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Type 1 diabetes (T1D) is a multifactorial autoimmune dis-
ease, leading to the destruction of the pancreatic insulin-

secreting beta cells.1 Exogenous insulin administration limits 
chronic hyperglycemia, which is responsible for micro- and 
macroangiopathic complications, at the cost of an increased 
risk of hypoglycemia,2 associated with an enhanced risk of 
mortality.3

Severe or repeated hypoglycemia events may favor memory 
complaints, as demonstrated in different studies,4-10 includ-
ing a meta-analysis of 62 studies showing that childhood 

hypoglycemia complicated by seizures or coma was associ-
ated with impaired verbal and visual-spatial memory in adult-
hood.11 In another analysis comparing T1D patients with 
nondiabetic control subjects, cognitive assessment, although 
performed during a period of glycemic control, showed 
impairment of several cognitive domains, including informa-
tion processing speed, attention, mental flexibility, and visual 
perception, whereas other domains such as selective attention, 
language, or memory did not differ from control subjects in 
this study.12

Pancreas and Islet Transplantation

Background. Severe or repeated hypoglycemia events may favor memory complaints in type 1 diabetes (T1D). Pancreatic 
islet transplantation (IT) is an alternative option to exogenous insulin therapy in case of labile T1D, implying a maintenance 
immunosuppression regimen based on sirolimus or mycophenolate, associated with tacrolimus, that may also have neurologi-
cal toxicity. The objective of this study was to compare a cognitive rating scale Mini-Mental State Examination (MMSE) between 
T1D patients with or without IT and to identify parameters influencing MMSE. Methods. This retrospective cross-sectional 
study compared MMSE and cognitive function tests between islet-transplanted T1D patients and nontransplanted T1D controls 
who were transplant candidates. Patients were excluded if they refused. Results. Forty-three T1D patients were included: 9 
T1D patients before IT and 34 islet-transplanted patients (14 treated with mycophenolate and 20 treated with sirolimus). Neither 
MMSE score (P = 0.70) nor higher cognitive function differed between islet versus non–islet-transplanted patients, whatever the 
type of immunosuppression. In the whole population (N = 43), MMSE score was negatively correlated to glycated hemoglobin 
(r = –0.30; P = 0.048) and the time spent in hypoglycemia on the continuous glucose monitoring (r = –0.32; P = 0.041). MMSE 
score was not correlated to fasting C-peptide level, time spent in hyperglycemia, average blood glucose, time under immuno-
suppression, duration of diabetes, or beta-score (success score of IT). Conclusions. This first study evaluating cognitive 
disorders in islet-transplanted T1D patients argues for the importance of glucose balance on cognitive function rather than of 
immunosuppressive treatment, with a favorable effect of glucose balance improvement on MMSE score after IT.
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The link between diabetes and cognitive impairment is 
complex and multifactorial, underpinned by repeated epi-
sodes of hyperglycemia and hypoglycemia, microvascular 
and macrovascular complications, chronic inflammation, and 
mitochondrial dysfunction.6,13

Pancreatic islet transplantation is an alternative option 
to exogenous insulin therapy in the case of labile T1D.14-16 
It implies a maintenance immunosuppression based on tac-
rolimus, a calcineurin inhibitor, associated with either siroli-
mus, a mammalian target of rapamycin (mTOR) inhibitor, or 
mycophenolate mofetil, an antimetabolite.

In organ transplant patients, the impact of immunosup-
pressive treatment on cognitive performance has been widely 
studied; an alteration in cognitive performance was shown 
among 37 heart transplant patients, mostly men aged 57 y 
old, on average 20 y after transplantation, mainly concern-
ing the speed of information processing, executive functions, 
memory, and language.17 Similar alterations in posttransplant 
cognitive abilities have been shown in lung transplant patients 
compared with the pretransplant assessment, especially in the 
eldest subjects and those with a lower education level.18,19 
Nevertheless, there was no control group, and the results 
were discordant with other studies. For instance, an improve-
ment of certain cognitive performances in renal transplanted 
subjects compared with nontransplanted patients in end-stage 
renal disease was shown,20-22 and a 2018 meta-analysis found 
an improvement of cognitive performances in transplanted 
subjects compared with their own cognitive assessment before 
renal transplantation whether they were on dialysis or con-
servative treatment.23 In contrast, their abilities remained 
strictly inferior to those of healthy control subjects, particu-
larly in verbal fluency, executive function, and language.

