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Abstract
Prior to transplantation into individuals with type 1 diabetes, in vitro assays are used to evaluate the quality, function and
survival of isolated human islets. In addition to the assessments of these parameters in islet, they can be evaluated by mul-
tiparametric morphological scoring (0–10 points) and grading (A, B, C, D, and F) based on islet characteristics (shape, border,
integrity, single cells, and diameter). However, correlation between the multiparametric assessment and transplantation
outcome has not been fully elucidated. In this study, 55 human islet isolations were scored using this multiparametric
assessment. The results were correlated with outcomes after transplantation into immunodeficient diabetic mice. In addition,
the multiparametric assessment was compared with oxygen consumption rate of isolated islets as a potential prediction factor
for successful transplantations. All islet batches were assessed and found to score: 9 points (n¼ 18, Grade A), 8 points (n¼ 19,
Grade B), and 7 points (n ¼ 18, Grade B). Islets that scored 9 (Grade A), scored 8 (Grade B) and scored 7 (Grade B) were
transplanted into NOD/SCID mice and reversed diabetes in 81.2%, 59.4%, and 33.3% of animals, respectively (P < 0.0001). Islet
scoring and grading correlated well with glycemic control post-transplantation (P < 0.0001) and reversal rate of diabetes
(P < 0.05). Notably, islet scoring and grading showed stronger correlation with transplantation outcome compared to oxygen
consumption rate. Taken together, a multiparametric assessment of isolated human islets was highly predictive of trans-
plantation outcome in diabetic mice.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease that results

from the destruction of insulin-producing pancreatic islet

b-cells. The majority of T1D individuals depend on insulin

replacement to provide glucose homeostasis. However, in

T1D, blood glucose control within a physiological range is

not easily achieved, and uncontrolled hyperglycemia

degrades the function of multiple organs including the heart,

vasculature, kidneys and eyes1,2. Further, despite glycemic

control with insulin, some T1D individuals experience life-

threatening hypoglycemia and hypoglycemia unawareness.

Islet transplantation (IT) provides insulin independence and

mitigates life-threatening hypoglycemia unawareness and

organ damage in T1D3–5. Several factors influence the qual-

ity of isolated islets and subsequent islet transplantation

outcomes. Donor characteristics including sex, body mass

index, and age, as well as technical details of the isolation

process, impact islet quality and outcomes following IT6–9.
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The National Institute of Diabetes and Digestive and Kid-

ney Diseases (NIDDK)-funded Clinical Islet Transplantation

Consortium released detailed standards for determining iso-

lated islet quality that take into account islet equivalent

(IEQ), purity, viability, and glucose-stimulated insulin secre-

tion (GSIS)10–12. While providing release criteria metrics,

these assays do not predict IT outcomes well, except IEQs

transplanted13. Recently, analyses of islet oxygen consump-

tion rate (OCR) were reported to predict IT outcomes. OCR

normalized to DNA content (OCR/DNA) and increment of

OCR stimulated by the glucose predict IT outcomes in

rodents14–16, and OCR dose, the product of islet dose and

OCR/DNA, predicts clinical allo- and auto-IT outcomes17,18.

We developed a computer-based semi-automated viability

assessment tool as an alternative to conventional manual

viability assessment19. Other methods such as islet cellular

composition assessment using laser scanning cytometry and

the ADP/ATP ratio of isolated islets can assist in grading the

quality of isolated islets20,21. Regardless of the assay

employed, timely evaluation of islet quality is paramount.

Unfortunately, current in vitro assays of isolated islet quality

and function are time consuming. Thus, there remains a need

for islet assessment tools that require little time and yet

accurately predict IT outcomes. Herein, we tested a multi-

parametric assessment including islet morphological scoring

(0–10 points) and grading (A, B, C, D, and F) based on the

islet characteristics (shape, border, integrity, single cells, and

diameter) to predict islet function after transplantation in

immunodeficient diabetic mice.

