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BACKGROUND. We aimed to characterize factors associated with the under-studied 
complication of cognitive decline in aging people with long-duration type 1 diabetes (T1D).

METHODS. Joslin “Medalists” (n = 222; T1D ≥ 50 years) underwent cognitive testing. Medalists 
(n = 52) and age-matched nondiabetic controls (n = 20) underwent neuro- and retinal 
imaging. Brain pathology (n = 26) was examined. Relationships among clinical, cognitive, and 
neuroimaging parameters were evaluated.

RESULTS. Compared with controls, Medalists had worse psychomotor function and recall, 
which associated with female sex, lower visual acuity, reduced physical activity, longer 
diabetes duration, and higher inflammatory cytokines. On neuroimaging, compared with 
controls, Medalists had significantly lower total and regional brain volumes, equivalent 
to 9 years of accelerated aging, but small vessel disease markers did not differ. Reduced 
brain volumes associated with female sex, reduced psychomotor function, worse visual 
acuity, longer diabetes duration, and higher inflammation, but not with glycemic control. 
Worse cognitive function, lower brain volumes, and diabetic retinopathy correlated with 
thinning of the outer retinal nuclear layer. Worse baseline visual acuity associated with 
declining psychomotor function in longitudinal analysis. Brain volume mediated the 
association between visual acuity and psychomotor function by 57%. Brain pathologies 
showed decreased volumes, but predominantly mild vascular or Alzheimer’s-related 
pathology.

CONCLUSION. To our knowledge, this is the first comprehensive study of cognitive function, 
neuroimaging, and pathology in aging T1D individuals demonstrated that cognitive decline 
was related to parenchymal rather than neurovascular abnormalities, unlike type 2 diabetes, 
suggestive of accelerated aging in T1D. Improving visual acuity could perhaps be an 
important preventive measure against cognitive decline in people with T1D. 
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Introduction
Both type 1 (T1D) and type 2 (T2D) diabetes are rapidly increasing in prevalence globally and affect more 
than 33 million people in the United States, including 25% of  the aging population (people >65 years) 
(1). Along with other major complications, cognitive dysfunction is now recognized as a major morbidity 
associated with diabetes, and poses great socioeconomic burdens and reduced quality of  life (2–5). Dia-
betes-associated cognitive decline may have multiple underlying mechanisms, including vascular abnor-
malities and changes in glucose, insulin sensitivity, and amyloid metabolism (2, 3). Studies examining 
diabetes-associated cognitive dysfunction have mostly focused on T2D, which itself, along with insulin 
resistance and obesity, are significant risk factors for dementia especially in Alzheimer’s disease and related 
disorders (6). Detailed clinical characterization of  cognitive dysfunction in a large cohort with long T1D 
duration has been limited given that living longer than 55 years among those with T1D has only become 
possible recently (7, 8). Studies in younger T1D populations have suggested the important roles of  poor 
glycemic control and hypoglycemia in cognitive decline, but their role in older T1D populations remains 
undefined (2, 3, 9, 10). Additionally, modifiable risk factors for T1D-associated cognitive decline may differ 
in older age groups compared with younger people (11). Brain imaging studies in T1D have been restricted 
to younger to mid-life adults, with reports of  vascular and parenchymal changes (12). However, it is not 
clear whether these changes can be extrapolated to older individuals with long-standing T1D (12). No stud-
ies have comprehensively characterized both neuroimaging and pathological brain examinations and their 
relationships to cognitive changes in T1D. Furthermore, as retinal neurodegeneration is an early event in 
the pathogenesis of  diabetic retinopathy and could run in parallel with brain neurodegeneration (13–17), it 
is important to further tease out these relationships in the context of  T1D.

The Joslin 50-year Medalist Study, a cohort of  individuals (“Medalists”) with 50 or more years of  
T1D, is exceptionally well suited to characterize and identify potential novel markers of  cognitive decline, 
especially since they do not exhibit clinical signs of  insulin resistance and have relatively good glycemic 
and metabolic control (18–23). Yet, as reported, Medalists had similar levels of  cognitive impairment to 
those of  age-matched individuals with T2D and greater levels of  impairment compared with age-matched 
individuals without diabetes (24). Thus, we aimed to characterize factors associated with cognitive decline 
in this elderly cohort with very long duration of  T1D in a first comprehensive study of  cognitive and clin-
ical assessments, retinal and brain imaging, and gross and histopathological examination of  postmortem 
brain specimens.

