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Original Article

Chronic pancreatitis (CP) is a major medical problem with 
few available medical therapies or reliable, long-term surgi-
cal options. Total or near total pancreatectomy is the most 
effective means of alleviating intractable pain in CP patients.1,2 
Autologous islet transplantation (AIT) has the potential to 
minimize the major drawback of pancreatectomy, brittle dia-
betes, and thus greatly enhance the expected quality of life. 
AIT immediately following pancreatectomy is now recog-
nized as one of the most effective symptomatic treatments for 
patients with CP.3,4 Even though AIT is well established, its 
success depends delicately on many factors at each step of the 
process. Characterizing these factors has always been a major 
concern for both autologous and allogenic transplants.5 It is 
widely accepted that there is a correlation of islet yield with 
postsurgical insulin requirements,4,6,7 as well as with the 
period of insulin independence posttransplantation.8 This has 
justified considerable effort to find clinical predictors of yield 
to indirectly assess the probabilities of successful engraftment 
and survival.9-12 From our experience at the University of 
Arizona with 61 AIT patients, this trend was observed but 
was not exclusive to high IEQ groups, as some patients who 
received lower yields required relatively low doses of insulin 
at discharge. This stresses the role of other factors besides 

current islet count assessments in outcome. A similar obser-
vation was published by Schrader et al,13 in which the even-
tual development of diabetes after partial pancreatectomy 
was not found to correlate to the fractional beta cell mass 
determined directly from tissue samples.
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Abstract
We analyzed the pretransplant continuous glucose monitoring (CGM) data of 45 patients that underwent total pancreatectomy 
followed by autologous islet transplantation (AIT) at the University of Arizona Medical Center. Traditional and novel metrics 
of CGM time series were correlated to the total islet count (TIC), islet equivalents (IEQs), and weight-normalized IEQs (IEQ/
kg). In a subset cohort (n = 26) we analyzed the relationship among the infused number of islets, the CGM indicators, and 
the first recorded insulin requirement after the procedure. We conclude that receiving a high islet yield is sufficient yet not 
necessary to achieve low or null insulin requirements within the first 50 days after surgery. Furthermore, CGM inertia and 
CGM length of curve (2 novel CGM indicators) are shown to be correlated to islet yield, and the CGMs normalized area (A

o
) 

and time ratio above hyperglycemic level (T
o
) are strongly correlated to insulin requirement. A screening test based on T

o
 is 

shown to have 100% sensitivity and 88% specificity discriminating insulin independence upon discharge.

Keywords
continuous glucose monitoring, autologous islet transplantation, chronic pancreatitis, pancreatectomy



1098	 Journal of Diabetes Science and Technology 8(6)

In this study, we examine the use of continuous glucose 
monitoring (CGM) as a possible preoperatory indicator of 
islet function and islet yield. We also reevaluate the relation-
ship between transplanted islet mass and postsurgical glyce-
mic control as per our experience.

Methods

A group of 45 patients (group I) was selected from the total 
61 that were transplanted at our center at the University of 
Arizona Medical Center from 2009 to 2013 based on the 
availability of satisfactory CGM and laboratory records 
within 90 days pretransplant. The information gathered from 
these CGM time series was analyzed and correlated with the 
patients’ total islet count (TIC), islet equivalents (IEQs), and 
weight-normalized islet equivalents (IEQs/kg). These same 
CGM coefficients were also correlated to the first daily aver-
age insulin recorded within the first 50 days (first insulin 
average, FIA) after surgery for the subset (group II, n = 26) 
of group I that had such records. Patients were instructed to 
try to maintain at most a 120 mg/dL fasting glucose target. 
FIA is the first sliding-scale + carb-counting basal daily insu-
lin units average that patients reported at their weekly clini-
cal examination after discharge from hospital. None of these 
patients were on parental or enteral feeds posttransplant. No 
adjunct therapies such as Exenetide or dipeptidyl peptidase 
were used. The 50-day interval was deemed to be indicative 
of the immediate success of the AIT, even if in the literature 
there is a subset of patients whose β cell functionality 
improved over time. It should be added that this quantity 
excludes the drip insulin that patients are given postsurgi-
cally to induce islet metabolic rest.14,15

Continuous Glucose Monitoring

Blood glucose (BG) data from CGM devices (iPro, 
Medtronic, Northridge, CA ) were analyzed for patients who 
wore the device for more than 2 consecutive days (mean and 
standard deviation of total days device was worn 4.20 ± 
0.87). Some patients reported interruptions in the use of the 
CGM. None of these brief discontinuities were deemed to 
hinder our study, since we are treating the BG variations as a 
steady process. Capillary BG was monitored every 6 hours. 
CGMs registered an average interstitial glucose level every 5 
minutes and thus yielded time series {BG

t
 } consisting of 

thousands of points from which a number of coefficients 
were derived. The following preliminary definitions are 
needed: the BG rate of change is defined as Δ BG

t
= BG

t+1
 

BG
t
, the time interval between the t-th and the t+1-th mea-

surements is denoted ∆t
t
 (in this study ∆ =ti 5  minutes for all 

i), and N denotes the total number of BG measurements in 
each series.

