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Intraportal islet transplantation (IT) is not widely utilized as a treatment for type 1 diabetes. Oxygenation of the intraportally
transplanted islet has not been studied extensively. We present a diffusion-reaction model that predicts the presence of an anoxic
core and a larger partly functional core within intraportally transplanted islets. Four variables were studied: islet diameter, islet
fractional viability, external oxygen partial pressure (𝑃) (in surrounding portal blood), and presence or absence of a thrombus on
the islet surface. Results indicate that an islet with average size and fractional viability exhibits an anoxic volume fraction (AVF) of
14% and a function loss of 72% at a low external 𝑃.Thrombus formation increased AVF to 30% and function loss to 92%, suggesting
that the effect of thrombosis may be substantial. External 𝑃 and islet diameter accounted for the greatest overall impact on AVF and
loss of function. At our institutions, large human alloislets (>200 𝜇m diameter) account for ∼20% of total islet number but ∼70%
of total islet volume; since most of the total transplanted islet volume is accounted for by large islets, most of the intraportal islet
cells are likely to be anoxic and not fully functional.

1. Introduction

Islet transplantation (IT) remains a promising therapy for
diabetes mellitus but current results justify its clinical use
only with a small subset of type 1 diabetics. In 2000,
the Edmonton protocol (EP), which recommended the
intraportal transplantation of >10,000 islet equivalents (IE)
per kilogram recipient body weight (kgBW) with a spe-
cialized steroid-free immunosuppressive protocol (low-dose
tacrolimus, sirolimus, and IL-2 receptor antibody induction),
enabled consistent diabetes reversal and short-term (<1-year)
insulin independence [1–3]. These results were replicated at
other institutions [4, 5], but long-term (>5 year) outcomes on
the EP were poor [6]. Despite being a major breakthrough,
the EP often required donor islets isolated from 2–4 pancre-
ata. This requirement of multiple pancreas donors is a major
limitation that prohibits widespread availability of IT due
to increased costs and clinical risk associated with multiple
procedures, placing an additional strain on an already limited
donor pancreas supply. In the mid-2000s, new trials were
undertaken to establish protocols that enable successful IT

using islets from a single donor pancreas [7, 8]. Newer
induction immunosuppressive agent combinations [T-cell-
depleting antibody (anti-CD3 antibody, alemtuzumab, or
antithymocyte globulin) and a tumor necrosis factor alpha
(TNF-𝛼) inhibitor (etanercept or infliximab)] have improved
long-term diabetes reversal rates (∼50% in 5 years at themost
experienced centers) [9], presumably by preserving trans-
planted 𝛽-cell mass. However, allo-IT cannot yet be offered to
all type 1 diabetics. It remains unclear whether immunologic
or nonimmunologic causes are primarily responsible for the
gradual attrition of insulin independence with time.

Many investigators believe that the liver may not be
the optimal IT site and there are numerous reasons [10],
including, but not limited to, (a) intraportal thrombus for-
mation on the islet surface, complement-mediated islet cell
lysis, and local inflammation [11], sometimes collectively
referred to as the “instant blood-mediated inflammatory
reaction,” which are believed to contribute to alloimmune
rejection and early islet loss [12, 13]; (b) possible immediate
exposure to islet cell-directed Tmemory cells and recurrence
of autoimmune rejection [14]; (c) higher local concentrations
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Figure 1: Schematic depicting the intraportal islet which is modeled as a spherical body containing viable oxygen-consuming cells. The
transplanted islet is lodged at a bifurcation in a distal hepatic sinusoid and has access to portal blood at its proximal half-surface. The distal
half of the islet equilibrates with the surrounding environment and is modeled by the presence of a no-flux boundary condition at a specified
distance away from its back surface (𝜕𝑃/𝜕𝑟 = 0). There are 4 parameters that are adjusted in this model, including (1) fractional viability, or
oxygen consumption rate normalized to DNA content (OCR/DNA); (2) islet diameter (2 ⋅ 𝑅); (3) external blood 𝑃 (𝑃ext); and (4) presence or
absence of thrombus with a specified thickness (𝛿), located only on the proximal half-surface.

of orally administered immunosuppressants [15], which can
impair insulin secretion or islet revascularization [16, 17];
(d) slow reestablishment of surrounding extracellular matrix,
which can adversely affect islet survival [18, 19]; (e) inability to
easily track, image, or retrieve the graft [20, 21]; and (f) poor
oxygenation due to the mixed portal circulation, significant
oxygen gradients within the hepatic tissue [22], and slow and
possibly incomplete revascularization [23–26], which is of
particular importance since insulin-secreting 𝛽-cells are not
designed to function under conditions of hypoxia [27].

Poor oxygenation, particularly in the early post-IT period
and before revascularization occurs, is not highly appreciated
and has not been well studied by the field. An assumption
made is that local oxygen partial pressure (𝑃) must be
adequate for islet survival and function simply because islets
are in direct contact with the blood stream. However, there
are major differences in the route and mechanism of oxygen
delivery when comparing a native islet in a healthy pancreas
and an intraportally transplanted islet. First, native islets are
highly perfused in part with oxygen-saturated arterial blood,
receiving 15–20% of total blood flow to the pancreas [28]
despite accounting for 1-2% of the total pancreatic volume
[29], but intraportal islets have no blood perfusion starting
at the time of organ procurement and from that point on
rely on oxygen diffusion from their surface until they are
revascularized. Second, most native islet cells are within
the distance of a single cell (∼10–15 𝜇m) from the nearest
oxygen source [30], whereas cells in a transplanted islet can
be >200𝜇m away from the nearest oxygen source or further
if there is thrombus formation. Moreover, as islets lodge in
the distal hepatic sinusoids, the distal half of the islet is
not in direct contact with the bloodstream. These diffusion
distances reduce the availability of oxygen to the intraportal
islet cells, especially those located within the core of the islet,

whichmay affect islet cell survival and function. For example,
it was found that stimulated insulin secretion rate can be
halved at 𝑃 in the bulk perfusate below 40mmHg [31]. The
range of 𝑃 in the intraportal blood (𝑃ext) is estimated to be 5–
40mmHg [32, 33]. In this setting, low 𝑃ext, in combination
with increased oxygen diffusion distances and with the
possible formation of a surface thrombus which imposes
additional oxygen transfer resistance, can significantly reduce
the viability and function in an intraportally transplanted
islet.

