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Abstract
Aims/hypothesis Previous studies of pancreases obtained at
autopsy or by radiography note reduced pancreas weight
(PW) and size, respectively, in type 1 diabetes; this finding
is widely considered to be the result of chronic insulinopenia.
This literature is, however, limited with respect to the influ-
ence of age, sex, anthropometric factors and disease duration
on these observations. Moreover, data are sparse for young
children, a group of particular interest for type 1 diabetes.
We hypothesised that the pancreas-to-bodyweight ratio would
normalise confounding inter-subject factors, thereby permit-
ting better characterisation of PW in type 1 diabetes.
Methods Transplant-grade pancreases were recovered from
216 organ donors with type 1 diabetes (n=90), type 2 dia-
betes (n=40) and no diabetes (n=86). Whole-organ and

head, body and tail weights were determined. The relative
PW (RPW; PW [g] / body weight [kg]) was calculated and
tested for normalisation of potential differences due to age,
sex and BMI.
Results PW significantly correlated with body weight in con-
trol donors (R2=0.76, p<0.001) while RPW (1.03±0.36,
mean ± SD) did not significantly differ across ages
(0–58 years). Donors with type 1 diabetes (0.57±0.18,
p<0.001), but not those with type 2 diabetes (0.93±0.30),
had significantly lower RPW. The relative weights of each
pancreatic region from donors with type 1 diabetes were sig-
nificantly smaller than those of regions from control donors
and donors with type 2 diabetes (p<0.001). Perhaps most
interestingly, the RPW was not significantly associated with
duration of type 1 diabetes or type 2 diabetes.
Conclusions/interpretation RPW allows for comparisons
across a wide range of donor ages by eliminating confounding
variables. These data validate an interesting feature of the type
1 diabetes pancreas and underscore the need for additional
studies to identify the mechanistic basis for this finding,
including those beyond the chronic loss of endogenous insulin
secretion.
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Introduction

Type 1 diabetes is an autoimmune disorder resulting in the
destruction of insulin-producing pancreatic beta cells [1].
Reduced pancreas weights (PWs) at autopsy have been dem-
onstrated in patients with recent-onset type 1 diabetes as well
as in those with long-standing disease (reviewed in [1, 2]).
Non-invasive imaging has also demonstrated reduced pancre-
as volume in patients with recent-onset diabetes [3, 4]. The
mechanisms underlying reduction in pancreatic size have
largely been hypothesised to involve loss of insulinotrophic
effects on the exocrine pancreas as islets constitute only 1–2%
of the entire pancreas volume [5, 6]. The purpose of this study
was to examine the influence of a series of physiological and
anthropometric factors, as well as disease duration, on PW in
high-quality (i.e. transplant-grade, not autopsy) pancreases
obtained from a large number of organ donors with type 1
diabetes, type 2 diabetes and no diabetes. Furthermore, rela-
tive PW (RPW; PW [g] / body weight [kg]) was calculated for
each pancreatic region (head, body and tail) and the entire
organ with subsequent analysis for correlations to age, sex,
BMI and diabetes duration.

Methods

Donors The JDRF Network for Pancreatic Organ donors with
Diabetes (nPOD) programme recovered pancreases from
organ donors as previously described [7]. Donors without di-
abetes (controls, n=86) had no medical history of pancreatic
disease and included neonates and children. Donors with type
1 diabetes (n=90) or type 2 diabetes (n=40) were classified
according to ADA guidelines following medical chart review
in concert with islet autoantibody and C-peptide assays, as
previously described [7]. Demographic data (age, sex, ethnic-
ity, body weight, BMI) and other clinical findings were
recorded from terminal hospital records or data provided by
the United Network for Organ Sharing (UNOS) and are
summarised in Table 1. Four donors from the Harvard Joslin
Medalist programme had pancreases recovered at autopsy and
were processed by nPOD [8]. All procedures were conducted
in compliance with UNOS and the University of Florida
Institutional Review Board requirements, based upon federal
guidelines.

Pancreas processing Pancreases were recovered as if for
transplantation, shipped by organ courier in iced transport
media and cleaned of all extraneous tissues by a licensed
pathology assistant according to standard procedures [7].
The pancreas was weighed intact and/or after dividing it into
three regions (head, body and tail) by cutting the junction
between head and body at the notch and dividing the remain-
ing portion in half for body and tail regions.

Statistical analysis The primary analysis was based upon
RPW as we expected this to minimise the confounding influ-
ences of age, sex and BMI on PW, particularly for individuals
of younger age with high incidence of type 1 diabetes. BMI
(kg/m2) was calculated as weight / (height squared). Body
surface area (BSA; m2) was calculated as 0.0235×height
(cm)0.42×weight (kg)0.51. Similarly, secondary analysis
contrasted relative regional weights in the same manner. To
control study-wide errors in the primary analysis, the three
groups were first compared by ANOVA followed by a
Bonferroni corrected contrast between all pairs. Relative
regional weights were analysed in the same manner. As a
tertiary contrast, we compared the proportions of the total
PWs for the three regions across the three donor groups. For
analyses not involving RPW, all p values were unadjusted,
two-tailed and statistically significant if <0.05. A p value
was not calculated if values from two or more cells were equal
to 0. Statistical analysis was performed using SAS software
version 9.3 (SAS Institute, Cary, NC, USA) and GraphPad
Prism (GraphPad Software, San Diego, CA, USA).

