK and
UW solutions offer comparable pancreas preservation and are equally efficacious in the prevention
of pancreatic tissue edema in islet transplantation. Future studies assessing in vivo islet outcomes
in larger samples are needed for complete analysis of the effects of HTK on islet transplantation.
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Introduction
The quality of pancreas flush and preservation is one of the most important determining
factors for the successful grafting of both whole pancreata and isolated islets. At present,
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two preservation solutions are primarily utilized for abdominal organ preservation:
University of Wisconsin (UW, DuPont Pharma) and Histidine-Tryptophan-Ketoglutarate
(HTK, Essential Pharma). Each preservation solution possesses a unique composition, as
seen in Table 1. While UW has been the preferred preservation solution for more than 20
years (1, 2), HTK, originally developed by Brestchneider et al. as a cardioplegic solution (3),
has been gaining favor as an alternative to UW. Several major studies and clinical trials have
demonstrated the clinical equivalence of HTK when compared to UW in abdominal organ
preservation and transplant outcomes (4-7), specifically for whole pancreas transplantation
(8-10).
In the preservation of pancreata intended for islet isolation, a number of studies comparing
the efficacy of HTK with that of other preservation solutions have been conducted since
1995, demonstrating results similar to those obtained in other abdominal organs (11-14).
However, these studies have been limited either by small sample size or incomplete analysis
of isolation outcomes. Islet transplantation is complicated by an intricate islet isolation
process consisting of four primary stages: organ preservation, enzymatic perfusion, pancreas
digestion and dissociation, and islet purification. The overall success of an islet isolation is
dictated by the success of each successive step. Thus, the quality of the initial pancreas flush
and preservation directly impacts the results of all of the following isolation steps.
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In a previous small-scale study, we demonstrated that HTK is equivalent to UW in
preserving pancreata for islet isolation, with regard to general isolation outcomes, including
islet yield, viability, and in vitro function (15). In this single-center, large-scale study, we
further examined isolation outcomes and evaluated the impact of the preservation solution,
either HTK or UW, on the development and progression of cellular edema, a vital factor in
isolation success, through the evaluation of pancreatic digestion efficacy, purification
outcomes, and isolated islet size distribution.