These alterations could be mediated through an increased 
level of oxidative stress;24 a decreased level of cytokines, 
which play an important role in neuronal signaling and syn-
aptic plasticity;25 and decreased oxygen consumption with 
mitochondrial dysfunction.26

To our knowledge, no evaluation of the cognitive impact 
of islet transplantation has been published in the literature 
to date. However, the issue is important because islet-trans-
planted patients generally have a durable suppression of 
hypoglycemia related to the restoration of endogenous beta-
cell function with a much better glucose balance, whereas 
they could have potential negative impact related to previous 
repeated severe hypoglycemia events, long-term immunosup-
pression, and micro- and macroangiopathic complications.

Therefore, this study aimed to characterize cognitive func-
tions in T1D patients undergoing islet transplantation by 
comparison with nontransplanted T1D controls, with the 
objective to identify the determinants of this outcome, if any.

PATIENTS AND METHODS

Study Design
This monocentric cross-sectional study was conducted in 

a single university hospital from 2003 to 2016 in the frame-
work of clinical trials of islet transplantation approved by 
an ethical committee (ClinicalTrials.gov; NCT01123187, 
NCT00446264, NCT01148680). The protocol of these trials 
has been detailed elsewhere.14,15 The 2 first clinical trials began 
in 2003 and included patients who had been receiving siroli-
mus for a period that was probably the longest in literature 

because the drug was given in these trials before it was made 
commercially available in France.

The main objective of this work was to compare the 
results of a cognitive assessment scale using Mini-Mental 
State Examination (MMSE) between islet-transplanted T1D 
patients and nontransplanted T1D controls. Our secondary 
objectives were to characterize the type of impairment of 
higher cognitive functions in T1D patients with and with-
out islet transplantation and to conduct a correlation study 
between the MMSE score and the main parameters of glu-
cose balance using a continuous glucose monitoring system 
(CGMS) and islet transplantation.

Patients
Specialized cognitive assessment was offered to all T1D 

patients considering or having received islet transplantation 
because of T1D complicated with severe hypoglycemia events 
or impaired hypoglycemia awareness, or glycemic labil-
ity, or  because of already receiving immunosuppression for 
kidney transplantation in a single university hospital. These 
investigations were proposed systematically to the patients 
after a few patients had reported memory disorders during the 
long-term post–islet transplantation follow-up. The exclusion 
criteria for the present study were the refusal of the patient to 
undergo a cognitive evaluation.

The control group (group 1) corresponded to T1D subjects 
referred to the department to evaluate the benefit–risk ratio 
of potential islet transplantation because of T1D complicated 
with severe hypoglycemia and/or impaired hypoglycemia 
awareness or glycemic lability.

The transplanted group (group 2) corresponded to patients 
who had underwent islet transplantation from 2014 onward. 
All transplanted patients received combined maintenance 
immunosuppression with a  calcineurin inhibitor associated 
with either  mycophenolate (group 2A) or sirolimus (group 
2B). Note that the induction protocol was different in the 2 
groups. Group 2A received induction with a unique bolus of 
steroids (1 mg/kg of body weight) just before antilymphocyte 
antibodies for the first islet injection, followed by anti–inter-
leukin 2 receptor antibodies for the second and the third islet 
injection, each islet injection being associated with a course 
of etanercept and the 2 or 3 islet injections being done for a 
3-mo period in mean. Group 2B (Edmonton protocol) only 
received anti–interleukin 2 receptor antibodies for each of the 
2 or 3 islet injections without steroid or etanercept. We split 
the whole islet-transplanted group into those 2 subgroups to 
evaluate the potential impact of the type of immunosuppres-
sive treatment received.

Data Collection
Data were collected through the patient’s computer-

ized medical record after informed consent. The follow-
ing demographic and clinical characteristics were collected 
for all patients: gender, age at the time of cognitive assess-
ment, educational level, duration of diabetes at the time of 
cognitive assessment, body mass index (BMI) in kilogram 
per meter square, smoking status, presence of macroangio-
pathic complications (stroke, hypertension, or treatment for 
high blood pressure, treated coronary artery disease, carotid 
artery disease, or lower extremity arterial disease con-
firmed by ultrasound screening), and presence of microan-
giopathic complications (retinopathy, nephropathy defined 
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by microalbuminuria >30 mg/g of urine creatinine, and neu-
ropathy confirmed by electromyogram). For islet-transplanted 
patients, age and duration of diabetes at the time of islet trans-
plantation; glycated hemoglobin (HbA1c) before transplanta-
tion, whole duration of immunosuppressive treatment (since 
the first transplantation of either kidney—for islet after kid-
ney transplantation—or since islet transplantation—for islet 
transplantation alone), which corresponds to the time in years 
between the transplantation and the cognitive evaluation; and 
the duration of immunosuppression since islet transplantation 
were recorded.