All of these coefficients are commonplace in clinical 
practice and have been previously described in the litera-
ture,16,17 except for the CGM length of curve (LoC) and 

CGM inertia (CGMI) values, which were developed by our 
group. Table 1 lists these metrics, gives a short description, 
and contains the strict mathematical definition or a reference 
to it. LoC is essentially the length of the polygonal formed by 
the graph of a CGM series. It is then normalized by dividing 
it by the sum of all the time intervals, that is, by the total 
time. It addresses the need to characterize broad and quick 
glycemic excursions that wouldn’t appreciably change the 
more commonly used area over/under curve or time over/
under limit markers. Figure 1 shows 2 CGM series with simi-
lar area under curve but high and low CGM LoC. CGMI is a 
complementary measurement to LoC. It is defined as the 
ratio of all the consecutive pairs of BG rate of change values 
with identical signs, to the total number of such pairs. In 
other terms, CGMI increases for every pair of consecutive 
BG measurements in which both increased or both decreased 
relative to the previous measurement. Thus, a hypothetical 
BG graph that steadily increases (or decreases) throughout 
the recorded time interval would have a CGMI value 1, 
whereas a one-to-one alternation of increases and decreases 
of BG would have a CGMI value of 0. This indicator there-
fore intuitively corresponds to the steadiness of glycemic 
control. Figure 2 shows 2 examples of patients showing sim-
ilar area under curve but high and low CGMI values.

It is noteworthy to point out that even though in principle 
the standard deviation of the rate of change and LoC repre-
sent different features of any given time series, they will be 
strongly correlated among sets of series whose rate of change 
have similar means. So, for our data LoC and CGM rate of 
change standard deviation are highly correlated with ρ = .91, 
P < .0001. Other noteworthy correlations are LoC and the 
standard deviation of BG (ρ = .86, P < .0001), and between 
CGMI and the standard deviation of BG (ρ = .60, P < .0001).

Autologous Islet Transplantation

The surgical procedure employed is described in detail by 
Rilo et al.3 The degree of islet liberation was determined by 
routine sampling by sequential in vitro staining with 
Dithizone (Diphenylthiocarbazone, Sigma-Aldrich, St Louis, 
MO, USA). Upon completion of digestion (ie, after islets are 
adequately liberated from the remaining exocrine tissue), the 
flow from the continuous enzymatic isolation device was 
rerouted to a separate, temperature controlled collecting 
flask. The majority of enzymatic reactions were quenched by 
diluting the islet-containing solution with 5% human serum 
albumin (HSA) and by lowering its temperature to approxi-
mately 7°C. None of the islet preparations in our series were 
purified to avoid further islet loss, since the vast majority of 
our cases display a high degree of exocrine atrophy and 
fibrosis. The islets were collected and washed in Roswell 
Park Memorial Institute 1640 media and then resuspended in 
HSA containing 70 IU/kg of heparin. This preparation was 
then loaded into one 600-ml blood infusion bag for intrapor-
tal infusion into the liver. Portal venous pressure was 
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Table 1.  Different Metrics Derived From CGM Data.

Metric Definition/reference Equation

CGM LoC Normalized sum of the lengths of the polygonal segments 
formed by the CGM data over time λ =

−

−
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i i
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t

1 2 2
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( ) ( )∑
∑
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∆
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MAGE Average of the size of glycemic excursions greater than  
1 standard deviation of the entire BG range

See Molnar et al25

BG average Average BG value over the whole data range BG BGt=

BG standard deviation Standard deviation of the BG data σBG t tBG BG= ( 2− )

BG rate of change 
standard deviation

Standard deviation of the consecutive changes of BG σ∆BG t tBG BG( 2∆ ∆− )

BG, blood glucose; CGM, continuous glucose monitoring.

Figure 1.  Continuous glucose monitoring (CGM) graph showing an example with low CGM length of curve (dashed line) and one with 
high CGM length of curve (solid line)
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measured before, during, and after islet infusion. Arterial and 
central venous pressures were monitored in all patients.