Materials and Methods
Pancreas procurement and isolation activities
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Organ procurement organizations (OPO) provided pancreata, with consent from donors. The
organs were flushed with either HTK (n = 95) or UW (n = 157), depending upon the
protocols used by individual OPO, and transported to the University of Illinois at Chicago
(UIC). The islet isolation procedure, including digestion, purification and culture, was
preformed for all pancreata according to the previously described protocol (16-18). Upon
arrival, the pancreas was surface-decontaminated and trimmed of excess fat. The pancreas
was then perfused, via the pancreatic duct, with the digestive enzyme, Collagenase. Tissue
digestion and islet dissociation were achieved using a modified Ricordi semi-automated
method (19).
After digestion was complete, the collected tissue was washed to remove traces of enzyme
and incubated in UW, on ice, for 30 min. The refined UIC-UW/Biocoll (UIC-UB)
continuous density gradient (20), consisting of a mixture of a high density solution (1.078 g/
mL: 40% Biocoll (Cedarlane) and 51% UW) and a low density solution (1.068 g/mL: 30%
Biocoll and 70% UW), was used for the purification procedure. Up to 45 mL of tissue were
purified in a single operation of the COBE 2991 Cell Separator (CARIDIAN BCT).
Following the centrifugation process, the tissue was collected in 12 fractions. The first two
fractions were discarded due to minimal tissue volume (often less than 0.01 mL) and being
primarily composed of ductal and adipose cells. In each of the remaining 10 fractions,
corresponding to the aforementioned continuous gradient from 1.068 g/mL to 1.078 g/mL, a
fluid and tissue volume of 30 mL was collected and then recombined based on the
percentage of islet purity. Recovered tissue with an islet purity of > 70%, 40-70%, and ≤
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40% were defined as the top, middle, and bottom fractions, respectively. A small percentage
of isolations required multiple sequential purifications due to a post-digestion tissue volume
of greater than 45 mL.
Assessment of islet yield, size distribution, purity, and tissue volume
Islet yield, size, and purity assessments were manually performed, using Dithizone (a zinc
chelating agent) staining under light microscopy, at two time points: post-digestion and postpurification. Islet yield was measured both in actual islet number and islet equivalent (IEq),
a volumetric quantification of islet mass, where larger islets contribute more to the total IEq
count than smaller islets. Eight discrete categories were designated for islet size
quantification: 50-100, 100-150, 150-200, 200-250, 250-300, 300-350, 350-400, and >400
μm.
The islet purity of each post-purification fraction was determined by the estimated ratio of
islet to exocrine tissue of the total tissue composition. The absolute tissue volume of each
fraction was visually approximated, and the relative tissue volume was calculated as the
percentage of tissue volume of each fraction versus the total collected tissue volume.
Assessment of islet quality and function
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Post-purification islet viability was determined using inclusive and exclusive fluorescent
staining with Syto-Green (Invitrogen) for live-cells and Ethidium Bromide (Sigma) for
dead-cells (17, 21). A static glucose-stimulated insulin secretion (GSIS) assay was used to
evaluate islet function, as previously described (22). Briefly, 10 purified islets were handpicked and pre-incubated with Krebs-Ringer buffer (KRB) solution containing 1.67 mM
(low) glucose and 20 mM Hepes for 1 hr. The islets were then transferred into KRB solution
containing 16.7 mM (high) glucose for another 1 hr. The secreted insulin levels of each
incubation phase were measured using conventional enzyme-linked immunosorbent assay
(ELISA, Mercodia); a stimulation index (SI) was calculated by dividing insulin release
during the high glucose stimulation (16.7 mM) by insulin release during the basal glucose
(1.67 mM) stimulation.
Exclusion criteria for analysis
Isolations that were not completed due to technical errors or equipment malfunction, as well
as isolations in which complete data for all primary variables were unavailable, were not
included in the analysis (approximately 28% and 25% of the isolation data from the HTKpreserved pancreata and the UW-preserved pancreata, respectively).
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Statistical analysis
For the analysis of donor, pancreata, isolation characteristics, post-purification viability, and
clinical outcomes the results were expressed as mean ± standard deviation (SD) and
percentages. Differences between HTK and UW groups were analyzed by using unpaired
Student's t-tests and Chi-square (Fisher's Exact, as appropriate) tests. Level of statistical
significance for these comparisons was set at p < 0.05.
For the statistical analysis of digestion efficacy and purification outcomes, SAS version 9.2
(Cary, NC) was used. Multi-variable linear regression was used to compare the HTK and the
UW solutions, adjusting for age, sex, body-mass index (BMI), cold ischemia time (CIT) and
enzyme used, for the following outcomes: digestion time and efficacy; post-digestion and
post-purification IEq and the difference between post-digestion and post-purification IEq;
percentage of trapped islets; post-digestion and post-purification IEq per gram of pancreas;
percentage change between post-digestion and post-purification IEq in each size group;
absolute and relative tissue volume; and islet purity of each density range (fraction).
Cell Transplant. Author manuscript; available in PMC 2014 January 01.

Pauster et al.

Page 4

NIH-PA Author Manuscript

Whether the effect of solution (HTK vs. UW) on absolute and relative tissue volume was
modified by CIT was tested for each density layer, but no interactions were found to be
significant (i.e. any differences in the effect of the HTK vs. the UW on volume did not differ
across CIT strata). The effect modification by CIT was similarly explored for digestion time
and efficacy, percentage of trapped islets, and IEq per gram of pancreas, and no interactions
were found to be significant.
Multi-variable mixed linear regression models were used to compare distributions between
the HTK and the UW for the percentage change between post-digestion and postpurification IEq across islet size groups, and absolute and relative volumes and purity across
density ranges, adjusting for age, sex, BMI, CIT, and enzyme. These mixed models
incorporated the correlation due to clustering by specifying the unique isolation
identification number as the unit of cluster, and specified the autoregressive covariance
structure with empirical standard errors. The level of statistical significance for these multivariable models was set at p < 0.01, to minimize type 1 error with the multiple comparisons.