The following metabolic parameters were also collected at 
the time of cognitive assessment: blood HbA1c, fasting and 
postprandial C-peptide and glucose levels, and lipid param-
eters; average blood glucose  and time spent in hypoglyce-
mia <70 mg/dL and in hyperglycemia >180 mg/dL on CGMS;   
cognitive complaints before the patient’s cognitive evalua-
tion; impaired higher executive functions among episodic 
memory, language, orientation, executive functions, attention, 
visual-constructive skills, gnosia, and working memory on 
the neuropsychological assessment; and score of the cognitive 
evaluation scale (MMSE) on 30 points.

The MMSE score is a 30-point questionnaire extensively 
used to estimate the severity and progression of cognitive 
impairment.27 Administration of the test takes between 5 
and 10 min and examines functions including registration 
(repeating named prompts), attention and calculation, recall, 
language, ability to follow simple commands, and orienta-
tion. Although MMSE scores should always be considered in 
relation to the age and education level of patients, an MMSE 
score of ≥27 is considered normal cognition, an MMSE score 
between 21 and 26 corresponds to mild cognitive impairment, 
and an MMSE score between 11 and 20 or <11 corresponds 
to moderate and to severe cognitive impairment, respectively. 
The MMSE score cannot be >30.

For transplanted patients, we calculated beta-score (score 
of success of islet transplantation between 0 and 8, 8 being the 

best success) and Igls score (a combined score assessing the 
functional status of transplanted islet between optimal, good, 
marginal, or failure).28

Statistical Analysis
Categorical variables were described in terms of num-

bers and percentages. Non-Gaussian quantitative vari-
ables were described in terms of median and interquartile 
range and Gaussian quantitative variables in terms of 
mean and standard deviation. The normality of the dis-
tributions was checked graphically and tested using the 
Shapiro-Wilk test. Correlations of quantitative variables 
with the MMSE were assessed using the Spearman cor-
relation coefficient.

Comparison of MMSE between the 3 patient groups was 
performed using a Kruskal-Wallis test. Comparisons of the 
different types of cognitive impairment between the 3 patient 
groups were performed using chi-square tests. Two-tailed tests 
were performed at the 5% significance level. Statistical analy-
ses were performed using SAS software (SAS Institute version 
9.4).

RESULTS

Demographic and Clinical Characteristics of the 
Study Population

Fifty-seven T1D patients received islet transplantation 
between 2003 and 2016. Twenty-three patients were excluded 
from this study: 8 patients lived too far away from the study 
center, and 15 patients refused to participate. Besides, 9 T1D 
patients considering islet transplantation were included. 
Finally, 43 T1D patients, of whom 34 were islet-transplanted 
patients, were included in the study (Figure  1) and divided 
into 3 groups:

	•	 Group 1: 9 T1D patients in the pretransplantation assess-
ment (control)

FIGURE 1.  Flowchart of the study. MMF, mycophenolate mofetil; T1D, type 1 diabetes.
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	•	 Group 2A: 14 T1D islet-transplanted patients receiving 
maintenance immunosuppression with tacrolimus and 
mycophenolate mofetil:

	 ○	 3 islet-after-kidney transplantation
	 ○	 11 islet-alone transplanted patients

	•	 Group 2B: 20 T1D islet-transplanted patients receiving tac-
rolimus and sirolimus:

	 ○	 2 islet-after-kidney transplantation
	 ○	 18 islet-alone transplanted patients

The main demographic and clinical characteristics of the 
whole population and the 3 groups are detailed in Table 1. 
Briefly, the 43 patients included in the study had a mean age at 
cognitive evaluation of 54.4 ± 7.8 y with a balanced sex ratio 
(46.5% female patients).