Materials and Methods

Study Design

This study retrospectively determined the correlation

between a multiparametric assessment of isolated islets

prior to transplantation (n ¼ 55, period of islet isolation:

March 2015 – June 2018) and outcome of islet graft func-

tion following transplantation into immunodeficient dia-

betic mice. The parameters were also compared with

OCR (n ¼ 49).

Human Donor Pancreata for Islet Isolation

Human pancreata from deceased donors were obtained from

a local organ procurement organization (OneLegacy, Los

Angeles, CA, USA) for islet isolation. The pancreata were

stored on ice in cold preservation solution (University of

Wisconsin solution or histidine-tryptophan-ketoglutarate

solution) and transported to the current Good Manufacturing

Practices facility at City of Hope. All pancreata processed in

this study were approved for research by the Institutional

Research Board of City of Hope (IRB # 01046) and informed

consent was obtained from family or relatives of the donors.

Isolation of Human Islets

Islet isolations were conducted as described22. Briefly, the

pancreas was trimmed of fat and connective tissue before

perfusion with a collagenase/protease solution through the

main pancreatic duct using an automatic perfusion apparatus

(Biorep Technologies, Miami Lakes, FL, USA). The pan-

creas was then cut into 7–12 pieces and further digested in

a Ricordi digestion chamber at 37�C23. Isolated islets were

purified with continuous density gradient centrifugation

using a COBE 2991 cell processor system (Terumo BCT,

Lakewood, CO, USA)24. Islet fractions were pooled accord-

ing to purity as determined by Dithizone (DTZ) staining

(iDTZ, Gemini Bio-products, CA, USA)25. Islet particulate

number (IPN) was determined, and total islet counts were

then converted into islet equivalent (IEQ) which represent

islets of 150 mm diameter IEQ26. Islet morphological scoring

was performed followed by culture at 37�C with 5% CO2 and

subsequent analyses.

Islet Multiparametric Assessment

Scoring of DTZ-stained islets was completed on the day of

isolation using a bright-field microscope (CKX31, Olympus,

Tokyo, Japan) and a 4� objective lens. Details of the five

scored parameters (shape, border, integrity, single cells, and

diameter) are found in Table 112. Each individual parameter

was scored from 0–2 points, and the total score was calcu-

lated. The total scores were then categorized as A (best), B,

C, D, and F (worst). Islet assessment was performed for the

available islet fractions, as defined by the purity of each

Table 1. Islet Morphological Score and Grade.

Islet Morphological Score
Parameter Score Description

Shape (three-dimensional) 0 Flat/planer
1 In between
2 Spherical

Border (two-dimensional) 0 Irregular
1 In between
2 Well-rounded

Integrity 0 Fragmented
1 In between
2 Solid/compact

Single cells 0 Many
1 A few
2 Almost none

Diameter 0 All islets <100 mm
1 Less than 10% of

islets > 200 mm
2 >10% of islets >200 mm

Islet Morphological Grade Description

A Total score: 9–10 points
B Total score: 7–8 points
C Total score: 4–6 points
D Total score: 2–3 points
F Total score: 0–1 points
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batch (fraction 1, �70% pure; fraction 2, 40–70% pure, and

fraction 3, �40% pure).

Metabolic Assessment of Isolated Islets

The oxygen consumption rate (OCR) of isolated islets was

measured using a Seahorse XFe24 analyzer (Agilent, Santa

Clara, CA, USA)27,28. Briefly, islets (70–100 IEQ) were

plated into 4 or more separate wells of a Seahorse XFe islet

capture plate. The islet OCR was measured at base line

(3 mM glucose for 45 minutes), after glucose stimulation

(20 mM glucose for 53 minutes) and during inhibition of

mitochondrial respiration (5 nM oligomycin for 105 min-

utes). Measurements were repeated every 7.5 minutes until

the end of the experiment. The basal OCR (OCR basal) was

calculated as the average OCR obtained on incubation in

3 mM glucose solution. The maximum OCR was obtained

at least 1 hour after the initiation of glucose stimulation. The

OCR fold increase was defined as the maximum OCR/basal

OCR (OCR_SI).