Results
Donor, pancreas, and isolation characteristics
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The comparison of donor, pancreas, and isolation characteristics between the HTK and the
UW groups is summarized in Table 2. No significant differences were found between the
HTK and the UW groups in donor age (p = 0.68), donor BMI (p = 0.36), or donor sex (p =
0.86). A significant difference was observed for CIT, for which the HTK group had a longer
ischemia time than the UW group (p = 0.02). Additionally, pancreas weight was
significantly heavier in the UW group than in the HTK group (p = 0.02). Within the 252
isolations analyzed, the frequency of enzyme used for the digestion across the four different
brands of enzymes was similar between groups (p = 0.86).
Digestion efficacy and islet yield
The average digestion time was not found to be significantly different between the HTK and
the UW groups (15.5 min vs. 14.8 min, respectively; p = 0.24), when adjusted age, sex,
BMI, CIT, and enzyme. Enzyme digestion efficacy, calculated by dividing the mass of the
digested tissue by total pancreas mass, was similar between the HTK and the UW groups
(66.9% vs. 64.1%, respectively; p = 0.18).
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Both the adjusted mean post-digestion and post-purification IEq were marginally higher in
the HTK group than in the UW group, but were not significantly different (post-digestion
IEq: 329,253 for the HTK vs. 308,008 for the UW; p = 0.34; post-purification IEq: 289,702
for the HTK vs. 283,036 for the UW; p = 0.76), as shown in Figure 1. The difference
between mean post-digestion and post-purification IEq was similar for both groups (39,551
for the HTK vs. 24,972 for the UW; p = 0.38). The adjusted percentage of trapped islets in
the post-digestion sample was similar between the groups (the HTK: 18.1% vs. the UW:
16.9%; p = 0.71). Additionally, the adjusted post-digestion and post-purification IEq per
gram of pancreas were not significantly different between the groups (post-digestion IEq:
3,379.2 for the HTK and 3,377.2 for the UW; p = 0.99; post-purification IEq: 2,810.8 for the
HTK and 2,951.0 for the UW; p = 0.53).
Islet size distribution
The islet size distribution change between the post-digestion and post-purification stages, as
expressed by the adjusted percentage change of islets within each size category, did not
differ between the HTK and the UW groups for any of the eight size categories (Fig.2).
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Using mixed model analysis, the results indicated that the overall distribution across size
groups also did not differ between the groups (p = 0.55).
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Total tissue volume and islet purity following purification
The distribution of tissue volume across purification fractions, compared between the HTK
and the UW groups, is summarized in Figure 3. There were no significant differences
between the two groups with regard to the tissue volume distribution within the purification
fractions, expressed as either absolute volumes (p = 0.07 - 0.84) or as proportions to the
overall tissue volume (p = 0.016 - 0.94). The overall volume distribution across purification
fractions did not differ between the HTK and the UW groups (absolute volume: p = 0.12;
relative volume: p = 0.52) in the mixed model analysis. The isolated islet purity within each
purification fraction was also compared between the two groups (Fig. 4), with p-values
ranging from 0.003 to 0.47. All fractions demonstrated similar purity values, except for
fractions 6 and 7, of which the HTK group had a significantly higher purity (p-values of
0.008 and 0.003, respectively). In the mixed model analyses, the overall purity distribution
across purification fractions did not differ between the HTK and the UW groups (p = 0.61).
Isolated islet quality
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Islet viability after purification was similar between the two groups (the HTK: 90.6% vs. the
UW: 90.2%; p = 0.63), as were the GSIS stimulation indices (the HTK: 3.81 vs. the UW:
3.34; p = 0.14), when adjusted for age, sex, BMI, CIT, and enzyme.
In vivo islet graft function
The clinical transplant outcomes from the isolated islet preparations either preserved in the
HTK (n= 7) and the UW (n = 8) were analyzed (Supplementary Table 1), showing that the
HTK group has similar insulin independence (the HTK = 42.9% vs. the UW = 75%; p =
0.31), HbA1c (the HTK = 5.86 vs. the UW = 6.05; p = 0.30), and Beta-score for islet graft
function (the HTK = 3.7 vs. the UW = 5.5; p = 0.11).