The age at transplantation was grossly similar between the 
2 groups defined by the type of immunosuppression (49.7 ± 8 
y in the islet-transplanted patients treated with mycopheno-
late mofetil [group 2A] and 47.2 ± 8.5 y in those treated with 
sirolimus [group 2B]). The level of education was “high” in a 
little more than one-quarter of the whole cohort and tended 
to be higher (about one-third of “high level” education in the 
transplanted group versus 10% in the control group). The 
median duration of diabetes at the time of cognitive evaluation 
was 30 (27–40) y, with a mean BMI before transplantation of 

24.3 ± 2.1 kg/m2 in the T1D islet-transplanted group (2A + 2B) 
and a mean BMI at time of cognitive evaluation at 25.8 ± 4 kg/
m2 in the control group (group 1) and at 22.9 ± 2.5 kg/m2 in 
the T1D islet-transplanted group (group 2A + 2B). The cogni-
tive evaluation was performed 3.1 ± 2.6 y after transplantation 
for the 2A group and 6.9 ± 4 y for the 2B group. At the time 
of cognitive assessment, 64.3% of group 2A patients (tacroli-
mus + mycophenolate; n = 9/14) had a good or optimal islet 
function according to the Igls criteria (meaning HbA1c <7%, 
no severe hypoglycemia event, basal C-peptide level above 
pretransplant level and stimulated C-peptide level >0.5 ng/
mL, and daily insulin need <50% as compared with pretrans-
plantation level). In group 2B (sirolimus + tacrolimus), 50% of 
patients (10/20) had a good or optimal islet function.

Concerning macroangiopathic complications of the whole 
cohort at the time of cognitive assessment, no patient had a 
stroke; about half of them had hypertension; around one-
quarter had coronary artery disease (the most heterogeneous 
frequency across groups: 15%–44%). Carotid artery disease 
or lower extremity arterial disease was present in 22% to 
43% for both parameters across the 3 groups.

Concerning microangiopathic complications, nephropathy 
was present in 25% to 42.9% of the patients across the 3 
groups, retinopathy in three-quarters of the patients, and neu-
ropathy in about 55% of the patients, with the same distribu-
tion across the 3 groups for these 2 last complications.

TABLE 1.

Demographic and clinical characteristics of the population study

  All patients Controls T1D 
T1D islet-trans-

planted 

T1D islet- 
transplanted 

treated by MMF 

T1D islet- 
transplanted 

treated by  
sirolimus 

(N = 43) Group 1 (n = 9)
Group 2A + 2B 

(n  = 34) Group 2A (n  = 14) Group 2B (n = 20)

Demographical characteristics      
  Age at time of transplant, y – – 48.2 ± 8.3 49.7 ± 8 47.2 ± 8.5
  Age at time of cognitive assessment, y 54.4 ± 7.8 55.3 ± 9 54.2 ± 7.6 53.5 ± 8.5 54.7 ± 7.1
  Sex, female 20 (46.5) 4 (44.4) 16 (47.1) 6 (42.9) 10 (50)
  Cognitive complaint at the time of assessment 24 (55.8) 6 (66.7) 18 (52.9) 9 (64.3) 9 (45)
  Education level      
    Primary without degree 4 (9.3) 2 (22.2) 2 (5.9) 2 (14.3) 0 (0)
    Primary with degree 15 (34.9) 4 (44.4) 11 (32.4) 2 (14.3) 9 (45)
    Secondary 12 (27.9) 2 (22.2) 10 (29.4) 5 (35.7) 5 (25)
    High 12 (27.9) 1 (11.1) 11 (32.4) 5 (35.7) 6 (30)
Clinical characteristics      
  Duration of diabetes at time of cognitive assessment, y 30 (27;40) 39 (32;44) 29.5 (26;35) 30.5 (27;42) 28 (25;31.5)
  Time under immunosuppression, y – – 5.0 ± 3.8 3.0 ± 2.6 6.5 ± 4
  BMI before transplantation, kg/m2 – – 24.3 ± 2.1 24.6 ± 2 24 ± 2.2
  BMI at time of cognitive assessment, kg/m2 23.5 ± 3.1 25.8 ± 4 22.9 ± 2.5 23.6 ±  3 22.4 ± 2.1
  Macroangiopathic complications      
    Hypertension 21 (48.8) 5 (55.6) 16 (47.1) 5 (35.7) 11 (55)
    Stroke 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
    Ischemic heart disease 11 (25.6) 4 (44.4) 7 (20.6) 4 (28.6) 3 (15)
    Hypertensive cardiopathy 1 (2.3) 0 (0) 1 (2.9) 1 (7.1) 0 (0)
    Carotid arteriopathy 13 (30.2) 2 (22.2) 11 (32.4) 6 (42.9) 5 (25)
    Lower extremity arterial disease 14 (32.6) 2 (22.2) 12 (35.3) 6 (42.9) 6 (30)
  Microangiopathic complications      
    Nephropathy 14 (32.6) 3 (33.3) 11 (32.4) 6 (42.9) 5 (25)
    Retinopathy 32 (74.4) 7 (77.8) 25 (73.5) 10 (71.4) 15 (75)
    Neuropathy 24 (55.8) 5 (55.6) 19 (55.9) 8 (57.1) 11 (55)