To quantify the effects of limited oxygenation, we devel-
oped a model that predicts the presence of an anoxic core,
a larger, partially functional core within intraportally trans-
planted islets, and the concomitant functional loss of insulin
secretory capacity. We present our findings and also discuss
the potential implications for clinical IT.

2. Methods

Figure 1 depicts a schematic that illustrates the generalized
model geometry, key variables, and boundary conditions. An
islet was assumed to be a spherical body of homogeneous
tissue that is lodged near a bifurcation of a distal hepatic
sinusoid. 𝑃ext was assumed to be constant and with no
gradients across the interface between the blood and the
surrounding tissue in the proximity of a single islet. The
blood was assumed to bathe the proximal half of the islet
itself or a hemispherical non-oxygen-consuming thrombus
surrounding the proximal half of the islet. The distal half
of the islet was assumed to be in contact with non-oxygen-
consuming homogeneous host tissue with a zero oxygen
flux boundary condition (𝜕𝑃/𝜕𝑟 = 0) applied at a distance
of 100 𝜇m from the islet surface. When initially evaluating
the model, the no-flux boundary condition was adjusted to
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Table 1: Summary of model parameters.

Description Formulaic abbreviation Prescribed value(s) Units Reference(s)
Oxygen permeability

Islet (𝛼𝐷)1 1.24 ⋅ 10−14 mol/cm/mmHg/sec [34, 35]
Thrombus (𝛼𝐷)2 2.7 ⋅ 10−14 mol/cm/mmHg/sec [36]

Oxygen supply
External blood 𝑃 𝑃ext 5–40 mmHg [33]

Oxygen threshold
Critical 𝑃 (viability) 𝑃

𝐶
0.1 mmHg [37, 38]

Critical 𝑃 (function) 𝑃∗ 5–15 mmHg [31, 34, 39–41]
Fractional viability

Islet OCR/DNA 100–300 nmol/min/mg DNA [42–44]
Size/thickness

Islet diameter 2 ⋅ 𝑅 100–300 𝜇m —
Thrombus thickness 𝛿 100 𝜇m [45–48]

Other
Michaelis-Menten constant (islet OCR) 𝐾m 0.44 mmHg [39]

note that changes in its distance did not affect the model
results significantly. The time scale for changes in the islet
geometry (e.g., due to loss of viability in the anoxic core) is
much larger than the characteristic time for diffusion, thus
establishing a pseudo-steady-state. Under these assumptions,
oxygen transport is by diffusion alone and can be described
by the steady-state oxygen diffusion-reaction equation:

(𝛼𝐷)𝑖 ∇2𝑃 = 𝑉O2 , (1)

where (𝛼𝐷)𝑖 is the oxygen permeability (which is the product
of oxygen solubility and diffusion coefficients) within each
domain 𝑖 (islet, thrombus, or tissue surrounding the islet),
∇2 is the Laplacian operator (which represents the second-
derivative with respect to all three spatial dimensions), and
𝑉O2 is the rate of oxygen consumption per unit volume.
Since the oxygen partial pressure in the blood is assumed
to be uniform, no azimuthal variation is evident from the
geometry. The model is two-dimensional and axisymmetric
and was solved as such using the finite element COMSOL
Multiphysics software (Burlington, MA).

We obtained most model parameters from literature. All
values or ranges for model parameters used in this study are
presented in Table 1 along with references. There are four
parameters in this model that were studied within ranges that
are reasonable based on prior experimental evidence:

(a) Islet fractional viability, expressed in terms of oxy-
gen consumption rate (OCR) per DNA content
(OCR/DNA) of islet tissue.

(b) Islet diameter (2 ⋅ 𝑅).
(c) External 𝑃 in the blood near the islet (𝑃ext).
(d) Presence or absence of thrombus (with specified

thickness, 𝛿).

The OCR of the islet was modeled using Michaelis-Menten
kinetics:

𝑉O2 = (𝑉O2)max ⋅
𝑃
𝐾m + 𝑃, (2)

where (𝑉O2)max [mol/cm3/s] is the maximum volumetric islet
OCR and 𝐾m [mmHg] is the Michaelis-Menten constant
for islet oxygen consumption, which is estimated to be
0.44mmHg [39]. We used a representative range of values
for OCR/DNA [nmol/min/mg DNA] obtained via character-
ization of 𝛽-cells [42], porcine islets [43], and human auto-
and alloislets using the stirred microchamber system under
non-oxygen-limited conditions [44, 49].The unit conversion
between OCR/DNA and (𝑉O2)max was done by assuming that
1 IE contains 10.4 ng of DNA [50].

To model an anoxic core within the islet, a critical local
𝑃 value (𝑃

𝐶
= 0.1mmHg) at which islet tissue ceases to

consume oxygen and becomes nonviable was used based on
experimental evidence [37, 39]. Using this model, the anoxic
volume fraction (AVF) is calculated using

AVF = 𝑉|𝑃=𝑃𝐶(4𝜋/3) 𝑅3 , (3)

where the numerator is the numerically calculated anoxic
islet volume and 𝑅 is the islet radius.

