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Abstract

Pancreas and islet transplant recipients are monitored using various metabolic and imaging

methods. The inaccessibility of the transplanted whole pancreas and of the isolated islets poses

specific problems (eg, all assessment techniques are indirect). Although successful pancreas

transplantation typically restores normal glucose homeostasis, islet transplantation into the liver

does not completely normalize islet hormone secretion and glucose metabolism. Development of

better testing strategies, such as direct islet imaging, will significantly advance the field.

Introduction

Islet function tests comprise a wide range of metabolic and imaging studies, all being

hampered by the fact that the cells of interest are tucked away in difficult to reach anatomic

locations. However, progress has been made in the transplant procedures as well as in the

technical aspects of the assessment strategies described in this article.

Brief History of Pancreas and Islet Transplantation

From December 1966 to December 2004, more than 23,000 pancreas transplants were

reported to the international pancreas transplant registry, including more than 17,000 from

the United States and almost 6000 from other countries [1]. Sutherland et al. [2] divided this

time period into five eras, beginning with a slow start (14 pancreas transplants between 1966

and 1973), then accelerating with the introduction of new surgical techniques and new

immunosuppressive agents (eg, era three began in 1994 with the arrival of FK506

[tacrolimus] and era four began 4 years later with the addition of daclizumab and

thymoglobulin) [2]. Besides the typical patients with autoimmune-mediated type 1 diabetes

mellitus (T1DM) who undergo this procedure, the percentage of recipients labeled as having

type 2 diabetes mellitus (T2DM) has continuously increased, accounting for 7.7% of those

receiving a simultaneous pancreas kidney transplant in 2002 and 2003 [1].

The American Diabetes Association (ADA) supports the procedure for patients with

diabetes who have had, or need, a kidney transplant. In the absence of kidney failure,

pancreas transplantation may be considered for patients with diabetes and severe and

frequent metabolic instability (ie, recurrent hypoglycemia and/or ketoacidosis) [3]. An
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ongoing controversy exists with regard to the risk-benefit ratio of pancreas transplantation.

Although outcome studies have documented improved glycemia control and quality of life

in most pancreas transplant recipients [4], data for both positive and negative impact on life

expectancy have been published [1,5]. Even though diabetes-associated complications (eg,

nephropathy) should revert or at least not progress with post-transplant normalized glycemia

control, this has not been shown conclusively. The question is particularly acute in solitary

pancreas recipients [1,5], where immunosuppressive agent-induced nephrotoxicity may

trump the salutary effects of improved glycemia. Although introducing steroid-sparing

immunosuppressive regimens has improved islet function in the short term, agents such as

rapamycin (sirolimus) and FK506 (tacrolimus) are associated with nephropathy,

hyperlipidemia, and anemia, all increasing cardiovascular risk in the long term [6–8].

Islet transplantation was seen as a promising alternative to pancreas transplantation because

procedure-associated risks are decreased, and transplanting tissue (ie, the exocrine pancreas)

irrelevant for diabetes treatment can be minimized, thus eliminating postoperative

complications caused by nonislet tissue. Even though enthusiasm for clinical islet

transplantation began in the early 1970s, its application was significantly limited, largely

because islet preparations were of poor quality and low yield, and similar to the pancreas

transplant field, suffered from ineffective immunosuppression leading to early rejection. In

the late 1970s, various groups, including Najarian et al. [9] and Largiader et al. [10],

described their experience with intraportal and intrasplenic human islet allotransplants in

patients with nonautoimmune diabetes. One patient's outcome was deemed successful for at

least a 10-month follow-up period. In 1990, Scharp et al. [11] reported similar success in a

patient with T1DM, results made possible in part by improved islet isolation techniques

developed by Ricordi et al. [12]. The next major step was achieved with the introduction of

steroid-sparing immunosuppressive therapy and modified islet isolation techniques,

spearheaded by Shapiro's team [13] in Edmonton. The latter group reported that seven

consecutive patients with T1DM were rendered insulin independent for a minimum of 1 year

after receiving islet allografts, reflecting a success rate never previously achieved.

Worldwide, more than 1000 individuals with T1DM have received allogeneic islet

transplants since 1974. Although still a small number (especially when compared to more

than 1 million afflicted with T1DM and an additional 18 million with T2DM in the US

population, and the estimated 140 million with diabetes worldwide), much has been learned.

The initial enthusiasm has been diminished by complications associated with the procedure

itself, by concerns arising from the placement of allogeneic islets into the liver and, again,

by the complications associated with the necessary immuno-suppression [14,15••].