Values are expressed as the number (%), mean ± standard deviation, or median (interquartile range).
BMI, body mass index; MMF, mycophenolate mofetil; T1D, type 1 diabetes.
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Metabolic Characteristics at the Time of Cognitive 
Assessment

The metabolic characteristics of the 3 groups are detailed in 
Table 2. HbA1c levels at the time of the cognitive assessment 
were overtly higher (8.5% ± 1.6%) in the control group than 
in the islet-transplanted groups: 6.5% ± 1% in group 2A and 
6.8% ± 1.2% in group 2B, respectively. Group 2A + 2B also 
showed fasting and postprandial blood C-peptide levels of 1 
and >2 ng/mL, respectively, compared with undetectable levels 
in the control group (group 1). Fasting and postprandial mean 
blood glucose levels were higher in the T1D control group, 
respectively: 210 ± 120 and 200 ± 90 mg/dL compared with the 
transplanted group (group 2A + 2B), 140 ± 50 and 160 ± 70 mg/
dL, respectively. The median levels of blood triglyceride, high-
density lipoprotein, and low-density lipoprotein cholesterol 
were grossly similar across the different groups. The median 
time spent in hyperglycemia on CGMS was higher in the T1D 
control group (56.5% [34.5%–71%] versus 1% [0%–20%]) 
in the transplanted patients (group 2A + 2B). The median time 
spent in hypoglycemia was overtly higher in the T1D control 
group (6.5% [2%–20%] versus 0% [0%–3%]) in the trans-
planted patients (group 2A + 2B) in regard to a lower average 
median glucose in this last group (120 [110–150] mg/dL) than 
in the control group (180 [160–200] mg/dL). Most patients 
were nonsmokers at the time of cognitive evaluation.

MMSE and Cognitive Function Assessment
The results of the cognitive function assessment are sum-

marized in Table 3. A grossly similar proportion of patients 
(45%–66%) reported a cognitive complaint at systematic 
screening before the cognitive assessment across the 3 groups. 
Regarding the primary endpoint, the minimal and maximal 
values of the MMSE score varied between 19 and 30 when 

all groups were combined and when the T1D control group 
only was considered. The MMSE score varied between 20 and 
30 in the T1D islet-transplanted group. Overall, the median 
MMSE score (between 27 and 29) did not differ significantly 
across the 3 groups (P = 0.70). There was also no difference 
across the 3 groups in the frequency of impairment of higher 
cognitive functions: episodic memory (P = 0.54; even if it was 
more often impaired in the control group—>50% versus 
about one-third—than in the transplanted patients), executive 
functions (P = 0.92; which was grossly impaired in half of the 
patients in a homogeneous way across the 3 groups), attention 
(P = 0.60; impaired around an average 60% of cases across 
the 3 groups), visual-constructive skills (P = 0.63; altered in 
an average 20% of cases), and working memory (P = 0.85; 
impaired in about 50% of cases). There was no statistically 
feasible comparison for gnosis, language, and orientation 
because the prevalence of impairment for each of these func-
tions was <8 patients in each group.

Correlation Between MMSE and Clinical and 
Metabolic Parameters

In the whole cohort, the MMSE score was positively cor-
related with education level (r = 0.37, P = 0.01) and negatively 
correlated with HbA1c (r = –0.30, P = 0.048) and time spent in 
hypoglycemia on the CGMS (r = –0.32, P = 0.041; Figure 2A 
and B). There was no correlation with age at cognitive assess-
ment, duration of diabetes, average blood glucose, the time 
spent in hyperglycemia, duration of immunosuppression, fast-
ing C-peptide, or beta-score.

Details of Spearman coefficients are specified in Table  4. 
Details of the cognitive tests performed are available in the 
appendix in Table S1 (SDC, http://links.lww.com/TXD/A531). 
Details about the  evolution of metabolic parameters before 

TABLE 2.