Statistical Analysis

All correlations were Spearman rank coefficients. All values 
reported as mean ± standard deviation unless noted other-
wise. Significance level was set at P < .05.

Results

The clinical characteristics of the groups are summarized in 
Table 2. All the coefficients listed in Table 1 were calculated 
for every patient in group I and then correlated to TIC, IEQs, 
and IEQ/kg. All the CGM indicators whose correlation coef-
ficients showed significance (P < .05) are reported in Table 3.

It was clear from these first results that the CGM derived 
markers that better correlated to islet number or islet mass 
(IEQs) were CGMI and the 2 coefficients of the group that 
are directly associated with hyperglycemia, namely Ao  
and To .

As previously mentioned, the general motivation to try to 
predict Islet yield stems from the fact that successful restora-
tion of normoglycemia (as measured by off-insulin times or 
the average amount of insulin required) after AIT is signifi-
cantly associated to greater values of the quantitative islet 
indicators (particularly IEQs11). This association was tested 
with the data from group II. Figure 3A shows a plot of the 
IEQ values against the FIA.

Patients in group II were divided in 3 subgroups corre-
sponding to the lowest, middle, and highest IEQ scores. The 

null hypothesis that these groups show the same insulin 
requirement means was discarded by ANOVA at a signifi-
cance level of P < .05 (lower inset of Figure 3). The rela-
tionship between these 2 variables was found to be neither 
linear nor monotonous (Pearson and Spearman correlations 
did not reach P < .05). Although patients among the higher 
scores in IEQ showed a clear tendency to be within the group 

Figure 2.  Continuous glucose monitoring (CGM) graph showing an example with low CGM inertia (solid line) and one with high CGM 
inertia (dashed line).

Table 2.  Clinical Characteristics of Cohorts Pretransplant.

Group I Group II

Total number (n) 45 26
Sex (n; M/F) 18/27 11/15
Age (years) 37 ± 4.2 33 ± 8.5
BMI 24.5 ± 5.0 21.3 ± 0.7
HbA1c (%) 5.8 ± 0.3 5.4 ± 0.4
C-Pep (ng/mL) 1.9 ± 0.1 1.3 ± 0.1
MAGE (mg/dL) 46.2 ± 29.5 45.50 ± 27.3
CGM Average (mg/dL) 111.8 ± 13.5 111.7 ± 15.2
Etiology (%)  
Idiopathic 60 58
Alcohol 11 19
Familial 11 15
Pancreas divisum   9   4
Genetic/autoimmune/other   9   4
Beta score composition (%)26  
8 60 61
7 31 31
6   7   8
5   2 —

Values are mean ± standard deviation, unless otherwise indicated.
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of relatively low or null initial insulin requirements, the 
converse was not at all evident. Rather, insulin averages 
show a sufficiency dependence on IEQ, that is, good out-
comes are not exclusive to higher yields but poor glycemic 
control does only arise after transplanting a reduced number 
of islets.

The markers calculated from the CGM data of patients in 
group II were correlated directly to FIA values. Table 4 lists 
all markers that correlated significantly to FIA.

Correlations to FIA (group II) are visibly higher than 
those to TIC, IEQs, and IEQ/kg (group I). Again, CGM 
markers of hyperglycemia resulted the more accurate pre-
dictors of better initial normoglycemia, not surprising since 
it has been proven that hypoglycemic episodes are eradi-
cated with minimal β cell function.18 An important result is 
that, as a screening test, CGM time ratio over limit of less 
than 0.08 (To < 0 08. ) showed a sensitivity of 100% and a 
specificity of 88% predicting null insulin requirements 
within the 50 days (positive and negative groups were tested 
through 1-way ANOVA; null hypothesis was rejected with 
P = .0013; see Figure 4).

Discussion

In our series of analysis we established the relationship 
between islet mass indicators and outcomes as far as insu-
lin independence. Although previously reported,9 this was 
done to illustrate the complexity of the way in which post-
transplantation normoglycemia depends on islet mass, thus 
stressing how predicting yield to then predict insulin aver-
ages is not as desirable as somehow trying to directly make 
a prognostic on insulin use. We then demonstrated that pre-
surgical CGM markers commonly used for assessing devia-
tions from normoglycemia, together with the CGMI, are not 
only a fair indicators of yield, but more importantly that 
they can be used more effectively as such direct insulin use 
prognostic tools. The importance of finding such direct 
markers should be stressed for a number of reasons. First, 