Results
Baseline characteristics of  study groups. Supplemental Table 1 (supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.180226DS14) summarizes the baseline characteristics of  
Medalists in the overall cohort (n = 1034), and the following subsets: cognitive (n = 222), brain imaging (n 
= 52), longitudinal (n = 48), and brain donors (n = 26). At baseline, Medalists were 55% female, mean age 
66 years, with 53 years of  T1D, mean glycated hemoglobin (HbA1c) of  7.2%, and body mass index (BMI) 
of  26 kg/m2. While 77% of  Medalists reported a history of  hypertension, the average systolic and diastolic 
blood pressures were very well controlled, coupled with a cardiac-favorable lipid profile (mean LDL cho-
lesterol [LDL-C] of  81 mg/dL and HDL-C of  65 mg/dL) and mean estimated glomerular filtration rate 
(eGFR) of  69.7 mL/min/1.73 m2, normal for the age group. Approximately 80% of  Medalists reported 
that they do exercise. A third of  Medalists had proliferative diabetic retinopathy (PDR), 40% had reported 
cardiovascular disease (CVD), but only 12% had diabetic nephropathy (DN). Participants of  the various 
subsets were fairly representative of  the overall study population, except for the brain imaging group which 
had a smaller proportion of  individuals with CVD (19% vs. 40%) and DN (2% vs. 13%) at baseline. Only 
17% had at least one APOE risk allele as compared with 26% in the overall study. The brain donor group 
had a higher proportion of  individuals with CVD (46%) and DN (15%) at baseline than the overall Medal-
ist cohort (Supplemental Table 1).

Cross-sectional characteristics of  the study participants at time of  cognitive or neuroimaging study 
visit, or last visit for brain donors, are shown in Table 1. Mean age at the time of  the cognitive study was 
71 years and duration of  diabetes 61 years. Other characteristics are comparable to the baseline study vis-
it. In the neuroimaging study group, there were approximately 50% females and an average age at study 
visit of  72 years, with higher HbA1c as expected, although still very good glycemic control, and a better 
lipid profile compared with age-matched nondiabetic controls (Table 1). At the time of  brain MRI, the 
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proportion of  those with self-reported hypertension was 72% for Medalists and 47% for controls, while 
CVD was reported for 35% of  the Medalists as compared with only 22% among control individuals 
(Table 1). There were no significant differences between Medalists and controls with respect to sex, age, 
BMI (both were in the non-overweight range), renal function, education, or lifestyle.

Cognitive function. Compared with controls, Medalists had significantly worse recall, psychomotor 
function, and global cognition (Table 1). In bivariate analysis among Medalists, worse psychomotor 
function in both dominant and nondominant domains was (P < 0.05) associated with increased age, lon-
ger duration of  diabetes, increased interleukin 6 (IL-6), worse renal function (higher albumin/creatinine 
ratio [ACR] and lower eGFR), and lower visual acuity. Better function was associated with higher edu-
cation (Figure 1). Worse motor function in the dominant hand also associated significantly with higher 
C-reactive protein (CRP) and PDR. In the nondominant hand it was associated with higher systolic 
blood pressure, IL-1β, and coronary artery calcification (CAC) (Figure 1). In multivariable models incor-
porating all these significant covariates, only education, duration, and visual acuity remained significant 
(P < 0.05) for both dominant and nondominant hands, while IL-6 remained significant for the dominant 
hand (Supplemental Table 2).