Tomodel loss of insulin secretory capacity, we used an ad
hocmodel [39] for the local second-phase glucose-stimulated
insulin secretion rate per unit islet volume, 𝑆, given by

𝑆 = 0, 𝑃 = 𝑃𝐶
𝑆 = 𝑆max [ 𝑃𝑃∗ ] , 𝑃𝐶 < 𝑃 < 𝑃

∗

𝑆 = 𝑆max, 𝑃∗ ≤ 𝑃,

(4)

where 𝑆max is the value of 𝑆 under non-oxygen-limiting
conditions and 𝑃∗ is another critical value of local 𝑃 below
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which 𝑆 becomes limited by hypoxia. The value of 𝑃∗ was
derived by fitting second-phase glucose-stimulated insulin
secretion data by rat islets available at different bulk perfusate
𝑃 [31, 34, 40] to a diffusion-reaction model similar to the
one used in this study that also took into consideration the
𝑃 gradient through the boundary layer around the islets and
that 𝛽-cells are not homogeneously distributed throughout
the rat islet [34, 39]. Using the model described by (4), the
fractional loss of insulin secretory capacity (FLISC) can be
calculated by

FLISC = 1 − ∫𝑉 min ((𝑃/𝑃∗) , 1)𝑃>𝑃𝐶 𝑑𝑉
(4𝜋/3) 𝑅3 . (5)

To illustrate the potential impact of early islet oxygenation
on an entire alloislet preparation, actual islet size distribu-
tion data estimated via standard light microscopy from 23
clinical human alloislet preparations (high-purity, cultured
prior to transplant) prepared at the University of Minnesota
(5/19/2009–1/8/2012) were used. Islets were segregated into
estimated size ranges (e.g., with diameters of 50–100𝜇m,
100–150𝜇m, etc.) following measurements of representative
aliquots using standard light microscopy. The percentage of
islets found within each measured size range was referred
to as a “number fraction.” Number fractions were then
converted to volume fractions by having each islet estimated
to have a diameter which was the mean of each size range
(e.g., 75 𝜇m diameter for an islet allocated to the size range
with diameter somewhere within 50–100 𝜇m), calculating the
total volume of all islets within each size range by assuming
that each islet is spherical, and then dividing the total islet
volume within each size range by the total islet volume in the
entire preparation.

3. Results

We calculated the AVF and the FLISC for intraportally
transplanted islets with different properties (size, fractional
viability) and in different local environments (𝑃ext, ± throm-
bosis). For 𝑃∗ we used the best case scenario value of
5mmHg. For illustration, we consider a Baseline Case: an
intraportal islet of average size (2 ⋅ 𝑅 = 150 𝜇m) and
fractional viability (OCR/DNA = 200 nmol/min/mg DNA),
exposed to a reasonable but low 𝑃ext (15mmHg), and with no
thrombus formation at its proximal half-surface (Figure 2).
In this case, the calculated AVF is 0 and the FLISC is 13%.
The relative impact of thrombus formation, 𝑅, OCR/DNA,
and 𝑃ext can be examined by adjusting model parameters
individually (Figure 3). If the same intraportal islet described
by the Baseline Case is larger in size (2 ⋅ 𝑅 = 300 𝜇m), then a
very large anoxic core (AVF = 30.8%) and functionality loss
(FLISC = 63%) are predicted (Case A). If the islet from the
Baseline Case is highly viable and has a greater OCR/DNA
(300 nmol/min/mg DNA), then a small anoxic core (AVF
= 3.0%) and a significant functionality loss (FLISC = 29%)
are predicted (Case B). If the same islet from the Baseline
Case is exposed to a lower 𝑃ext (5mmHg), then a larger
anoxic core (AVF = 13.6%) and a very large functionality loss
(FLISC = 72%) are predicted (Case C). Finally, if the same

OCR/DNA = 200 nmol/min/mg DNA
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Figure 2: Surface plot illustrating model results for a “Baseline
Case,” which involves an islet with average diameter (2⋅𝑅 = 150 𝜇m)
and fractional viability (OCR/DNA = 200 nmol/min/mg DNA),
exposed to a reasonable oxygen supply (𝑃ext = 15mmHg), and
no thrombus formation at its proximal half-surface (𝛿 = 0 𝜇m).
The colors within and behind the islet depict the calculated spatial
𝑃 gradients, as indicated by the legend (right). 𝛿, thickness of
the thrombus; OCR, oxygen consumption rate; 𝑃, oxygen partial
pressure; 𝑃ext, external blood 𝑃; 𝑅, islet radius.

islet from the Baseline Case has a 100 𝜇m thick thrombus
form on its proximal half-surface, then a small anoxic core
(AVF = 2.8%) and a much larger functionality loss (FLISC
= 42%) are predicted (Case D). If all the single parameter
perturbations (Cases A–D) are combined so that the islet
proposed in the Baseline Case now has a thrombus on
its proximal half-surface, is of higher fractional viability
(OCR/DNA = 300 nmol/min/mg DNA) and size (2 ⋅ 𝑅 =
300 𝜇m), and is exposed to a very low 𝑃ext (5mmHg), then
most of the islet is predicted to be anoxic (AVF = 76.7%) and
the islet is effectively not secreting insulin (FLISC = 98%);
this represents the worst case scenario examined from the
standpoint of oxygenation (Figure 4,Worst Case).

The relative impact of islet fractional viability and size
is further examined by plotting the AVF (Figure 5) and
FLISC (Figure 6) with parameter 𝑃ext (5–40mmHg), with
or without thrombus formation. Within the range of islet
OCR/DNA values and diameters examined, it appears that
islet size more strongly affects the magnitude of both AVF
and FLISC. Furthermore, the formation of a thrombus may
markedly affect islet cell survival and function.

Our model results suggest that oxygenation is important
at the individual islet level but the results can also be extrap-
olated to an entire islet preparation. Actual size distribution
data from clinical human alloislet preparations prepared at
the University of Minnesota show that a small number frac-
tion of islets (20%) are>200𝜇m in diameter (Figure 7).When
these number fractions are converted to volume fractions,
these calculations indicate that despite accounting for a small
fraction of the total number of islets, islets with >200𝜇m
diameter account for >70% of the total volume of an islet
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Figure 3: Surface plots illustrating model results for four different cases in which the Baseline Case (no thrombus, OCR/DNA =
200 nmol/min/mg DNA, 𝑃ext = 15mmHg, and 2 ⋅ 𝑅 = 150-𝜇m) is perturbed by adjusting only 1 of the 4 parameters with each case. Case
A depicts the Baseline Case with an increase in the islet diameter from 150 to 300𝜇m. Case B depicts the Baseline Case with an increase in
the OCR/DNA from 200 to 300 nmol/min/mg DNA. Case C depicts the Baseline Case with a decrease in 𝑃ext from 15 to 5mmHg. Case D
depicts the Baseline Casewith the addition of a 100 𝜇m thrombus on the proximal half-surface of the islet. The anoxic volume fraction (AVF)
is depicted by the achromatic core. Note the magnitude of the AVF associated with each perturbation. AVF, anoxic volume fraction; OCR,
oxygen consumption rate; 𝑃, oxygen partial pressure; 𝑃ext, external blood 𝑃; 𝑅, islet radius.
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Figure 4: Surface plot illustrating model results for the worst case
scenario (Worst Case) analyzed in this study, which combines the
Baseline Case and the 4 individual perturbations of 4 parameters
(increase in islet diameter, increase in fractional viability, decrease
in 𝑃ext, and addition of thrombus) that were shown separately in
Figure 3. Note the very large anoxic volume fraction (AVF). AVF,
anoxic volume fraction; 𝑃, oxygen partial pressure.