Biological metabolic parameters and smoking habits at time of cognitive assessment

 All patients Controls T1D T1D islet-transplanted 
T1D islet-transplanted 

treated by MMF 
T1D islet-transplanted 
treated by sirolimus 

 (N = 43) Group 1 (n = 9) Group 2A+2B (n = 34) Group 2A (n  = 14) Group 2B (n = 20)

HbA1c, % 7.1 ± 1.4 8.5 ± 1.6 6.7 ± 1.1 6.5 ± 1 6.8 ± 1.2
C-peptide      
  Fasting, ng/mL 0.8 ± 0.7 0.1 ± 0.1 1 ± 0.7 1.1 ± 0.7 1 ± 0.8
  Postprandial, ng/mL 1.9 ± 2 0.1 ± 0.1 2.3 ± 2 2.6 ± 2.1 2.2 ± 1.9
Blood glucose      
  Fasting, mg/dL 150 ± 70 210 ± 120 140 ± 50 120 ± 40 140 ± 50
  Postprandial, mg/dL 160 ± 80 200 ± 90 160 ± 70 170 ± 90 150 ± 60
Lipid parameter      
  Triglycerides, mg/dL 100 ± 60 110 ± 80 90 ± 50 90 ± 30 100 ± 60
  HDL cholesterol, mg/dL 60 ± 20 50 ± 20 60 ± 20 60 ± 20 60 ± 20
  LDL cholesterol, mg/dL 100 ± 30 100 ± 30 100 ± 30 100 ± 40 100 ± 30
CGMS      
  Average blood glucose, mg/dL 130 (110–170) 180 (160–200) 120 (110–150) 130 (110–150) 120 (110–160)
  Time spent <70 mg/dL, % 0 (0–7) 6.5 (2–20) 0 (0–3) 0 (0–5) 0 (0–3)
  Time spent >180 mg/dL, % 6 (0–40) 56.5 (34.5–71) 1 (0–20) 0 (0–6) 2 (0–22)
Smoking      
  Never 25 (58.1) 5 (55.6) 20 (58.8) 10 (71.4) 10 (50)
  Current 2 (4.7) 0 (0) 2 (5.9) 0 (0)  2 (10)
  Former 16 (37.2) 4 (44.4) 12 (35.3) 4 (28.6) 8 (40)

Values are expressed as number (%), mean ± standard deviation, or median (interquartile range).
CGMS, continuous glucose monitoring system; HbA1c, glycated hemoglobin; HDL cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein cholesterol; MMF, mycophe-
nolate mofetil; T1D, type 1 diabetes.
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and after islet transplantation are available in the appendix in 
Table S2 (SDC, http://links.lww.com/TXD/A531).

DISCUSSION

Overall, this first study on cognitive function in islet- or 
non–islet-transplanted T1D patients did not show any dif-
ference in cognitive scores—assessed with the MMSE and 
with higher cognitive function tests—between not yet islet-
transplanted patients and islet-transplanted patients, what-
ever the type of immunosuppression. In contrast, a weak 
but significant correlation was found between MMSE score 
and glucose balance reflected by HbA1c and time spent in 
hypoglycemia on CGMS. These results argue for a  lack of 
impact of the presence, duration, and type of immunosup-
pressive regimen (mycophenolate mofetil versus sirolimus) 
on cognition and emphasize the major impact of glucose 
balance.

Of course, these results should be taken with caution because 
of different limitations, among which is the ancillary and cross-
sectional character of the study performed in a monocentric 
small series with different periods between the 3 groups con-
cerning the time under immunosuppression and the duration 
of diabetes. These limitations are related to the still rare and 
recent technique of islet transplantation and to the refusal of 
some transplanted patients to participate. This may have cre-
ated a potential selection bias because the refusal to participate 

TABLE 3.

MMSE and characterization of impaired cognitive functions between the 3 groups

  T1D controls 
T1D islet-trans-

planted 
P value control vs 

transplanteda 

T1D islet- 
transplanted 

treated with MMF 

T1D islet-trans-
planted treated 
with sirolimus 

Pb across the 3 
groups 

 Group 1 (N = 9)
Group 2 (= 2A + 2B) 

(n = 34)  Group 2A (n = 14) Group 2B (n = 20)  