Results

Group demographic and clinical variables A total of 216
donors (n=86 control, n=90 type 1 diabetes, n=40 type 2
diabetes) were prospectively recovered during this study
(Table 1). As expected, the ages, heights, weights and BMIs
of the donors were significantly different between groups due
to the inclusion of very young children in the control group
(Table 1). Donors with type 1 diabetes had disease durations
of 0–84 years while donors with type 2 diabetes had disease
durations ranging from 0 to over 50 years (Table 1). Among
those with type 1 diabetes, 15 tested negative for autoanti-
bodies, 36 positive for one and 36 positive for two or more.
In those with type 2 diabetes, ten had antibodies against insu-
lin, consistent with medical history of insulin injections and
likely reflecting responses to parenteral insulin rather than islet
autoantibodies. One donor with type 2 diabetes had low-titre
GAD autoantibodies, yet all other findings were consistent
with a type 2 diabetes diagnosis (e.g. C-peptide level of
11.55 ng/ml, history of metformin treatment, islet amyloidosis
by histopathology [case 6149]).

PW vs RPW In controls, raw PW correlated closely with age
in young donors until adulthood (second order polynomial,
R2=0.82, n=86; Fig. 1a). PW was significantly correlated
with body weight (slope=1.8, R2=0.56, p<0.001; Fig. 1b)
and normalisation of PW to body weight removed any asso-
ciation with age (R2=0.07; Fig. 1a). Raw PWs showed signif-
icant differences between all three groups (50.6±35.9 con-
trols, 70.3±17.8 type 1 diabetes, 96.4±16.8 type 2 diabetes).
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The RPW was examined to reduce inter-subject factors
related to age, sex, BMI and duration of diabetes. None of
11 potential confounding variables were significant for

RPW. As such, use of RPW normalised PWs from very young
donors to older donors and accounted for differences in sex
and BMI.

Table 1 Donor characteristics

Characteristic Controls Type 1 diabetes Type 2 diabetes Overall p value

n Value n Value n Value

Age, years 86 16.3 (14.8) 90 32.2 (16.2) 40 48.9 (14.9) <0.001

Sex 86 90 40 0.21

Female 28 33 38 42 19 47

Male 58 67 52 58 21 53

Ethnicity 86 90 40 <0.01

Black/African-American 15 17 9 10 11 27

White 59 69 74 82 18 45

Hispanic/Latino 11 13 7 8 9 23

Othera 1 1 0 0 2 5

Height, cm 86 132.8 (49.8) 90 167.7 (16.7) 40 170.8 (10.5) <0.001

Body weight, kg 86 50.6 (35.9) 90 70.5 (17.8) 40 96.4 (16.8) <0.001

BMI 86 22.5 (6.9) 90 24.7 (4.3) 40 33.0 (6.1) <0.001

Autoantibody resultsb 77 87 39 <0.001c

Negative 77 100 15 17 28 76

Single positive

IAA 0 0 29 36 10 21

GADA 0 0 4 1 1 3

IA2A 0 0 1 1 0 0

ZnT8A 0 0 2 2 0 0

Two or more positives

Including IAA 0 0 34 41 0 0

Excluding IAA 0 0 2 2 0 0

C-peptided, ng/ml 77 5.6 (4.9) 85 0.2 (0.6) 39 4.6 (5.9) <0.001

Diabetes duration, years NA NA 89 18.6 (14.9) 34 11.1 (10.1) NR

Hospital duratione, days 80 5.0 (3.7) 80 4.3 (2.7) 37 4.8 (3.9) 0.38

Organ transit timef, h 84 16.2 (6.8) 87 17.1 (5.6) 39 16.1 (4.9) 0.54

Cause of death, % 86 89 40 NR

Anoxia 30 35 39 44 11 28

Cerebrovascular/stroke 14 16 22 25 25 62

Head trauma 36 42 19 21 2 5

Other 6 7 9 10 2 5

Values are presented as mean (SD) or as % for categorical variables
a Includes two Asian donors with type 2 diabetes and one American Indian/Alaska Native control donor
b All values from RIA testing were converted to NIDDK units and defined as positive if one or more of the following applied: IAA ≥0.0 1; GADA ≥20;
IA2A ≥5 or ZnT8A ≥0.02
c Excludes group of donors with more than two autoantibodies
dWhen C-peptide levels fell below the lower limit of detection (i.e. <0.05), a fill value of 0.001 was used
e Period from admission time to intraoperative aortic cross clamp
f Period from aortic cross clamp to laboratory receipt