Discussion
The results from this study demonstrate that both HTK and UW preservation solutions are
comparable in their ability to prevent cellular edema throughout pancreas procurement and
islet isolation. This finding further supports our previous results that both solutions have an
equivalent impact on islet viability and in vitro function.
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Although considerable effort has been devoted to expanding the clinical application of islet
transplantation for the treatment of patients with Type I diabetes mellitus, many variables
continue to pose challenges for clinicians. Among these, the quality of pancreas flush and
preservation is a key factor that determines the outcome of the islet isolation procedure. For
example, poor pancreatic flush and long cold ischemia duration often result in a lower
digestion efficacy, as a result of cellular edema (23). Cellular edema within endocrine and
exocrine tissue develops primarily during pancreas cold-ischemic preservation, but can be
further influenced by isolation factors, such as organ reperfusion and associated reperfusion
injuries, enzymatic digestion, centrifugation, and purification. Due to the multiphase
processes inherent in the islet isolation procedure that can exacerbate the progression of
cellular edema, the selection of a suitable preservation solution is even more critical for islet
transplantation than for whole pancreas transplantation. HTK and UW each have a distinct
composition and differing pathways of action to prevent cellular edema. While UW
primarily prevents cellular edema via the osmotically active impermeants raffinose,
lactobionate, and hydroxyethyl starch, HTK works through histidine, mannitol, tryptophan,
and ketoglutarate.
Cell Transplant. Author manuscript; available in PMC 2014 January 01.
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In the present study, we compared the impact of preservation solution on the development
and progression of cellular edema during the islet isolation process through the analysis of
pancreatic digestion efficacy, purification outcomes, and islet size distribution. In terms of
digestion efficacy, no significant difference was found between the HTK and the UW
groups, with adjustment for age, sex, BMI, CIT, and enzyme. The extent of enzymatic
cleavage, based on the percentage of trapped islets (islets encased in exocrine tissue)
observed after the digestion phase, also did not differ between the groups. These combined
data suggest that both preservation solutions similarly impact pancreatic digestion efficacy.
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The analysis of purification outcomes served as an indirect measurement of pancreatic
cellular edema. For single cells, the extent of edema is often measured by means of a cellresistance assay. However, the same technique cannot be applied to whole islets, which
possess a three-dimensional cytostructure composed of 1,000-2,000 individual cells. Thus,
the analysis of islet and exocrine tissue distribution and islet purity in a continuous gradient
of 1.068 -1.078 g/mL served as an indirect approach to assess the impact of preservation
solutions on pancreatic cellular edema. The islet isolation procedure relies on a densitybased purification, following the digestion phase, to separate islets and exocrine tissue; the
intrinsic density difference between islet tissue (∼1.059 g/mL) and exocrine tissue (1.059 –
1.074 g/mL)(24) is so minimal that even a slight change in the density of either tissue would
have a detrimental effect on recovered tissue mass and purity. For instance, trapped islets, a
product of incomplete digestion and dissociation, have a relatively high density that is
similar to that of exocrine tissue. An elevated percentage of trapped islets within a digested
tissue population will result in rightward shift in islet purity, and consequently, a lower
overall islet purity. On the other hand, exocrine cellular edema will result in a leftward shift,
and consequently, incomplete separation of these cell types during purification and lower
overall islet purity. Our results revealed no significant difference between the HTK and the
UW groups in tissue volume distribution, both in terms of absolute and relative volume,
within purification fractions (Fig. 3). A slightly higher tissue volume was observed in the
lowest density fractions (fractions 1 and 2) within the UW group, whereas a slightly higher
tissue volume was observed in the highest density fractions (fractions 8-10) within the HTK
group. Due to the low islet purity within these fractions, exocrine tissue comprised the
majority of the volume. In order to eliminate other influencing factors, the relative tissue
volume, as a percentage, was analyzed, adjusting for age, sex, BMI, CIT, and enzyme.
These results paralleled those observed for the absolute tissue volume.