Other Post-Isolation Assessments

In addition to the islet multiparametric assessment and meta-

bolic assessment of isolated islets, several post-isolation

assessments were routinely performed in vitro, including

purity, viability, and GSIS (static incubation), as described

previously19,29. The viability of isolated islets were assessed

with both conventional and semi-automated methods as pre-

viously reported10,19.

Human Islet Transplantation Into Diabetic
Immunodeficient Mice

Animal studies were approved by the City of Hope Beckman

Research Institute Institutional Animal Care and Use Com-

mittee. Male 8–12 week-old non-obese diabetic, severe com-

bined immunodeficiency (NOD/SCID) mice (Charles River

Laboratories, Wilmington, MA, USA) were used as recipi-

ents for islet transplantations as described19,28. Mice were

rendered diabetic by intraperitoneal injections of 50 mg/kg

of streptozotocin (Sigma-Aldrich, St. Louis, MO, USA) for

three consecutive days. Mice with a blood glucose level

>350 mg/dL underwent IT and blood glucose levels were

monitored twice a week. Diabetes reversal was defined as a

blood glucose <200 mg/dL on at least three consecutive

measurements. A total of 202 mice were transplanted with

isolated human islets from 55 separate isolations (donors).

For each islet isolation, 1–8 mice were transplanted with

1200 IEQ under the left kidney capsule28,30. For quantitative

evaluation of post-transplant blood glucose control in indi-

vidual mice, the area under the curve (AUC) of blood glu-

cose from days 0–28 (AUC_0-28) was determined19. These

quantitative parameters correlated well with diabetes rever-

sal (Supplemental Fig. S1A). AUC also correlated with the

number of days to reverse diabetes in the mice that achieved

a blood glucose <200 mg/dL (Supplemental Fig. S1B). As

well, the diabetes reversal rate for each islet batch, defined as

the number of mice with diabetes reversal/number of mice

transplanted, was determined. Five islet isolation batches

were excluded from the analysis since in these instances only

1 or 2 mice were transplanted.

Statistical Analysis

Comparisons between two factors were analyzed using the

Student’s t-test. Multivariate analysis was performed to

identify the statistical correlations between several variables

(Pearson’s correlation). Receiver operating characteristic

(ROC) curves were used to calculate the optimal cutoff value

to distinguish two groups among the data set. The compar-

isons between two groups in the cumulative diabetes reversal

assessment were analyzed using a log-rank test. All statisti-

cal analyses were performed using JMP 9.0.0 software

(SAS Institute, Cary, NC, USA). A P < 0.05 was considered

significant.

Results

Islet Characteristics and Morphological Scoring

Donor information and islet characteristics are shown in

Table 2. All 55 islet preparations scored either 1 or 2 points

for all parameters (Fig. 1). The distribution of the scores for

each parameter is shown in Fig. 2A. Most islet isolation

batches scored 2 points for all parameters except for islet

integrity. The cumulative islet morphological score ranged

between 7 and 9 points (full score ¼ 10 points), with an

average of 8.0 + 0.1 points (Fig 2B). Islet isolation batches

evenly distributed into each total score: 18 batches for

7 points, 19 batches for 8 points, and 18 batches for 9 points.

Based on the grading shown in Table 1, 18 batches fell into

Grade A (9–10 points) and 37 batches Grade B (7–8 points).

These data confirmed that our standard operating procedure

for pancreatic islet isolation delivered morphologically high-

quality islets.