screening accuracy is in principle higher if it doesn’t depend 
on an intermediary on which another inference has to be 
made. This is especially important if this intermediary is 
IEQs, as we have shown that the relationship between IEQs 
and immediate insulin requirements is not one-to-one, so 
that even very accurate prediction of yield could translate 
into an uncertain forecast of glycemic control. See, for 
example, Takita et al,19 where excellent metabolic results 
were reported in low- and high-yield cohorts in their CP/
AIT patients. Second, direct markers can cast light on the 
nature of factors, other than yield, relevant to restoration of 
normoglycemia: general health of the patient, number of 
years between CP diagnosis and surgery, etiology of the dis-
ease, comorbidities, and other aspects of isolation and/or 
engraftment may play an important role in AIT outcomes. 
Such was the case with CGMI, as it was significantly (nega-
tively) associated with higher yields, but was not present at 
all in the list of important FIA estimators. This suggests the 
possibility that the responsiveness of BG homeostasis is 
more closely associated with β cell mass variation than with 
islet cell functionality within the CP cohort. Viability and 
functional assays have also been used to discern the major 
factors affecting AIT success.20,21

The To  test shows promise in the prediction of AIT 
outcomes. The levels of hyperglycemia it characterizes 
(To < 0 08. ) are certainly subdiabetic,22 the margins it 
uses to rate blood sugar levels (60-120 mg/dL) are also 
more stringent than the ones normally used to evaluate 
departures from normoglycemia in diabetic patients (in 
Clarke and Kovatchev16 the suggested range to assess 
departure from normoglycemia is 61-180 mg/dL). These 
ranges should therefore be better bound by contrasting 
them with those from healthy patients. The levels of 
HbA1c and the average CGM values in groups I and II 
were found to be just marginally over healthy standards,23 
and comply with the Diabetes Control and Complications 
trials equivalents of HbA1c and BG average24 
( . . )HbA BG mMolC1 0 589 2 11≈ ( ) + .

Table 3.  Correlations Between CGM Metrics and Their Relationship to Quantitative Islet Indicators.

Metric TIC IEQ IEQ/kg

CGM length of curve ρ = –.31 — —
  CGM inertia ρ = –.36** ρ = –.35** ρ = –.34*
  Area over limit — ρ = –.32 ρ = –.33
  Area under limit — — —
  Time over limit — ρ = –.31 ρ = –.34*
  Time under limit — — —
  MAGE ρ = –.30 — —
  BG average — — ρ = –.31
  BG standard deviation — — —
  BG rate of change standard deviation — — —

Blank indicates P > .05; all other values are P < .05. *P < .025. **P < .02. IEQ, islet equivalents; TIC, total islet count.
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Conclusions

Even if AIT has been investigated for over 30 years as a 
means of preventing diabetes in persons undergoing pan-
createctomy for severe diseases of the pancreas, it has been 
difficult to achieve full insulin independence in most 

patients, and evidence suggests that islet function decreases 
over time in some of the patients.5 It is therefore of impor-
tance to identify the underlying factors affecting islet graft 
functionality. Islet quantitative estimators were the first 
such factors to be acknowledged, and have been success-
fully associated with efficient, long-lasting restoration of 

Figure 3.  (A) Plot of islet equivalents (IEQ) versus first insulin average (FIA) in group II. Different marker types designate the 3 different 
subsets corresponding to the lowest, middle, and highest IEQs. (B) Whisker plot of groups A, B, and C.
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normoglycemia. Our work addresses the need to diversify 
the efforts to find islet yield predictors, and points to the 
fact that CGM technology can serve as powerful means to 
do so.
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AIT, autologous islet transplantation autologous islet transplanta-
tion; BG, blood glucose; CGM, continuous glucose monitoring; 
CGMI, CGM inertia; CP, chronic pancreatitis; FIA, first insulin 
average; HSA, human serum albumin; IEQ, islet equivalents; LoC, 
length of curve; TIC, total islet count.
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Figure 4.  Plot of T
0
 versus first insulin average (FIA) use in group II. A value of To = 0.08  separates insulin independent from 

nonindependent at 50 days with 100% sensitivity and 88% specificity. Positive is defined as being identified as insulin independent by the test.

Table 4.  CGM Metrics Correlated to First Insulin Registered Within First 50 days After AIT (Group II).

Indicator P value Spearman’s ρ

CGM time ratio over limit <.001 .61
CGM area over limit <.005 .56
CGM mean <.005 .55
CGM standard deviation <.005 .54
CGM MAGE <.01 .51
CGM LoC <.05 .42
CGM BG variability standard deviation <.05 .39

AIT, autologous islet transplantation; CGM, continuous glucose monitoring.
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