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The distribution of islet purity across fractions also served as an indicator of purification
outcome, and an indirect measurement of cellular edema. Within the top fraction (> 69%),
the islet purity distribution was similar between the HTK and the UW groups. However,
within the middle fraction (40 - 69%) a significantly higher purity was observed in fractions
6 and 7 of the HTK group (Fig.4). It is generally accepted that superior islet purification is
only possible when the intrinsic density difference between islets and exocrine tissue is
preserved during the isolation process. Based on these purification outcomes, our analysis
suggests that HTK and UW have equal efficacy in preserving islet and exocrine densities,
demonstrating similar top fraction islet purity, in which the majority of islets were
recovered, and tissue volume distribution across purification fractions. Although, it appears
that HTK may be slightly more effective in preserving exocrine tissue density, as the UW
group shows lower islet purity in the middle fraction that is may caused by exocrine tissue
edema.
In addition to the impact on tissue distribution and islet purity, cellular edema, by definition,
will also influence islet size. Increased intracellular water retention will result in islet
enlargement. Consequently, this will result in a shift in the islet size distribution of a given
islet preparation, with a higher number of islets designated to the large size categories and a
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lower number of islets designated to the small size categories. With this in mind, we
compared the islet size distribution between the HTK and the UW groups at two time points:
post-digestion (earliest possible dissociation time-point) and post-purification (latest
possible time-point). No discernible difference between islet size was observed at either
time-point (Fig.2), supporting the aforementioned findings regarding digested tissue
distribution and islet purity. In addition to an increased percentage of large islets, it is also
expected that more islets will be lost during purification in the presence of cellular edema.
As a volumetric quantification of mass, IEq can also be used as an indicator of the
occurrence of edema. In the presence of cellular edema, the total IEq from the post-digestion
to the post-purification stage will change. In this study, no significant difference was found
in total IEq between these time points. The similarity in size-related variables within this
study indicates either the absence of significant intraislet cellular edema, regardless of
preservation solution used, or that edema did occur but was not significantly different
between the two groups.
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This present study is limited mainly by the imprecise assessment techniques that are
commonly employed during the islet isolation procedure. Subjectivity is inherent in the
established methods for islet yield, size, purity, and volume quantification, and the results
may differ depending on the assessor. However, we believe that variation due to user error
and subjectivity did not have a great effect on this analysis because all isolations were
performed by experienced isolation technicians, according to a standardized islet isolation
protocol. Additionally, the large number of isolations analyzed in this study (n = 252)
minimizes the impact of user variation on the overall results.
An additional limitation is the potential impact of the 30-min UW incubation prior to
purification on cellular edema. However, pancreatic tissue from both groups was treated
identically in this manner, and the duration of this incubation was so brief that we believe
any impact would be negligible. Despite the limitations, the results of this study are quite
clear: HTK and UW solution function similarly to prevent cellular edema during islet
isolation.
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While there is a consensus that both solutions are acceptable for abdominal organ
transplants, there has been new debate as to which solution offers the most comprehensive
cold ischemia protection in response to recent studies (25-28). These studies indicate that
HTK is associated with reduced survival of abdominal organ transplants, especially with
increased cold ischemia time. Others studies suggest that while HTK-flushed pancreata
appear more edematous, there is no evidence of impaired early graft function (8, 29).
However, there have not been any studies conducted examining the long-term effects of
human pancreas preservation with HTK on in vivo islet grafting. Therefore, we believe that
an in-depth comparison of the effects of HTK and UW on in vivo islet graft outcomes is
warranted to garner a complete understanding of the impact of HTK on islet transplantation
although our initial patient data indicate comparable graft function and clinical outcomes.