MMSE score (patients) 27 (25–30) 28 (27–30) 0.44 29 (27–30) 28 (27–30) 0.70
Impaired episodic memory 5 (55.6) 12 (35.3) 0.44 5 (35.7) 7 (35) 0.54
Impaired language 1 (11.1) 4 (11.8) – 4 (28.6) 0 (0) –
Impaired orientation 0 (0) 1 (2.9) – 1 (7.1) 0 (0) –
Impaired executive functions 5 (55.6) 16 (47.1) 0.72 7 (50) 9 (45) 0.92
Impaired attention 6 (66.7) 21 (61.8) 1 10 (71.4) 11 (55) 0.60
Impaired visual-constructive skills 2 (22.2) 7 (20.6) 1 4 (28.6) 3 (15) 0.63
Impaired gnosis 2 (22.2) 4 (11.8) – 1 (7.1) 3/20 (15) –
Impaired working memory 4 (44.4) 15 (44.1) 1 7 (50) 8 (40) 0.85

Values are expressed as the number (%) or median (interquartile range).
aP values for the comparisons of group 1 vs all transplanted patients.
bP values for the comparisons of the 3 groups (group 1 vs group 2A vs group 2B).
–, not feasible because of small numbers of patients (N < 8); MMSE, Mini-Mental State Examination/30 points; T1D, type 1 diabetes.

FIGURE 2.  Correlation between MMSE score and HbA1c level (A) or percentage of time spent in hypoglycemia on CGM (B). CGM, continuous 
glucose monitoring; HbA1c, glycated hemoglobin; MMSE, Mini-Mental State Examination.

TABLE 4.

Correlation between MMSE score, HbA1c, CGMS param-
eters, and clinical parameters in the whole population

Global population Spearman correlation P 

Age at cognitive assessment 0.02 0.9
Duration of diabetes 0.28 0.067
Educational level 0.37 0.01
HbA1c –0.30 0.048
Average blood glucose –0.17 0.30
Time spent <70 mg/dL –0.32 0.041
Time spent >180 mg/dL –0.26 0.10
Time under immunosuppression
(since islet transplantation)

–0.28 0.10

Time under immunosuppression
(since islet or kidney transplant)

–0.21 0.24

Fasting C-peptide 0.24 0.12
Beta-score 0.27 0.15

CGMS, continuous glucose monitoring system; HbA1c, glycated hemoglobin; MMSE, Mini-Mental 
State Examination.
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could potentially be related to incipient cognitive impairment 
or the fear of evidence of cognitive impairment. T1D patients 
who were listed for transplantation were defined as the control 
group, but no control groups of (1) T1D patients, finally not 
eligible for islet transplantation; (2) age-matched well-balanced 
T1D patients (therefore not eligible for islet transplantation); 
and (3) healthy age-matched control group were included. All 
these groups could also have been interesting study groups. 
Because of these limitations, this study is probably underpow-
ered to detect small differences. Entanglement between cogni-
tion and glucose balance is also possible, poor cognition being 
susceptible to impairing insulin adjustment from the patient 
and overall glucose balance. Nevertheless, the median MMSE 
score was globally normal between 27 and 29 across the 3 
groups of patients. Finally, the choice of the MMSE, rather 
than the Montreal Cognitive Assessment, could be questioned. 
Both are the most commonly used tools for cognitive impair-
ment screening.27-31 The results of studies evaluating the supe-
riority of the MMSE or Montreal Cognitive Assessment in the 
detection of cognitive impairment are controversial.32-35 MMSE 
has been previously recommended in the GRECO (Groupe 
de Réflexion sur les Evaluations Cognitives), a French group 
working on cognitive assessment.36

In contrast with these limitations, the present exploratory 
study is the first study to evaluate cognitive function in islet-
transplanted T1D patients with assessment of the type of 
impairment of the higher cognitive functions by comparison 
with a control group of potentially eligible poorly controlled 
age-matched T1D patients. Moreover, an assessment of the 
type and duration of immunosuppression on cognitive func-
tion was also performed.

The first finding of the study is the absence of differences 
of MMSE and other higher cognitive function scores between 
the 3 groups of patients, suggesting the lack of effect of immu-
nosuppressive drugs or transplantation itself on cognitive 
functions. The consequences of immunosuppressive drugs on 
cognition are debated in the literature. Some studies indicate 
a negative impact after major organ transplantation, such as 
heart or lung,17-19 but in these patients, cognitive impairment 
was observed 20 y after transplantation.17 This is not the case 
in the present study, in which the time under immunosuppres-
sion was between 3 and 6 y. In contrast, a positive impact 
of kidney transplantation was observed on certain cognitive 
functions compared with the cognitive status before trans-
plantation.23 Results of the present study comparing cognitive 
functions before and after islet transplantation are intermedi-
ate between the previously published studies in solid organ 
transplantation showing no impact, either positive or nega-
tive, of the presence or the duration of immunosuppression or 
transplantation on cognitive function in our population. Note 
that the patients included after “islet-after kidney” transplan-
tation were assessed uniquely after both kidney and islet trans-
plantation. The number of patients included was nevertheless 
too low to adjust the comparison. The lack of positive cogni-
tive impact of islet transplantation may result from the small 
size of the control group or from the macro- and microangio-
pathic complications of these patients, who had high blood 
pressure and disturbed lipid balance, despite both disorders 
were treated.37