Worse immediate recall was associated (P < 0.05) with higher triglyceride/HDL ratio, CVD, and CAC. 
Better immediate recall was associated with female sex, higher HDL, and total cholesterol, and better 
insulin sensitivity (Figure 1). Better delayed recall (P < 0.05) was associated with female sex, CRP, and 
interferon γ (IFN-γ) levels, while worse delayed recall was associated with IL-1β (Figure 1). In multivariable 
models, female sex remained significant for both types of  recall, while IL-1β and IFN-γ also remained sig-
nificant for delayed recall (Supplemental Table 2). Worse executive function associated significantly with 
higher age, duration, LDL, ACR, triglycerides, total cholesterol, IL-1β, CAC, and with lower visual acu-
ity (Figure 1). In multivariable models, total cholesterol and IL-1β remained significant for associations 
with executive function (Supplemental Table 2). Better working memory was associated significantly with 
higher education and estimated insulin sensitivity index (eIS), while worse working memory was associ-
ated with higher triglycerides, triglyceride/HDL ratio, visceral adiposity index (VAI), and CVD (Figure 
1). However, none of  these remained significant in multivariable analysis (Supplemental Table 2). None 
of  the cognitive domains were associated with HbA1c, lifetime hypoglycemia severity, continuous glucose 
monitoring (CGM) indices, or advanced glycation end products (AGEs), including carboxymethyl-lysine 
(CML), carboxyethyl-lysine (CEL), and methylglyoxal-hydroimidazolone-1 (MGH1) (Figure 1B).

Better global cognition delayed recall (captured by memory index score [MIS]) was associated with 
female sex and CML, while worse outcome was associated with age at diagnosis, SBP, and eGFR. Worse 
total global cognition was associated with increasing age, SBP, and CAC, and with reduced visual acuity. 
However, in multivariable models, female sex, SBP, and eGFR remained significant for the global cognition 
recall, while visual acuity remained significant for the total global cognition (Supplemental Table 2).

For physical activity reported in the Paffenbarger surveys, in age-, sex-, and education-adjusted models, 
increased numbers of  daily stairs climbed and blocks walked were associated with better executive function 
and psychomotor speed, respectively (P < 0.05) (Supplemental Table 3). Increased weekly duration of, and 
caloric expenditure from, swimming associated with better delayed recall (Supplemental Table 3).

From the lifestyle activity questionnaire (LAQ), driving was associated with better executive function 
(Supplemental Table 3). Sewing and talking about politics reduced psychomotor function, while going to 
the movies was associated with poorer executive function (Supplemental Table 3).

Higher adherence to Mediterranean, Dietary Approaches to Stop Hypertension (DASH) and Empirical 
Index for Hyperinsulinemia (EDIH) diets were associated with better working memory (Supplemental Table 
4). The Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet was not significantly 
associated with any of  the cognitive domains. Higher antiinflammatory score for the Empirical Dietary 
Inflammatory Pattern (EDIP) index was associated with worse executive function (Supplemental Table 4).

Structural volumetrics. Compared with nondiabetic individuals, Medalists had significantly (P < 0.05) 
lower volumes in regions of  the total brain, total gray matter, total white matter, occipital lobe, and deep 
gray matter — which is the subcortical region comprising the basal ganglia and the thalamus; and a marked 
but nonsignificant (P = 0.08) lower volume in the Alzheimer’s disease signature region, composed of  hip-
pocampal, parahippocampal, entorhinal, and related areas (Figure 2, A and B). These volume reductions 
translated to Medalists’ brains being approximately 8–13 years older than those of  nondiabetic individuals 
(Figure 2, A and B).
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In models adjusted for intracranial volume, lower volumes across all brain regions examined in the T1D 
Medalists were associated with worse motor function (Figure 2C). Nominal associations were observed 
between better executive function and higher total brain, total white matter, and hippocampal volumes, 
while immediate recall associated with occipital lobe volume (Figure 2C). In models additionally adjusted 