Reference Cited
1. Belzer FO, Ploeg RJ, Knechtle SJ, D'Alessandro AM, Pirsch JD, Kalayoglu MM, Sollinger HW.
Clinical pancreas preservation and transplantation. Transplant Proc. 1994; 26(2):550–551.
[PubMed: 8171549]
2. Belzer FO, D'Alessandro AM, Hoffmann RM, Knechtle SJ, Reed A, Pirsch JD, Kalayoglu M,
Sollinger HW. The use of UW solution in clinical transplantation. A 4-year experience. Ann Surg.
1992; 215(6):579–583. discussion 584-575. [PubMed: 1632679]
3. Bretschneider HJ. Myocardial protection. Thorac Cardiovasc Surg. 1980; 28(5):295–302. [PubMed:
6161427]

Cell Transplant. Author manuscript; available in PMC 2014 January 01.

Pauster et al.

Page 8

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

4. Schneeberger S, Biebl M, Steurer W, Hesse UJ, Troisi R, Langrehr JM, Schareck W, Mark W,
Margreiter R, Konigsrainer A. A prospective randomized multicenter trial comparing histidinetryptophane-ketoglutarate versus University of Wisconsin perfusion solution in clinical pancreas
transplantation. Transpl Int. 2009; 22(2):217–224. [PubMed: 18954363]
5. Fridell JA, Mangus RS, Powelson JA. Histidine-tryptophan-ketoglutarate for pancreas allograft
preservation: the Indiana University experience. Am J Transplant. 10(5):1284–1289. [PubMed:
20353471]
6. Mangus RS, Tector AJ, Agarwal A, Vianna R, Murdock P, Fridell JA. Comparison of histidinetryptophan-ketoglutarate solution (HTK) and University of Wisconsin solution (UW) in adult liver
transplantation. Liver Transpl. 2006; 12(2):226–230. [PubMed: 16447203]
7. Testa G, Malago M, Nadalin S, Treptow B, Paul A, Frilling A, Broelsch CE. Histidine-tryptophanketoglutarate versus University of Wisconsin solution in living donor liver transplantation: results of
a prospective study. Liver Transpl. 2003; 9(8):822–826. [PubMed: 12884194]
8. Becker T, Ringe B, Nyibata M, Meyer zu Vilsendorf A, Schrem H, Luck R, Neipp M, Klempnauer
J, Bektas H. Pancreas transplantation with histidine-tryptophan-ketoglutarate (HTK) solution and
University of Wisconsin (UW) solution: is there a difference? JOP. 2007; 8(3):304–311. [PubMed:
17495359]
9. Englesbe MJ, Moyer A, Kim DY, Granger DK, Pietroski R, Yoshida A, Arenas JD, Oh H, Pelletier
SJ, Campbell DA Jr, Punch JD, Magee JC, Gruber SA, Sung RS. Early pancreas transplant
outcomes with histidine-tryptophan-ketoglutarate preservation: a multicenter study. Transplantation.
2006; 82(1):136–139. [PubMed: 16861954]
10. Fridell JA, Agarwal A, Milgrom ML, Goggins WC, Murdock P, Pescovitz MD. Comparison of
histidine-tryptophan-ketoglutarate solution and University of Wisconsin solution for organ
preservation in clinical pancreas transplantation. Transplantation. 2004; 77(8):1304–1306.
[PubMed: 15114104]
11. Brandhorst H, Hering BJ, Brandhorst D, Hiller WF, Gubernatis G, Federlin K, Bretzel RG.
Comparison of histidine-tryptophane-ketoglutarate (HTK) and University of Wisconsin (UW)
solution for pancreas perfusion prior to islet isolation, culture and transplantation. Transplant Proc.
1995; 27(6):3175–3176. [PubMed: 8539896]
12. Hubert T, Gmyr V, Arnalsteen L, Jany T, Triponez F, Caiazzo R, Vandewalle B, Vantyghem MC,
Kerr-Conte J, Pattou F. Influence of preservation solution on human islet isolation outcome.
Transplantation. 2007; 83(3):270–276. [PubMed: 17297400]
13. Iwanaga Y, Sutherland DE, Harmon JV, Papas KK. Pancreas preservation for pancreas and islet
transplantation. Curr Opin Organ Transplant. 2008; 13(2):135–141. [PubMed: 18685293]
14. Wojtusciszyn A, Bosco D, Morel P, Baertschiger R, Armanet M, Kempf MC, Badet L, Toso C,
Berney T. A comparison of cold storage solutions for pancreas preservation prior to islet isolation.
Transplant Proc. 2005; 37(8):3396–3397. [PubMed: 16298605]
15. Salehi P, Hansen MA, Avila JG, Barbaro B, Gangemi A, Romagnoli T, Wang Y, Qi M, Murdock
P, Benedetti E, Oberholzer J. Human islet isolation outcomes from pancreata preserved with
Histidine-Tryptophan Ketoglutarate versus University of Wisconsin solution. Transplantation.
2006; 82(7):983–985. [PubMed: 17038916]
16. Gangemi A, Salehi P, Hatipoglu B, Martellotto J, Barbaro B, Kuechle JB, Qi M, Wang Y, Pallan P,
Owens C, Bui J, West D, Kaplan B, Benedetti E, Oberholzer J. Islet transplantation for brittle type
1 diabetes: the UIC protocol. Am J Transplant. 2008; 8(6):1250–1261. [PubMed: 18444920]
17. Ricordi C, Gray DW, Hering BJ, Kaufman DB, Warnock GL, Kneteman NM, Lake SP, London
NJ, Socci C, Alejandro R, et al. Islet isolation assessment in man and large animals. Acta Diabetol
Lat. 1990; 27(3):185–195. [PubMed: 2075782]
18. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock GL, Kneteman NM, Rajotte RV.
Islet transplantation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free
immunosuppressive regimen. N Engl J Med. 2000; 343(4):230–238. [PubMed: 10911004]
19. Ricordi C, Lacy PE, Finke EH, Olack BJ, Scharp DW. Automated method for isolation of human
pancreatic islets. Diabetes. 1988; 37(4):413–420. [PubMed: 3288530]