preparation.The AVF and FLISC calculated for an individual
islet can be extrapolated to an entire islet preparation based
on the actual number and estimated volume fraction data
(Figure 8). Assuming that no thrombosis occurs, theAVF and
FLISC for an entire islet preparation of average viability may
be ∼4% and >10% at the high 𝑃ext of 40mmHg and >30%
and >90% at the low 𝑃ext of 5mmHg, respectively. When
thrombus formation is assumed to occur, the AVF and FLISC
for an entire islet preparation of average viabilitymay be∼10%
and >20% at the high 𝑃ext of 40mmHg and >40% and >97%
at the low 𝑃ext of 5 mmHg, respectively. These theoretical

estimates indicate that a large proportion of the islet cells in a
representative human alloislet preparation may be adversely
affected by poor oxygenation in the early post-IT period.

4. Discussion

Our model results indicate the relative effect of four impor-
tant parameters (islet size, islet fractional viability, local
oxygen supply, and thrombosis) on the oxygenation of the
early intraportally transplanted islet. Apart from 𝑃ext, islet 𝑅
appears to have the greatest single effect on islet viability and
function in any individual islet, but all of these variables are
found to contribute. Thrombosis on the islet surface can also
have a significant effect on oxygenation. As discussed earlier,
allo-IT has not been expanded into widespread clinical use
because durable insulin independence is elusive following
transplant of islets from a single donor. However, it is unclear
what is responsible for the gradual attrition of islets over
time but it likely involves some combination of immuno-
logic (inflammation, autoimmune recurrence or alloimmune
rejection, cytokine-mediated injury, and immunosuppres-
sant toxicity) and nonimmunologic (stress-mediated apopto-
sis, amyloidosis, oxygen/nutrient deprivation) causes.

Recent basic and clinical findings have suggested that
gradual islet loss and dysfunction after IT exhibit features
of type 2 diabetes. Like type 1 diabetes, type 2 diabetes is
a disease characterized by an insufficient 𝛽-cell secretory
capacity. However, the pathophysiologic causes of hyper-
glycemia are very different between the two types; type 1
diabetes results from the rapid, near-total, or total destruction
of islets by the native immune system, whereas type 2 diabetes
results from a gradual development of insulin resistance, a
defect of insulin secretion due to chronic hyperglycemia [51–
53], metabolic stress [54], and amyloid-mediated apoptosis
[55]. Type 2 diabetes is believed to cause a systematic loss
of islets [56] that compounds the stress on the remaining
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Figure 5: Graphs depicting a summary of model results for calculation of anoxic volume fraction [AVF (%)] with respect to external blood 𝑃
(𝑃ext), islet fractional viability (OCR/DNA), and diameter (2 ⋅𝑅) and with or without thrombus formation (𝛿 = 100 𝜇m).The graph on the left
(a) illustrates the change in AVF for an islet of average diameter (150𝜇m) for the 3 OCR/DNA values.The graph on the right (b) illustrates the
change in AVF in an islet with average OCR/DNA (200 nmol/min/mg DNA) for 3 islet diameter values. AVF is defined as the region of the
islet that is anoxic, occurring below a critical 𝑃 (𝑃

𝐶
) of 0.1mmHg. AVF, anoxic volume fraction; 𝛿, thickness of the thrombus; OCR, oxygen
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Figure 6: Graphs depicting a summary ofmodel results for calculation of fractional loss of insulin secretory capacity [FLISC (%)] with respect
to external 𝑃 (𝑃ext), islet fractional viability (OCR/DNA), and diameter (2 ⋅ 𝑅) and with or without thrombus formation (𝛿 = 100 𝜇m). The
critical 𝑃∗ used in the model was 5mmHg, which represents the best case scenario. The graph on the left (a) illustrates the change in FLISC
for an islet of average diameter (150𝜇m) for the 3 OCR/DNA values.The graph on the right (b) illustrates the change in FLISC for an islet with
average OCR/DNA (200 nmol/min/mg DNA) for 3 islet diameter values. FLISC is defined as the loss of insulin secretory capacity relative to
an islet not limited by hypoxia. FLISC, fractional loss of insulin secretory capacity; 𝛿, thickness of the thrombus; OCR, oxygen consumption
rate; 𝑃, oxygen partial pressure; 𝑃∗, critical 𝑃 for insulin secretion; 𝑃ext, external blood 𝑃; 𝑅, islet radius.

islet mass, resulting in further islet dysfunction. A recent
study has shown that islets isolated from type 2 diabetic
pancreata do not function normally [57]. Data indicate that
an islet allograft, unless acutely rejected due to new allo-
or recurrent autoimmunity, typically follows a time course
representative of disease progression in type 2 diabetes.When

reviewing the outcomes of major trials, the preserved C-
peptide positivity that persists following IT supports the
notion that most islet allografts are not overtly rejected
when recipients are adequately immunosuppressed. A recent
report summarized an analysis of a 52-year-old female who
died of a hypertensive stroke two years after undergoing
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Figure 7: Islet size distribution stratified by ranges of islet diameter (a). Mean (± standard error, SE) number fractions are actual data from
our institution (University of Minnesota) from 23 human islet preparations (high-purity, cultured fractions) prior to clinical transplantation.
Mean (± SE) volume fractions are estimated from number fraction data by calculating the mean islet volumes under the assumption that the
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Figure 8: Extrapolation of model results to an entire human islet preparation, with (a) and without (b) thrombosis. Extrapolations were
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the last of two ITs on the EP and experienced gradual loss
of insulin independence with sustained C-peptide secretion
throughout her follow-up [58]. In the analysis, Smith et al.
indicated that there was no support for an immunological
explanation for the loss of both islet grafts, citing no evidence
of intraislet or peri-islet inflammation on histopathologic