Islet Morphological Score Strongly Correlates
with in vivo Islet Transplantation Outcomes

The results of human islet transplantation in mice are sum-

marized in Table 3. We analyzed the correlations between

islet assessment data and transplantation outcomes. The

AUC_0-28 was used to quantify transplantation outcome

in individual mice while the diabetes reversal rate of each

islet batch was taken as an indicators of post-transplant gly-

cemic control. Interestingly, islet morphological score was

highly and inversely correlated to transplantation outcomes

(r ¼ �0.4048, P < 0.0001) (Table 4). Notably, it showed

stronger correlation to the AUC_0-28 as compared to

OCR_SI (r ¼ �0.282, p ¼ 0.0001) and semi-automated

viability (r ¼ �0.204, p ¼ 0.0039). As well, the islet mor-

phological score was the only variable that significantly and
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positively correlated with the diabetes reversal rate

(r ¼ 0.2876, p ¼ 0.0428).

We further investigated if transplantation outcomes var-

ied in relation to islet morphologic score. We found that islet

morphological scores significantly impacted the post-

transplant glycemic control as measured by AUC_0-28

(Fig. 3A). Indeed, diabetes reversal rates tracked quite closely

with islet morphological scores (Fig. 3B, P < 0.0001). Mice

that received islets that were scored 9, 8, and 7, showed

reversal of diabetes in 81.2%, 59.4%, and 33.3% of animals,

respectively.

Islet Morphological Grade is Comparable to Metabolic
Assessment (OCR) as a Predictor of Transplantation
Outcome

We compared the potential of islet morphological grade and

metabolic assessment (OCR) to predict transplantation out-

come. Data from each assay were categorized into two

groups: Grade A (score 9–10) or B (score 7–8) for islet

morphological grade; <1.24 or >1.24 for OCR-SI. Using

a ROC curve, 1.24 was selected as an optimal cutoff for

OCR-SI (Supplemental Fig. S2). Mice that received islets

graded A, and >1.24 in OCR-SI demonstrated significantly

better glycemic control, as defined by lower AUC_0-28

values, when compared to other groups (P < 0.0001 in

morphological grade B, Fig. 4A; P < 0.0001 in OCR-

SI<1.24, Fig. 4B). Mice that received Grade A islets showed

reversal of diabetes in 81.2% of animals, whereas those

received Grade B islets showed reversal in 46.6% of animals

(Fig. 4C, P < 0.0001). Mice that received islets of OCR_SI

>1.24 showed diabetes reversal in 66.0% of animals,

whereas those received islets of OCR_SI <1.24 showed

reversal in 22.3% (Fig. 4D, p ¼ 0.0001). Both islet assess-

ment methods predicted islet transplantation outcome but

vary in their sensitivity and specificity (Table 5).

Individual Parameters in Islet Evaluation Correlate
with Transplantation Outcome

Total islet score and grade predicted islet transplant out-

comes. However, it was not clear if one or more parameters

more closely tracked with outcome. We analyzed transplan-

tation outcome (AUC_0-28) in relation to the score of each

parameter (Fig 5). A high score (2 points) in three para-

meters (border, integrity, and single cells) individually cor-

related with better post-transplant glycemic control when

compared to a low score (1 point) (p ¼ 0.0213, p ¼ 0.0225,

and p ¼ 0.0001, respectively). The interaction analysis of the

five parameters revealed that each parameter was relatively

independent (Supplemental Fig. S3).

Table 2. Donor and Islet Characteristics.

Average + SEM
Range

(Minimum–Maximum)
Observations

(n) Note

Donor factors
HbA1c (%) 5.8 + 0.2 4.6–14.7 55
Age (yrs) 46 + 1.6 17–64 55
Sex n/a n/a 55 Male ¼ 42, Female ¼ 13
BMI (kg/m2) 30.1 + 1.0 21.4–63.1 55
Isolation factors
Cold ischemia time (h) 6.6 + 0.3 3–12 55
Post-isolation_IEQ 264,323 + 21,900 48,900–659,249 55
Post-isolation_IPN 259,431 + 20,696 31,000–798,500 55
IEQ/IPN 1.1 + 0.1 0.5–3.1 55
Post-isolation assessments
Islet morphological score 8.0 + 0.1 7–9 55 Post-isolation assessment; Manual

counting; details in Fig. 1
Islet morphological grade n/a A–B 55 Post-isolation assessment; Grade A ¼