Cell Transplant. Author manuscript; available in PMC 2014 January 01.

Pauster et al.

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript

20. Barbaro B, Salehi P, Wang Y, Qi M, Gangemi A, Kuechle J, Hansen MA, Romagnoli T, Avila J,
Benedetti E, Mage R, Oberholzer J. Improved human pancreatic islet purification with the refined
UIC-UB density gradient. Transplantation. 2007; 84(9):1200–1203. [PubMed: 17998877]
21. Yang H, Acker J, Chen A, McGann L. In situ assessment of cell viability. Cell Transplant. 1998;
7(5):443–451. [PubMed: 9786064]
22. Barbaro B, Kuechle J, Salehi P, Rodriguez L, Qi M, Gangemi A, Benedetti E, Oberholzer J.
Increased albumin concentration reduces apoptosis and improves functionality of human islets.
Artif Cells Blood Substit Immobil Biotechnol. 2008; 36(1):74–81. [PubMed: 18293163]
23. Chadwick DR, Robertson GS, Contractor HH, Rose S, Johnson PR, James RF, Bell PR, London
NJ. Storage of pancreatic digest before islet purification The influence of colloids and the sodium
to potassium ratio in University of Wisconsin-based preservation solutions. Transplantation. 1994;
58(1):99–104. [PubMed: 8036714]
24. London NJ, Bell PR. Pancreas and islet transplantation. Br J Surg. 1992; 79(1):6–7. [PubMed:
1737280]
25. Stewart ZA, Cameron AM, Singer AL, Montgomery RA, Segev DL. Histidine-TryptophanKetoglutarate (HTK) is associated with reduced graft survival in deceased donor livers, especially
those donated after cardiac death. Am J Transplant. 2009; 9(2):286–293. [PubMed: 19067658]
26. Stewart ZA, Cameron AM, Singer AL, Dagher NN, Montgomery RA, Segev DL. Histidinetryptophan-ketoglutarate (HTK) is associated with reduced graft survival in pancreas
transplantation. Am J Transplant. 2009; 9(1):217–221. [PubMed: 18986383]
27. Stewart ZA, Lonze BE, Warren DS, Dagher NN, Singer AL, Montgomery RA, Segev DL.
Histidine-tryptophan-ketoglutarate (HTK) is associated with reduced graft survival of deceased
donor kidney transplants. Am J Transplant. 2009; 9(5):1048–1054. [PubMed: 19298449]
28. Ko JS, Kim GS, Gwak MS, Yang M, Kim HK, Shin BS, Kim JK, Lee SK. Greater hemodynamic
instability with histidine-tryptophan-ketoglutarate solution than University of Wisconsin solution
during the reperfusion period in living donor liver transplantatio. Transplant Proc. 2008; 40(10):
3308–3310. [PubMed: 19100378]
29. Agarwal A, Murdock P, Pescovitz MD, Goggins WC, Milgrom ML, Fridell JA. Follow-up
experience using histidine-tryptophan ketoglutarate solution in clinical pancreas transplantation.
Transplant Proc. 2005; 37(8):3523–3526. [PubMed: 16298649]