Defining Success

The definition of successful islet transplant outcome has changed over time. In the

mid-1990s, success was defined by graft function versus “no” graft function. In 1996, Luzi

et al. [16] suggested surprisingly strict criteria for success: measurable C-peptide greater

than 1.8 ng/mL, fasting plasma glucose less than 140 mg/dL, hemoglobin A1c less than

6.5%, and daily insulin doses of 0 to 8 U/d for at least 4 weeks. Using these criteria, only

three of 15 patients (11 islet after kidney, one simultaneous islet/liver, three simultaneous

islet/kidney) had a successful outcome. Another common definition of success has been
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insulin independence. Diem at al. [17] specified not only normoglycemia but also a biphasic

insulin response to intravenous glucose stimulation. Similarly, in a recent review by

Gruessner and Sutherland [1], a pancreas graft was defined as functioning as long as the

patient was insulin independent. Even so, most investigators do no precisely define insulin

independence, particularly with regard to the glycemia control they accept as normal, and

when insulin therapy should be restarted. The criteria suggested by Ryan et al. [18••,19] are

an exception. They define insulin independence as a state of no exogenous insulin use for 4

weeks with no more than two glucose values per week greater than 10 mmol/L (180 mg/dL)

using the patients’ capillary glucose records. Insulin therapy was reinstituted when the

fasting capillary glucose was greater than 8 mmol/L (144 mg/dL), the 2-hour postprandial

glucose was greater than 10 mmol/L (180 mg/dL), and/or the hemoglobin A1c was

consistently greater than 7%. Conversely, loss of islet graft function was defined as no

detectable C-peptide (lower limit of detection 0.1 nmol/L) after mixed meal stimulations on

two occasions or no detectable C-peptide with fasting glucose values greater than 15

mmol/L (270 mg/dL). Even these criteria raise eyebrows among endocrinologists. For

instance, the ADA now defines a normal fasting glucose as less than 100 mg/dL and a

normal hemoglobin A1c as less than 6.5%. Should islet transplant recipients not be

considered for insulin even when the glycemia control is not normal? Our group initiated

therapy with insulin sensitizers (metformin and thiazolidinediones) when fasting glucose

concentrations were consistently above 100 mg/dL despite a hemoglobin A1c in the normal

range. Further, we introduced insulin therapy if the former intervention did not consistently

lower the fasting blood glucose levels below 100 mg/dL.

Islet Function Assays: Past and Present

Assessment of islet function in vivo has been difficult all along due to the lack of direct

measures. Major efforts are underway to develop imaging techniques that would allow us to

determine islet mass directly [20,21]. Absent the ability to directly measure islet cellular

mass (or more precisely, β-cell mass within the islets), pancreas and islet transplant

recipients are judged by their need for exogenous insulin, their glucose control, the

frequency of hypoglycemia, and their endogenous insulin production, mostly determined by

measuring circulating C-peptide concentrations. Specific considerations are worth

emphasizing when evaluating the metabolic outcome of patients with systemically drained

pancreas allografts. When insulin is secreted by the native pancreas into the portal vein,

approximately 50% is cleared by the liver on first pass. However, a transplanted pancreas

with venous blood routed into a systemic vein secretes insulin directly into the peripheral

circulation, bypassing the liver and thus avoiding this first-pass effect. Regardless of the

transplant procedure, C-peptide clearance may be prolonged by impaired kidney function

[22]. Other obvious differences exist when assessing recipients of whole organ (pancreas)

grafts compared with islet “mini-organs.” For instance, pancreas transplant recipients have

serum exocrine function markers followed (because elevated amylase levels can indicate

organ destruction), and for organs sewn to the bladder to handle pancreatic exocrine

secretion, urinary amylase can serve as an indicator of the transplanted organ's health

[23,24]. These techniques are useless for islet allograft recipients. Conversely, islet

transplant recipients may undergo hepatic imaging and function studies to investigate the

consequences of islets infused into the host's liver [25–29].
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Most investigators have chosen one or more of several described metabolic tests to follow

pancreas or islet allograft recipients. Examples include oral and intravenous glucose

tolerance tests, mixed meal stimulation tests, glucagon and arginine (sometimes with

“glucose potentiation”) stimulated C-peptide measurements, and hemoglobin A1c (Table 1)

[13,14,16,17,18••,19,30–32,33•,34–37]. As so often in clinical practice, using the same test

does not necessarily imply using the same technique, which can lead to inconsistent

interpretations [13,14,17,18••,19,30,31,35]. Source documents that would be useful for

characterizing specific tests are often underutilized due to time lapsed since the original

publication. For example, the earliest descriptions of glucagon and arginine stimulation tests

date back to the 1960s [38,39]. Additional measures of transplant outcome have included

fasting glucose and C-peptide levels, the presence or absence of hypoglycemia, and

exogenous insulin requirements.