examination of her liver and no reactivation of an islet-
directed autoantibody response. Another recent report sum-
marized histologic findings following an autopsy of a 55-year-
old male who died of a myocardial infarction six months
after undergoing the last of three ITs on the EP, nearly five
years after the first IT, and also experienced gradual decline
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of islet allograft function [59], similar to the recipient in the
previously mentioned report [58]. This second report noted
both extracellular and intracellular amyloid deposits in >40%
of the engrafted islets. Westermark et al. published a more
extensive report showing similar findings from four deceased
islet allograft recipients [60]. In addition to these reports,
studies have shown that chronic hyperglycemia impairs islet
allograft insulin secretion [61, 62] and that this defect is
exacerbated when the 𝛽-cell mass is reduced [51]. Another
recent evidence has suggested that islet allografts exhibit
indicators of elevated stress-mediated apoptosis, which is
enhanced with hyperglycemia [63]. These studies support
a nonimmunologic basis for loss and dysfunction of the
transplanted islet mass.

If late islet loss occurs in part due to nonimmunologic
causes, it must be assumed that the transplanted islet mass
decreases and becomes insufficient over time, which con-
tributes to more islet loss. However, the islet doses that are
currently transplanted should be adequate to reverse diabetes,
at least in theory. Experience with surgical pancreatectomy
has indicated that the native pancreas exhibits considerable
islet reserve requiring, in some cases, the removal of >90% of
the pancreas to cause overt diabetes [64]. If the native healthy
adult pancreas contains 1–1.5 million islets [65, 66], roughly
100–150 thousand islets may be sufficient to prevent diabetes.
It is understood that there is likely no universal minimum
threshold for isletmass given the number of individual factors
that impact blood glucose control (insulin sensitivity and
requirements, 𝛽-cell regenerative capacity, etc.). However,
overall experience with clinical IT has shown that the trans-
planted islet mass far exceeds what appears to be necessary to
achieve permanent normoglycemia. Consider a 70 kg patient
and assume their native pancreas contained 1 million IEs
(which amounts to 14,286 IEs per kgBW). To prevent diabetes
in this patient, >10% of the islet mass (∼100 thousand IEs,
or 1,429 IEs per kgBW) would need to remain following
partial islet destruction or pancreatectomy. However, if this
patient were a type 1 diabetic and a candidate for allo-IT,
empirical clinical data would indicate that the minimum
islet dose required to achieve insulin independence would
be >60% of their original islet mass (∼630,000 IEs or ∼
9,000 IEs per kgBW) [1–3, 6, 8] and on average would be
probably higher at >70–90% (∼700,000–910,000 IEs or ∼
10,000–13,000 IEs per kgBW) [1–3, 5, 6, 67, 68], even with
the most potent induction immunosuppression currently
available [69]. If this patient was a candidate for near-total or
total pancreatectomy followed by auto-IT, then >35% of their
original islet mass (∼350,000 IEs or ∼5,000 IEs per kgBW)
may be required to prevent overt diabetes [70–72], and the
rate of insulin independence may only be ∼50–70% at 3–5
years after IT [71, 72]. In both cases, much more islets seem
to be required compared to what appears to be necessary.
The differences between the islet dose requirements for allo-
versus auto-IT do suggest that immunologic (alloimmune
rejection, autoimmune recurrence, and immunosuppressant
toxicity) and nonimmunologic (brain death, prolonged cold
ischemia time) factors unique to allo-IT are most likely
responsible for a significant proportion of total islet loss
following allo-IT.However, experienceswith auto-IT indicate

that perhaps >25% of the original islet mass (∼250,000 IEs or
∼3,500 IEs per kgBW) may be lost due to nonimmunologic
factors that are present in both auto-IT and allo-IT and may
contribute significantly to islet loss following intraportal IT
[69–72].

There is evidence suggesting that the transplanted islet
mass, which should be sufficient at the time of transplant,
is reduced to levels that are inadequate due to islet loss
early in the post-IT period [12, 13]. One of the possible
causes for early islet loss may be inadequate oxygenation
in the time preceding revascularization [10]. Of all causes
of islet loss following intraportal IT, insufficient early islet
oxygenation is overlooked in part due to the assumption
that direct access to the blood stream should be enough to
provide the necessary oxygen supply. However, there have
been few attempts to confirm that this assumption is true.
Studies have begun to indicate that the hepatic environment
may be poor from the standpoint of oxygenation [23–26,
32, 73]. There have been two studies that have attempted
to directly [32] or indirectly [26] measure the 𝑃 near or
within intrahepatically transplanted islets, and both indicate
that the 𝑃 may be very low. Carlsson et al. presented data
of 𝑃 measurements of <5mmHg via microelectrode probes
in both transplanted islet (rat, syngeneic) and hepatic tissue
and in both nondiabetic and diabetic animals [32]. It should
be noted that the islets were transplanted under the liver
capsule and not intraportally in their study [32]. Olsson
et al. used pimonidazole, an oxygen-sensitive intracellu-
lar dye that accumulates under conditions of <10mmHg,
to illustrate that ∼70%, ∼60% and ∼30% of intraportally
transplanted islets (mouse, syngeneic) stained positive for
reduced oxygenation at 1 day, 1 month, and 3 months after
IT, respectively [26]. Our model results extrapolated to entire
islet preparations support the measurements by Olsson et al.
Themeasurements by Carlsson et al. andOlsson et al. need to
be considered with caution because they do not reveal much
information about significant oxygen gradients that may
exist in either the islet [74] or the hepatic tissue [22]. These
measurements also do not provide any information regarding
the longitudinal gradients that may exist along intraportal
arterioles in the direction of the blood flow [75], which may
vary and which would affect the oxygen availability near the
intraportal islet. The model presented herein considered the
data presented in Carlsson et al. and Olsson et al. and actual
measurements of portal venous and hepatic arterial 𝑃 [33],
but future studies of islet oxygenation would benefit greatly
from direct measurements of 𝑃 at the level of the intraportal
islet. It is important to note that measurements of available
intraportal oxygen supplymay be relevant not only during the
early post-IT period (10–14 days), when islets rely on passive
diffusion from their surfaces, but also later as there is evidence
suggesting that the islets revascularize poorly (15–20% vascu-
lar density of the native islet) [23, 25] or that revascularization
takes longer (>1 month) [26]. Consequently, the results of
this study may highlight implications for the intraportal
islet oxygenation beyond the time of revascularization and
possibly indefinitely.