18; B ¼ 37; C–F ¼ 0; details Table 1
Viability (manual assessment) (%) 96.0 + 0.3 88–99 55 Manual counting
Viability (semi-automated assessment) 94.3 + 1.0 63.5–99.9 55 Semi-automated counting
OCR_SI 1.43 + 0.02 1.18–1.88 49 Used for comparison to islet

morphological score/grade in
this study

GSIS-SI (static incubation) 2.2 + 0.2 0.7–6.9 53
Purity (%) 78.7 + 0.9 63–95 54 Manual counting
Days in culture 2.6 + 0.2 0–9 55 Days between isolation and

transplantation

Abbreviations: SEM, standard error of the mean; HbA1c, hemoglobin A1c; BMI, body mass index; GSIS, glucose-stimulated insulin secretion; IEQ, islet
equivalent; IPN, islet particle number; OCR, oxygen consumption rate; SI, stimulation index

4 Cell Transplantation



Discussion

In this study, a multiparameter islet assessment based on

shape, border, integrity, single cells, and diameter was found

to significantly correlate with islet transplant outcomes in

immunodeficient diabetic mice. Accordingly, the multipara-

metric islet assessment showed advantage over other assays

including stimulation index in OCR assay and semi-

automated viability for assessing islet transplantation out-

comes. The multiparametric assessment requires only DTZ

staining of islets31 and should be performed immediately

after islet isolation using light microscopy25. As the techni-

cal requirements for morphologic assessment are modest,

this method can be applied widely. Five parameters were

used to score the islets (shape, border, integrity, single cells

and diameter) with points assigned from 0 to 2. The narrow

range of scoring may limit the consideration of subtle dif-

ferences in islet morphology but has the advantage of being

easier to master and implement. It should be pointed out that

scoring reflects certain unique aspects derived from our

experience. This is exemplified in the score we assigned to

islet size. Indeed, other data suggested that islet size might

not reflect transplant outcome32. Islets were then further

categorized into several grades (A, B, C, D, and F) based

on the total score for overall islet quality and integrity.

Counting of DTZ-stained islets is a gold standard for calcu-

lating islet particle number (IPN) and to determine the final

islet equivalent (IEQ)33. The islet scoring system employed

in the present study uses the well-established methods of

DTZ staining and observation under light microscopy. And,

while being somewhat operator-dependent, morphologic

scoring was found superior in certain aspects compared to

the stimulation index in OCR assay and semi-automated

viability. There are several potential reasons for this. First,

all scored parameters showed the same trend in relation to

islet transplant outcome, that is the higher score in any para-

meter positively correlated with better post-transplantation

glucose control. Second, as demonstrated in the interaction

analysis, each of the five scored parameters were relatively

independent of the other. Therefore, adding together the

Figure 1. Representative images of isolated human islets displaying
typical morphologic features. Images are from the dataset of the
current study. Islets were scored for shape (three-dimensional),
border (two-dimensional), integrity, single cells, and diameter. Each
individual parameter was scored from 0 to 2 point(s). No islets
scored 0 in any parameter. Islets were stained with iDTZ solution.
Scale bar, 100 mm. See Table 1 for additional details.

Figure 2. Distribution of islet morphological scores and grades.
(A) Distribution of the scores of individual parameters (n ¼ 55 islet
batches in each parameter). (B) Distribution of the total scores and
grades (n ¼ 55 islet batches).

Komatsu et al 5



score of each individual parameter acted to enhance the

predictive value of the combined score.