NIH-PA Author Manuscript
Cell Transplant. Author manuscript; available in PMC 2014 January 01.

Pauster et al.

Page 10

NIH-PA Author Manuscript
Figure 1. Islet quantification (IEq): post-digestion, post-purification, and the difference between
post-digestion and post-purification (islet loss via purification)

The number of isolations analyzed was 95 and 157 for the HTK and the UW, respectively.
Data were adjusted for age, sex, BMI, CIT, and enzyme. Statistical significance was set at pvalue <0.01.
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Figure 2. IEq change (%) between the post-digestion and post-purification stages, across the
eight islet size categories
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The number of isolations analyzed was 95 and 157 for the HTK and the UW, respectively.
Data were adjusted for age, sex, BMI, CIT, and enzyme. Statistical significance was set at pvalue <0.01.
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Figure 3. Tissue volume distributions across purification fractions

(a) Absolute tissue volume distribution (mL). (b) Relative tissue volume distribution (%).
The number of isolations analyzed was 95 and 157 for the HTK and the UW, respectively.
Data were adjusted for age, sex, BMI, CIT, and enzyme. Statistical significance was set at pvalue <0.01.
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Figure 4. Islet purity distribution across purification fractions

The number of isolations analyzed was 95 and 157 for the HTK and the UW, respectively.
Data were expressed in percentage and adjusted for age, sex, BMI, CIT, and enzyme.
Sample size ranged from 167-249 across fractions. Statistical significance was set at p-value
<0.01.
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Table 1

Comparison of organ preservation solution compositions
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HTK (g/L)

UW (g/L)

Sodium chloride: 0.87

Poly (0-2-hydroxyethyl) starch: 50

Potassium chloride: 0.67

Lactobionic acid: 35.83

Potassium hydrogen 2-ketoglutarate: 0.18

Potassium phosphate monobasic: 3.4

Magnesium chloride·6 H2O: 0.81

Magnesium sulfate heptahydrate: 1.23

Histidine · HCI · H2O: 3.77

Raffinose pentahydrate: 17.83

Histidine: 27.92

Adenosine: 1.34

Tryptophan: 0.41

Allopurinol: 0.136

Mannitol: 5.47

Total Glutathione: 0.92

Calcium chloride · 2 H2O: 0.0022

Potassium hydroxide: 5.61
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Table 2

Comparison of donor, pancreas, and isolation characteristics
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Data are expressed as mean ± SD or percentage. Statistical evaluations were performed by either two-tailed
unpaired Student's t-test or Chi-square test, with significance at p-value <0.05.
Characteristics

HTK

UW

Isolation number (n)

95

157

Age (y)

48.7 ± 11.1

48.1 ± 11.5

0.68

Sex (% male)

54.3

55.1

0.86

(kg/m2)

p-value

29.5 ± 5.9

28.8 ± 6.0

0.36

Cold ischemia time (hrs)

9.7 ± 2.5

8.9 ± 2.8

0.02

Pancreas weight (g)

99.8 ± 28.2

108.4 ± 30.0

0.02

Serva Premium

21.7

25.3

0.86

Serva GMP

1.9

4.2

Sigma V

19.7

12.6

Roche Liberase

56.7

57.9

BMI

Enzyme used for perfusion (%)
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