Islet oxygenation may have significant impact for the
outcomes of auto-, allo-, and possibly xeno-IT. Our model
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results indicate that islet size (diameter)may have the greatest
impact on the estimated AVF and FLISC. This makes sense
when considering that a 300 𝜇m diameter spherical islet has
27 times the volume of a 100 𝜇m diameter spherical islet.
Even though the vast majority of islets in an islet preparation
are <200 𝜇m in diameter, the larger islets contribute more to
the overall transplanted tissue volume. When extrapolating
to an entire human islet preparation as based on actual size
distribution data, and without thrombus formation, it was
determined that up to 31% of the total transplanted islet vol-
umemay be anoxic along with up to 92% loss of functionality.
With thrombus formation, the results are worse; up to 45%
of the total transplanted islet volume may be anoxic along
with up to 98% loss of functionality. The range in results is
primarily attributable to the uncertainty in the actual values
for available𝑃ext. It should be noted that extrapolation of AVF
and FLISC values for an entire islet preparation carries an
important caveat: each islet experiences very different local
conditions (thrombosis versus no thrombosis, low versus
high 𝑃ext, etc.). These extrapolations are only meant to
illustrate the potential impact of oxygenation on the scale
of the entire transplanted islet volume and possibly help
explain some early islet loss and dysfunction and should
be studied further. There are several factors not studied
in this model that would impact oxygenation, including
inflammation and clustering of islets or negative oxygen flux
relative to surrounding hepatic tissue. Their contributions
are difficult to model and in most cases would likely worsen
intraportal islet oxygenation.

In conclusion, oxygenation of the intraportally trans-
planted islet has not been studied extensively and may
be an important contributor to islet loss and dysfunction,
primarily in the early post-IT period. Future studies need to
be conducted to accurately measure the intraportal 𝑃 at the
level of the engrafted islet. The liver may not be the optimal
IT site and this may be in part due to poor oxygenation.

Abbreviations

AVF: Anoxic volume fraction
DNA: Deoxyribonucleic acid
EP: Edmonton protocol
FLISC: Fractional loss of insulin secretory

capacity
IE: Islet equivalent
IT: Islet transplantation
kgBW: kg (recipient) body weight
𝐾m: Michaelis-Menten constant for islet

oxygen consumption
OCR/DNA: Oxygen consumption rate per DNA

content [nmol/min/mgDNA]
𝑃: Oxygen partial pressure [mmHg]
𝑃∗: Critical 𝑃 for function (insulin

secretion)
𝑃𝐶: Critical 𝑃 for oxygen consumption and

viability
𝑃ext: External (blood) 𝑃
𝑅: Islet radius [𝜇m]
SE: Standard error

𝑆: Insulin secretion rate per unit volume of
islet tissue

𝑆max: Maximum (non-oxygen-limited) S
TNF: Tumor necrosis factor
𝑉: Islet volume [𝜇m3]
𝑉O2 : Oxygen consumption rate per unit volume

of tissue [mol/cm3/sec]
(𝑉O2)max: Maximum (non-oxygen-limited) 𝑉O2𝛿: Thrombus thickness [𝜇m].

Disclosure

Thecontent is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health.

Competing Interests

The authors have no conflict of interests.

Acknowledgments

This work was supported by funding from the Iacocca
Foundation, the Schott Foundation, and theMinnesota Lions
Diabetes Foundation. The authors would like to thank Josh
Wilhelm of the Schulze Diabetes Institute for providing size
distribution data and for thoughtful discussions on the topics
presented herein. Research reported in this publication was
supported byNational Institute of Diabetes andDigestive and
Kidney Diseases of the National Institutes of Health under
Award no. R41DK075211.

References

[1] E. A. Ryan, J. R. T. Lakey, B. W. Paty et al., “Successful islet
transplantation: continued insulin reserve provides long-term
glycemic control,” Diabetes, vol. 51, no. 7, pp. 2148–2157, 2002.

[2] E. A. Ryan, J. R. T. Lakey, R. V. Rajotte et al., “Clinical outcomes
and insulin secretion after islet transplantation with the Ed-
monton Protocol,” Diabetes, vol. 50, no. 4, pp. 710–719, 2001.

[3] A. M. J. Shapiro, J. R. T. Lakey, E. A. Ryan et al., “Islet trans-
plantation in seven patients with type 1 diabetes mellitus using
a glucocorticoid-free immunosuppressive regimen,” The New
England Journal of Medicine, vol. 343, no. 4, pp. 230–238, 2000.

[4] A. M. J. Shapiro, C. Ricordi, and B. Hering, “Edmonton’s islet
success has indeed been replicated elsewhere,” The Lancet, vol.
362, no. 9391, article 1242, 2003.

[5] A. M. J. Shapiro, C. Ricordi, B. J. Hering et al., “International
trial of the Edmonton protocol for islet transplantation,” The
New England Journal of Medicine, vol. 355, no. 13, pp. 1318–1330,
2006.

[6] E. A. Ryan, B. W. Paty, P. A. Senior et al., “Five-year follow-up
after clinical islet transplantation,” Diabetes, vol. 54, no. 7, pp.
2060–2069, 2005.

[7] B. J. Hering, R. Kandaswamy, J. D. Ansite et al., “Single-donor,
marginal-dose islet transplantation in patients with type 1 dia-
betes,”The Journal of the AmericanMedical Association, vol. 293,
no. 7, pp. 830–835, 2005.