In addition, no difference in cognitive function was found 
concerning the type of immunosuppression between the 2 
islet-transplanted groups receiving either mycophenolate 

or sirolimus or between each group and the control group. 
Therefore, the results of the present study are reassuring 
regarding the long-term neurological safety of immunosup-
pressive drugs, especially sirolimus, an mTOR inhibitor. This 
is in accordance with the absence of cognitive impairment in 
heart transplant patients receiving everolimus-based, another 
mTOR inhibitor, or calcineurin inhibitor–based immunosup-
pressive therapy.17 Moreover, a significant cognitive and affec-
tive improvement was observed with everolimus in another 
study.37 Interestingly, induction type (antilymphocyte antibod-
ies associated with anti–interleukin 2 receptor antibodies and 
etanercept for the mycophenolate-associated protocol (group 
2A), and anti–interleukin 2 receptor antibodies for the siroli-
mus-associated protocol (group 2B) do not seem to impact 
cognition. Indeed, the cognitive consequences of induction 
protocols have never been studied to our knowledge.

Aging and a lower education level are known factors neg-
atively influencing cognition. In the present study, the islet-
transplanted patients were aged about 57 y old, with a higher 
proportion of people with lower education level in the control 
group. Nevertheless, there was no difference in the cognitive 
functions across the 3 groups.

The second important result is the significant correlation 
found between MMSE score and the glucose balance at the 
time of cognitive assessment, reflected by HbA1c level on 
the one hand and time spent in hypoglycemia on CGMS on 
the other hand. Previous studies have shown a correlation 
between the coefficient of variation of HbA1c and the results 
of different cognitive tests, even if it was in type 2 diabetes.38-40 
In T1D, and in perfect concordance with our results, a recent 
study of the DCCT/EDIC has demonstrated that, besides ele-
vated systolic blood pressure, exposure to higher HbA1c levels 
and more episodes of severe hypoglycemia were associated 
with greater decrements in psychomotor and mental efficiency 
that was increased by the duration of diabetes contributing 
to premature aging of about 9 y.41 These results suggest that 
islet transplantation by correcting glucose balance and sup-
pressing hypoglycemia42 could participate in the protection of 
cognitive function. The fact that the correlations were found 
between MMSE score and the glucose balance at the time of 
cognitive assessment (and not the lifetime glucose balance 
we did not know) may further suggest that cognitive impair-
ment is not definitive and could be improved by a period of 
satisfying glucose balance. To confirm these results, it would 
be interesting to continue the exploration of cognitive disor-
ders in islet transplant patients by performing a prospective 
matched study in pre- and posttransplant patients.

CONCLUSION

The importance of glucose balance on cognitive function 
is highlighted by the double negative correlation between the 
MMSE score and HbA1c level and time spent in hypoglyce-
mia on CGMS. Therefore, all efforts should converge toward 
an improvement of long-term glucose balance, especially 
avoiding hypoglycemia events in T1D. No difference in the 
MMSE score or higher cognitive functions evaluation was 
found between islet-transplanted recipients and T1D controls, 
suggesting the lack of major deleterious effects of immuno-
suppressive drugs, especially sirolimus, which had never been 
used for such a long time before this study. Islet transplan-
tation may constitute one of the tools available to protect 
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cognitive function in T1D with glucose lability or impaired 
hypoglycemia awareness.

ACKNOWLEDGMENTS

Islet transplantation studies were supported by the French 
Ministry of Health (PHRC 2001), the European Community 
(Fond Européen de Développement Régional), Conseil 
Regional Nord Pas de Calais, and Groupement Inter Hospitalier 
G4 (Amiens, Caen, Lille, Rouen); Société Francophone du 
Diabète; and Société Française d’Endocrinologie, Santelys and 
the Association de Recherche pour le Diabète.

The authors are indebted to Vincent Elsersman, Robert 
Caiazzo, and Thomas Hubert (pancreas procurement); Isanga 
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