The following were used to generate p values: ANOVA (more than two groups compared) or Satterthwaite corrected t test (two groups compared) if
continuous; Pearsons’s χ2 if nominal, categorical and values in all cells >5 or Freeman-Halton extension of Fisher’s exact test if nominal, categorical and
values in one or more cells <5

GADA, GAD autoantibody; IAA, insulin autoantibody; IA2A, islet antigen 2 autoantibody; NR, not reported; ZnT8A, zinc transporter 8 autoantibody
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Reduced RPW and relative regional weights in donors
with type 1 diabetes The RPW for donors with type 1 diabe-
tes was 0.57±0.18 (n=90) compared with 1.03±0.36 for
donors without diabetes (n=86) and 0.93±0.30 (n=40) for
donors with type 2 diabetes (p<0.001; Fig. 1c). BSA (m2)
was also tested for PW normalisation (PW/BSA); similar
results were obtained except that donors with type 2 diabetes
had significantly higher PW/BSA compared with controls
(electronic supplementary material [ESM] Fig. 1 a, c, e). The
BSA was also converted from area to volume (BSA1.5) and
used to normalise PWs (PW/BSA1.5); similar proportions were
found as for RPW (ESM Fig. 1 b, d, f). Correlations between
RPW and PW/BSA1.5 were ≥ 0.94 for all three groups.

Relative weights of each pancreatic region for donors with
type 1 diabetes were significantly smaller than the respective
regions of controls and donors with type 2 diabetes (Fig. 1d).
The relative tail weights were also significantly different
between all groups (Fig. 1d).

Diabetes duration and C-peptide levels do not correlate
with RPW RPW was not significantly associated with dura-
tion of diabetes for donors with type 1 diabetes or type 2
diabetes, even for those with diabetes of short duration
(Fig. 1e). RPW did not significantly correlate with C-peptide
levels or diabetes duration in donors with type 1 diabetes who
had detectable levels (ESM Fig. 2 a–f). Interestingly, raw PWs
in controls were significantly though weakly correlated with
C-peptide levels (r=0.33, p<0.01, ESM Fig. 2e).

Discussion

Herein, we note that RPW allows for examination of PW
differences between study subject groups despite differences
in age, ethnicity or body weight. In donors with type 1 diabe-
tes, RPW was only 55% that of donors without diabetes.
Strikingly, this loss in weight was apparent at or near disease

Fig. 1 RPWand diabetes. (a) In
control donors without diabetes,
PW (g) (triangles) correlated with
age while RPW (squares) had no
association with age. (b) PW (g)
was significantly correlated with
body weight (kg) in controls. (c)
Donors with type 1 diabetes
(T1D, circles) had significantly
lower RPW than controls (ND;
triangles) and donors with type 2
diabetes (T2D, squares). (d)
RPWs by pancreatic region
shown for controls (ND;
triangles) and donors with T1D
(circles) or T2D (squares).
Donors with T1D had
significantly lower relative
regional weights compared with
controls and donors with T2D.
Donors with T2D had
significantly different relative tail
weights compared with controls
and donors with T1D. (e) RPW
did not correlate with disease
duration for donors with T1D
(circles) or T2D (squares). Data
are means ± SD; *p<0.05 (T1D
head vs ND and T2D head; T1D
body vs ND and T2D body; T1D
tail vs ND and T2D tail; T2D tail
vs ND and T1D tail) and
***p<0.001 (T1D vs ND and
T2D donors)
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onset and was minimally altered in those with disease duration
of several decades. This is an extremely interesting finding in
that it suggests a different concept from the widely held notion
that the reduced PW is a result of long-term insulin absence.

Our observation of pronounced PW loss in recent-onset
type 1 diabetes agrees with the findings of several studies
and supports the hypothesis that underlying mechanisms
associated with loss in PW precede diagnosis [3, 4, 9]. The
cross-sectional nature of our study does not preclude an alter-
native hypothesis, namely, that persons at risk for type 1 dia-
betes have smaller pancreases due to undefined genetic, ma-
ternal or environmental factors (reviewed in [1]). Future lon-
gitudinal studies in living individuals at high risk for type 1
diabetes and utilising advanced imaging techniques should be
used to address issues of pancreatic size in relationship to type
1 diabetes duration and treatment (reviewed in [3]). Here too,
studies in type 1 diabetes that would bring clarity to issues
beyond those of weight and size alone, including beta cell
mass and exocrine inflammation, would also be valuable.

Additional novelty in this report resides in our findings on
altered pancreatic regional weights. Specifically, the decline in
regional PWs are consistent with primary loss of the pancre-
atic dorsal lobe, comprised of the major portion of the head
and entire body and tail regions, while the ventral lobe
(i.e. small portion of head region and most of the uncinate
process) remains less affected [10]. In summary, our hope is
that the efforts reported herein to normalise PWacross a wide
age range could stimulate additional studies to further define
the clinical and pathogenic significance of reduced PW in type
1 diabetes.
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