Results of Individual Tests

For recipients of a pancreas transplant, available data usually show metabolic parameters

that essentially mirror nondiabetic controls, except for increased basal insulin levels due to

systemic drainage of the transplanted organ as mentioned earlier. For example, timing and

amplitude of the acute insulin response to intravenous glucose were reported to be normal in

10 patients up to 18 years after the transplant procedure [35]. Similarly, the majority of

successful pancreas transplant recipients have normal insulin, C-peptide, and glucose

responses to oral glucose tolerance tests [17,34,37] and after challenge with a secretagogue

[17,35].

In contrast, detailed follow-up of 17 islet transplant patients from Edmonton showed that

only two had normal oral glucose tolerance test results 12 to 34 months after the procedure,

whereas 11 had diabetes according to ADA criteria [18••]. Furthermore, islet transplant

recipients typically have an absent or markedly reduced acute insulin response to

intravenous glucose [16,18••,32,33•]. In the early days of islet transplantation, abnormal

(delayed and prolonged) or absent C-peptide levels were frequently found in response to a

mixed meal challenge associated with the known low success rate of the procedure [30,40].

In the modern era, up to 30 months after islet transplantation, C-peptide responses

indistinguishable from nondiabetic controls were reported; however, they were paralleled by

glucose values twice as high as in the controls [18••]. With longer follow-up, C-peptide

responses decreased and glucose levels further increased [19]. In our group of six islet

transplant recipients, two individuals had persistent basal and arginine stimulatable C-

peptide up to 5 years after transplantation. Both individuals required small doses of long-

acting insulin (glargine) to maintain normal blood glucose values. Edmonton has reported

similar results in their much larger series, in that the acute insulin response to arginine

persisted for prolonged periods, yet peak concentrations were always one third or less than

achieved in healthy controls [18••]. Most investigators have not found evidence suggesting

significant insulin resistance. For example, applying the homeostasis model assessment,

originally developed to estimate β-cell function and insulin resistance in patients with

T2DM, Ryan et al. [18••] found no significant changes over a follow-up period of up to 34

months. Using the euglycemic-hyperinsulinemic clamp technique, Luzi et al. [16] showed

that patients with partially functioning grafts had higher basal hepatic glucose production
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and clearly defective tissue glucose disposal. Patients with fully functioning grafts (defined

above) had normal basal hepatic glucose production, which, relative to nondiabetic controls,

was only slightly less inhibited by insulin, such that glucose disposal was only mildly

impaired [16]. Most within the islet transplant community agree that hypoglycemia

frequency and blood glucose excursions are both markedly reduced. The latter have been

quantified by using the mean amplitude of glycemic excursion score developed by Service et

al. [41] in the late 1960s [18••].

Development of Special Indices and Composite Transplant Outcome Scores

Matsumoto et al. [42] have recommended an algorithm to assess islet engraftment. This

index (secretory unit of islet transplant objects) is defined as follows: 1500 times fasting C-

peptide immunoreactivity (ng/dL) divided by fasting blood glucose (mg/dL) minus 63. Ryan

et al. [43] developed a similar index, or “beta score,” which uses a point value system

consisting of the following: fasting glucose, hemoglobin A1c, mixed meal stimulated C-

peptide levels, and use of insulin and/or oral hypoglycemic agents. The resulting score

ranges from 0 to 8 (the higher the better) and was significantly correlated with glucose

values at 90 minutes after ingestion of a mixed meal. To date, neither index is widely used in

the transplant community.

Assessment of Islet Hormones Other than Insulin

Because islets consist of multiple different cell types secreting, in addition to insulin, other

“old” hormones, such as glucagon, somatostatin, and pancreatic poly-peptide, as well as

“new” hormones, such as ghrelin, clinical investigators have assessed their function in both

islet and pancreas recipients. Many speculated, for instance, that islet transplant recipients

are protected from severe hypoglycemia due to restored glucagon secretion from the islet

allograft. Therefore, it was surprising to find that glucagon responses to hypoglycemia

remain abnormal in islet transplant recipients [33•,44]. The islet recipients also display

abnormal catecholamine and pancreatic polypeptide responses to hypoglycemia. Gupta et al.

[45] hypothesized that the liver is an especially inadequate location for transplanted islets,

because islets placed into the peritoneal cavity functioned well. The latter experiments were

performed in dogs. Most now assume that islet recipients suffer less frequent severe

hypoglycemia because of their reduced need for exogenous insulin.