10 Journal of Diabetes Research

[8] J. F. Markmann, S. Deng, X. Huang et al., “Insulin indepen-
dence following isolated islet transplantation and single islet
infusions,” Annals of Surgery, vol. 237, no. 6, pp. 741–750, 2003.

[9] M. D. Bellin, F. B. Barton, A. Heitman et al., “Potent induction
immunotherapy promotes long-term insulin independence
after islet transplantation in type 1 diabetes,” American Journal
of Transplantation, vol. 12, no. 6, pp. 1576–1583, 2012.

[10] T. M. Suszynski, E. S. Avgoustiniatos, and K. K. Papas, “Intra-
portal islet oxygenation,” Journal of Diabetes Science and Tech-
nology, vol. 8, no. 3, pp. 575–580, 2014.

[11] L. Moberg, H. Johansson, A. Lukinius et al., “Production of
tissue factor by pancreatic islet cells as a trigger of detrimen-
tal thrombotic reactions in clinical islet transplantation,” The
Lancet, vol. 360, no. 9350, pp. 2039–2045, 2002.

[12] A. M. Davalli, Y. Ogawa, C. Ricordi, D. W. Scharp, S. Bonner-
Weir, and G. C. Weir, “A selective decrease in the beta cell mass
of human islets transplanted into diabetic nude mice,” Trans-
plantation, vol. 59, no. 6, pp. 817–820, 1995.

[13] O. Eriksson, T. Eich, A. Sundin et al., “Positron emission
tomography in clinical islet transplantation,” American Journal
of Transplantation, vol. 9, no. 12, pp. 2816–2824, 2009.

[14] V. A. L. Huurman, R. Hilbrands, G. G.M. Pinkse et al., “Cellular
islet autoimmunity associates with clinical outcome of islet cell
transplantation,”PLoSONE, vol. 3, no. 6, Article ID e2435, 2008.

[15] N.M. Desai, J. A. Goss, S. Deng et al., “Elevated portal vein drug
levels of sirolimus and tacrolimus in islet transplant recipients:
local immunosuppression or islet toxicity,” Transplantation, vol.
76, no. 11, pp. 1623–1625, 2003.

[16] M. Laugharne, S. Cross, S. Richards et al., “Sirolimus toxicity
and vascular endothelial growth factor release from islet and
renal cell lines,” Transplantation, vol. 83, no. 12, pp. 1635–1638,
2007.

[17] B. W. Paty, J. S. Harmon, C. L. Marsh, and R. P. Robertson,
“Inhibitory effects of immunosuppressive drugs on insulin
secretion from HIT-T15 cells and Wistar rat islets,” Transplan-
tation, vol. 73, no. 3, pp. 353–357, 2002.

[18] G.G.M. Pinkse,W. P. Bouwman, R. Jiawan-Lalai, O. T. Terpstra,
J. A. Bruijn, and E. de Heer, “Integrin signaling via RGD pep-
tides and anti-𝛽1 antibodies confers resistance to apoptosis in
islets of Langerhans,” Diabetes, vol. 55, no. 2, pp. 312–317, 2006.

[19] F. Thomas, J. Wu, J. L. Contreras et al., “A tripartite anoikis-like
mechanism causes early isolated islet apoptosis,” Surgery, vol.
130, no. 2, pp. 333–338, 2001.

[20] X. Chen and D. B. Kaufman, “Bioluminescent imaging of
transplanted islets,” Methods in Molecular Biology, vol. 574, pp.
75–85, 2009.

[21] Z. Medarova and A. Moore, “MRI as a tool to monitor islet
transplantation,”Nature Reviews Endocrinology, vol. 5, no. 8, pp.
444–452, 2009.

[22] G. E. Arteel, R. G. Thurman, J. M. Yates, and J. A. Raleigh,
“Evidence that hypoxia markers detect oxygen gradients in
liver: pimonidazole and retrograde perfusion of rat liver,”British
Journal of Cancer, vol. 72, no. 4, pp. 889–895, 1995.

[23] P.-O. Carlsson, F. Palm, and G. Mattsson, “Low revasculariza-
tion of experimentally transplanted human pancreatic islets,”
The Journal of Clinical Endocrinology & Metabolism, vol. 87, no.
12, pp. 5418–5423, 2002.

[24] J. Lau and P.-O. Carlsson, “Low revascularization of human
islets when experimentally transplanted into the liver,” Trans-
plantation, vol. 87, no. 3, pp. 322–325, 2009.

[25] G. Mattsson, L. Jansson, and P.-O. Carlsson, “Decreased vas-
cular density in mouse pancreatic islets after transplantation,”
Diabetes, vol. 51, no. 5, pp. 1362–1366, 2002.

[26] R. Olsson, J. Olerud, U. Pettersson, and P.-O. Carlsson,
“Increased numbers of low-oxygenated pancreatic islets after
intraportal islet transplantation,” Diabetes, vol. 60, no. 9, pp.
2350–2353, 2011.

[27] N. Sekine, V. Cirulli, R. Regazzi et al., “Low lactate dehydroge-
nase and highmitochondrial glycerol phosphate dehydrogenase
in pancreatic beta-cells. Potential role in nutrient sensing,”The
Journal of Biological Chemistry, vol. 269, no. 7, pp. 4895–4902,
1994.

[28] N. Lifson, K. G. Kramlinger, R. R. Mayrand, and E. J. Lender,
“Blood flow to the rabbit pancreas with special reference to the
islets of Langerhans,” Gastroenterology, vol. 79, no. 3, pp. 466–
473, 1980.

[29] P. E. Lacy, “Thepancreatic beta cell. Structure and function,”The
New England Journal of Medicine, vol. 276, no. 4, pp. 187–195,
1967.

[30] S. Bonner-Weir, “Morphological evidence for pancreatic polar-
ity of 𝛽-cell within islets of Langerhans,” Diabetes, vol. 37, no. 5,
pp. 616–621, 1988.

[31] K. E. Dionne, C. K. Colton, and M. L. Yarmush, “Effect of
hypoxia on insulin secretion by isolated rat and canine islets of
Langerhans,” Diabetes, vol. 42, no. 1, pp. 12–21, 1993.