Islet transplantation is largely restricted to centers with

substantial experience in isolating human islets for clinical

and research applications. Characterization of islets is essen-

tial and performed immediately after isolation. Consistent

with this, in the present analysis, among the 55 islet batches

scored, the average scores assigned by the two study inves-

tigators were 8.03 + 0.16 (range: 7–9) versus 7.96 + 0.16

(range: 7–9). The distribution of the scores by each investi-

gator were also similar. These results indicate that islet

assessments are reproducible between individuals. Expand-

ing upon this, the data generated from this multiparametric

assessment could aid in developing computer-based auto-

mated platforms for morphometric assessment34–37. For

instance, shape and border may be digitally evaluated using

the shape factor, a numerical factor describing the shape of a

particle of two-dimensional images38,39. Single cells and

islet diameter could be detected by computer-based image

analysis to further improve objectivity19,29.

Uniformity in islet characterization for clinical transplan-

tation is needed for rationale interpretation of outcomes that

then inform therapeutic decisions. Wider utilization of this

approach and sharing of data may permit refinements such as

development of automated non-biased assessment software

tools. In regard to the clinical application, Grade A and B

islets are designated as transplant-quality islets especially if

the islet yield/volume of fraction 1 are high, islet recovery is

more than 30% post-culture, and donor age is less than

50 years old. It is worth noting that Grade B islets have also

been used in clinical transplantation and are administered

particularly for 2nd or 3rd infusion4,40,41. In this study,

fraction 1 was used to assess islet quality. However, the

Table 4. Post-Isolation Assessments with Significant Correlations
to Transplantation Outcomes.

Assessments Correlation (r) P-value

Correlation to AUC_0-28
Morphological Score �0.4048 <0.0001
OCR_SI �0.282 0.0001
Semi-automated Viability �0.204 0.0039
% of islets (>250 mm diameter) 0.1942 0.0061
Purity �0.1749 0.013
Correlation to Reversal rate
Morphological Score 0.2876 0.0428

Abbreviations: AUC, area under curve; OCR, oxygen consumption rate; SI,
stimulation index

Figure 3. Islet morphological scores positively correlate with islet
transplantation outcomes. (A) Correlation of islet morphological
scores (7–9 points) to AUC_0-28; n ¼ 62 mice transplanted with
islets graded 7 points, n ¼ 70 mice transplanted with islets graded
8 points, and n ¼ 70 mice transplanted with islets graded 9 points.
(B) Cumulative curves of diabetes reversal derived from blood
glucose levels from diabetic animals transplanted with islets from
the indicated scored islet groups. ** P < 0.01, **** P < 0.0001.
Student’s t-test and Log-Rank test (Prob>ChiSq) were used to
determine significance in Fig. 3A, B, respectively.

Table 3. Characteristics of Mouse Transplantation Data.

Mouse data Ave + SEM Range (Minimum–Maximum) Observations (n) Note

Total transplantations n/a n/a 202 Total number of mouse recipients
Mouse # per islet batch 4.1 + 0.1 1–8 55 Fifty-five isolations
Observation period (days) 39.5 + 0.9 20–94 202
Diabetes reversal rate (%) 52.4 + 6.1 0-100 50 Five isolations excluded with <3 mice

transplantations
Days until diabetes reversal 12.3 + 0.6 2–32 118 Calculated among diabetes reversed cases
Blood glucose control

(AUC_0-28; mg/dL*days)
8,363 + 337 2,325–16,693 202 Details of AUC_0-28 in Supplemental Fig. S1

Abbreviations: SEM, standard error of the mean; AUC, area under curve
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multiparameter assay performed for islets from fraction 2 or

3 often found identical to those of fraction 1. It is important

to point out that establishing a multiparametric assessment

and biomimetic potency tests would assist in the effort to

obtain a biological license for IT from the US Food and Drug

Administration41–44.

In conclusion, multiparametric assessment of isolated

human islets highly predicted transplantation outcomes in

diabetic mice. In this regard, multiparametric assessment

compared favorably to other more costly and time-

consuming techniques of islet evaluation. Application of

multiparametric assessment of islets to transplant quality and

research grade islets could improve clinical islet transplant

outcomes and decrease the heterogeneity of research results.
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