Liver Imaging

After we reported using our nonhuman primate model that intrahepatic islets influenced

hepatic anatomy [46], several other groups published similar findings from clinical

protocols. For instance, chemical shift MRI and ultrasound studies in humans have

documented focal, periportal steatosis [25–28]. Various other techniques have been applied

in animals to determine the fate (not the effect) of transplanted islets (eg, positron emission

tomography, in vivo bioluminescence imaging of transplanted luciferase-expressing murine

or human islets, and in vivo detection of islets labeled ex vivo with magnetic nanoparticles)

[20,29,47]. Besides steatosis, our group also described local glycogen deposition in the

nonhuman primate model (Fig. 1) [46]. Markmann et al. [28] questioned whether the

observed fatty changes represented a “functional footprint of islet graft survival.” Maffi et

al. [27] also linked the focal areas of hyperechogenicity, which they observed using liver
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ultrasound, with partial function of islet grafts (transient insulin independence with

prolonged C-peptide secretion). None of the individuals with undetectable C-peptide and

few insulin-independent patients had such changes suggestive of fatty liver. Thus, it has

been hypothesized that ailing islets may possibly cause hepatic abnormalities due to a

combination of local insulin effects and an altered cytokine milieu. This hypothesis warrants

further study, as does the recent provocative report suggesting a heightened risk for

hepatocellular carcinoma in a rat islet transplant model [48].

Can Successful Outcome of Transplantation Be Predicted?

Most investigators in the field of islet transplantation agree that there is as yet little

correlation between various islet function tests performed after islet isolation, before islet

transplantation, and the patient's subsequent clinical outcome. Islet viability and function

can be affected by many factors, including donor characteristics, the duration of cold

ischemia prior to islet isolation, the isolation process itself, and the culture period before

transplantation. Several methods have been studied, for example tests of membrane

integrity, oxygen consumption, insulin secretion capacity, mitochondrial activity, and gene

profiling [49–52]. In most cases, either the assay has a poor predictive value, or the test

takes too much time for clinical use.

Obstacles

Assessing β-cell function in insulin-independent post-transplant patients using insulin assays

requires great caution because insulin is secreted via a nonphysiologic route in systemically

drained pancreas allografts and in hepatic islet allografts, thus complicating insulin secretion

rate interpretations. When using C-peptide levels to assess islet function, kidney function

plays an important role. Renal insufficiency impairs C-peptide excretion and thus prolongs

its half-life. Among others, Christiansen et al. [22] and Blackman et al. [34] have developed

mathematical models designed to avoid mis-interpretation. But these deconvolution methods

are not easily nor widely performed [22,34]. In addition, we have found that stimulated C-

peptide results from insulin-requiring islet transplant recipients with partial allograft

function are heavily influenced by timing and dose of exogenous insulin (Fig. 2). Taking

these caveats into account, overall insulin secretion rates are similar in patients receiving

both a pancreas and kidney transplant, compared with individuals who received only a

kidney (control patients) [34]. However, the relationship between basal and meal-stimulated

insulin secretion was altered with increased basal insulin and reduced meal-related secretion

in the combined organ recipients.

Using C-peptide levels as an indicator of functional β-cell mass is another delicate issue.

Teuscher et al. [53] found a good correlation between the glucose-potentiated insulin

response to arginine and transplanted islet mass in eight nondiabetic autograft islet

recipients. Many investigators have thus extrapolated these findings with the assumption

that they apply when using arginine-stimulated C-peptide results (instead of insulin levels)

in islet allograft (instead of autograft) recipients. Furthermore, no standard C-peptide assay

exists, but various assays are used with different cross-reactivity and lower limits of

detection (typically between 0.05 and 0.5 ng/mL).
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Conclusions

What is the gold standard for assessment of islet function after whole organ pancreas or

isolated islet transplantation? There is no gold standard. Each of the currently available tests

is an indirect or deduced measure of islet mass and function, and is based on patient

populations other than transplant recipients. Even so, scientifically interesting and clinically

important information has been gained by performing oral and intravenous glucose tolerance

tests, stimulation of insulin secretion with test meals and secretagogues, to name a few. We

need improved and direct methods to better understand the survival, possible regeneration,

health, and function of pancreatic islets.
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Figure 1.
Local glycogen deposition surrounding an intrahepatic islet allograft in a nonhuman primate.

PAS—periodic acid–Schiff.
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Figure 2.
Two National Institutes of Health patients, who received islet allografts 5 years prior, have

persistent C-peptide secretion up to the present time. Depicted are their C-peptide responses

(defined as the maximum C-peptide concentration [mean of the highest three values after

arginine stimulation] minus the mean of two baseline values). After introduction of

exogenous long-acting insulin, decreased C-peptide responses were observed and restored

after omission of insulin 24 hours prior to testing.
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