[32] P.-O. Carlsson, F. Palm, A. Andersson, and P. Liss, “Markedly
decreased oxygen tension in transplanted rat pancreatic islets
irrespective of the implantation site,”Diabetes, vol. 50, no. 3, pp.
489–495, 2001.

[33] N. Tygstrup, K. Winkler, K. Mellemgaard, and M. Andreassen,
“Determination of the hepatic arterial blood flow and oxygen
supply in man by clamping the hepatic artery during surgery,”
The Journal of Clinical Investigation, vol. 41, pp. 447–454, 1962.

[34] K. E. Dionne, Effect of Hypoxia on Insulin Secretion andViability
of Pancreatic Tissue, Massachusetts Institute of Technology,
Cambridge, Mass, USA, 1990.

[35] E. S. Avgoustiniatos, K. E. Dionne, D. F.Wilson, M. L. Yarmush,
andC. K. Colton, “Measurements of the effective diffusion coef-
ficient of oxygen in pancreatic islets,” Industrial and Engineering
Chemistry Research, vol. 46, no. 19, pp. 6157–6163, 2007.

[36] C. A. Acevedo, C. Weinstein-Oppenheimer, D. I. Brown, H.
Huebner, R. Buchholz, and M. E. Young, “A mathematical
model for the design of fibrin microcapsules with skin cells,”
Bioprocess and Biosystems Engineering, vol. 32, no. 3, pp. 341–
351, 2009.

[37] I. Anundi andH. deGroot, “Hypoxic liver cell death: critical Po2
and dependence of viability on glycolysis,” American Journal of
Physiology—Gastrointestinal and Liver Physiology, vol. 257, no.
1, part 1, pp. G58–G64, 1989.

[38] E. S. Avgoustiniatos andC. K. Colton, “Effect of external oxygen
mass transfer resistances on viability of immunoisolated tissue,”
Annals of theNewYorkAcademy of Sciences, vol. 831, pp. 145–167,
1997.

[39] E. S. Avgoustiniatos,Oxygen Diffusion Limitations in Pancreatic
Islet Culture and Immunoisolation, Massachusetts Institute of
Technology, Cambridge, Mass, USA, 2002.

[40] K. E. Dionne, C. K. Colton, and M. L. Yarmush, “Effect of
oxygen on isolated pancreatic tissue,” ASAIO Transactions, vol.
35, no. 3, pp. 739–741, 1989.

[41] K. K. Papas, R. C. Long Jr., I. Constantinidis, and A. Sambanis,
“Effects of oxygen onmetabolic and secretory activities of𝛽TC3



Journal of Diabetes Research 11

cells,” Biochimica et Biophysica Acta (BBA)—General Subjects,
vol. 1291, no. 2, pp. 163–166, 1996.

[42] K. K. Papas, A. Pisania, H. Wu, G. C. Weir, and C. K. Colton, “A
stirred microchamber for oxygen consumption rate measure-
ments with pancreatic islets,” Biotechnology and Bioengineering,
vol. 98, no. 5, pp. 1071–1082, 2007.

[43] T.M. Suszynski, M. D. Rizzari, L. S. Kidder et al., “Paramagnetic
microparticles do not elicit islet cytotoxicity with co-culture or
host immune reactivity after implantation,” Xenotransplanta-
tion, vol. 18, no. 4, pp. 239–244, 2011.

[44] K. K. Papas, C. K. Colton, R. A. Nelson et al., “Human islet oxy-
gen consumption rate andDNAmeasurements predict diabetes
reversal in nudemice,”American Journal of Transplantation, vol.
7, no. 3, pp. 707–713, 2007.

[45] W. Bennet, B. Sundberg, C.-G. Groth et al., “Incompatibility
between human blood and isolated islets of langerhans: a
finding with implications for clinical intraportal islet transplan-
tation?” Diabetes, vol. 48, no. 10, pp. 1907–1914, 1999.

[46] M. Goto, H. Johansson, A.Maeda, G. Elgue, O. Korsgren, and B.
Nilsson, “Low molecular weight dextran sulfate prevents the
instant blood-mediated inflammatory reaction induced by
adult porcine islets,” Transplantation, vol. 77, no. 5, pp. 741–747,
2004.

[47] J. C. Grotting, J. Rosai, A. J. Matas et al., “The fate of intra-
portally transplanted islets in diabetic rats. A morphologic
and immunohistochemical study,” The American Journal of
Pathology, vol. 92, no. 3, pp. 653–670, 1978.

[48] N. Sakata, A. Obenaus, N. Chan, J. Mace, R. Chinnock, and E.
Hathout, “Factors affecting islet graft embolization in the liver
of diabetic mice,” Islets, vol. 1, no. 1, pp. 26–33, 2009.

[49] K.K. Papas,M.D. Bellin,D. E. R. Sutherland et al., “IsletOxygen
Consumption Rate (OCR) dose predicts insulin independence
in clinical islet autotransplantation,” PLoS ONE, vol. 10, no. 8,
Article ID e0134428, 2015.

[50] C. K. Colton, K. K. Papas, A. Pisania et al., “Characterization of
islet preparations,” inCellular Transplantation: From Laboratory
to Clinic, pp. 85–134, Academic Press, Waltham, Mass, USA,
2007.

[51] S. Bonner Weir, D. F. Trent, and G. C. Weir, “Partial pancre-
atectomy in the rat and subsequent defect in glucose-induced
insulin release,”The Journal of Clinical Investigation, vol. 71, no.
6, pp. 1544–1553, 1983.

[52] J. L. Leahy, H. E. Cooper, D. A. Deal, and G. C. Weir, “Chronic
hyperglycemia is associated with impaired glucose influence on
insulin secretion. A study in normal rats using chronic in vivo
glucose infusions,” The Journal of Clinical Investigation, vol. 77,
no. 3, pp. 908–915, 1986.

[53] K. S. Polonsky, B. D. Given, L. J. Hirsch et al., “Abnormal
patterns of insulin secretion in non-insulin-dependent diabetes
mellitus,”The New England Journal of Medicine, vol. 318, no. 19,
pp. 1231–1239, 1988.

[54] D. R. Laybutt, A. M. Preston, M. C. Åkerfeldt et al., “Endoplas-
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