Figure 1. Associations of clinical characteristics with cognitive function in T1D (n = 222). Heatmaps showing bivariate standardized estimates of asso-
ciations between clinical characters as independent variables and cognitive function domains as dependent variables in linear regression models. The 
estimates represent changes in cognitive function per 1 SD change in the clinical predictor. Color and intensity represent the strength and direction (posi-
tive, zero or no, and negative) of association. Better cognitive function is represented by more blue estimates, and worse by red. MIS, memory index score. 
Blank squares not significant. *P < 0.05, **P < 0.01, ***P < 0.0001. (A) Markers of sociodemographics and lifestyle. (B) Glycemic markers. Life.Hypog, life-
time hypoglycemia severity; CV, coefficient of variation of glucose on CGM; TAR>250, time above range of glucose > 250 mg/dL; TIR 70–180, time-in-range 
70–180 mg/dL; TBR<70, time below range of glucose < 70 mg/dL; CEL, CML, and MGH1 are advanced glycation end products. (C) Cardiometabolic markers. 
DBP and SBP, diastolic and systolic blood pressure; CRP, C-reactive protein; IL, interleukin; IFN-γ, interferon γ; TNF-α, tumor necrosis factor α. (D) Insulin 
resistance markers. BMI, body mass index; eGDR, estimated glucose disposal rate; eIS, estimated insulin sensitivity; VAI, visceral adiposity index; TG:HDL, 
triglyceride/HDL ratio; WHR, waist/hip ratio. (E) Complications. ACR, urine albumin/creatinine ratio; eGFR, estimated glomerular filtration rate; D and ND, 
dominant and nondominant hands; DN, diabetic nephropathy; RHA, reduced hypoglycemia awareness; DPN, diabetic peripheral neuropathy; AN, auto-
nomic neuropathy; CVD, cardiovascular disease; CAC, coronary artery calcification; VA, visual acuity; PDR, proliferative diabetic retinopathy.
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for age, sex, and education, these associations remained significant (P < 0.05), except the following: motor 
function (both dominant and nondominant) with total white matter and frontal lobe volumes, immediate 
recall and motor function (dominant) with occipital lobe volume, motor (nondominant) with frontal lobe 
volume, and motor (dominant) with deep gray matter volume (Supplemental Table 5).

In control individuals, none of  the above associations between cognitive function and brain volumes 
were observed, except motor function of  the dominant side, which was associated with reduced total white 
matter volume (Figure 2D).

In Medalists, education, exercise, and waist/hip ratio associated with higher volumes in most regions, 
while female sex, increasing age, diabetes duration, HDL, total cholesterol, IL-1β, and lower visual acuity 
associated with lower brain volumes (Figure 3). A higher BMI and lower TNF-α also associated with a 
higher volume of  the Alzheimer’s disease signature region. PDR was associated with decreased frontal lobe 
volume (Figure 3). Lifetime hypoglycemic severity was associated with lower deep gray matter volume. In 
multivariable models accounting for all significant associations for each region, sex remained significant for 
all volumes except parietal lobe (Supplemental Table 6). Additionally, visual acuity remained significant for 
associations with Alzheimer’s disease signature region, temporal lobe, total brain, and total white and gray 
matter volumes. IL-1β remained significant for associations with total brain, total white and gray volumes, 
hippocampal, and Alzheimer’s disease signature regions (Supplemental Table 6). Duration remained sig-
nificant for total brain, total white matter, and Alzheimer’s disease signature region. For the latter region, 
HDL and TNF-α also remained significant. Education also remained significant for frontal lobe volume, 
age remained significant for occipital lobe volume, and lifetime hypoglycemic severity for deep gray matter 
region. For parietal lobe volume, only ACR remained significant (Supplemental Table 6).

There were no associations between brain volumes and age at diagnosis, HbA1c, CGM indices, or 
AGEs (Figure 3B). Lifetime hypoglycemic severity was associated (P < 0.05) with lower volume of  the 
deep gray matter region, but not with other volumes (Figure 3B). Other markers of  inflammation or insu-
lin resistance did not correlate with volumes (Figure 3, C and D). Except for PDR, no associations were 
observed with diabetic vascular complications (Figure 3E).

Vascular imaging. No significant differences were observed between Medalists and controls in the num-
ber of  microbleeds, volume of  white matter hyperintensities (WMHs), or number of  lacunar infarcts (Fig-
ure 4, A–C), nor were any differences observed in cerebral perfusion rates (Figure 4D).

WMHs did not associate with cognitive function in the Medalists (Supplemental Figure 1A). Better 
motor function of  the nondominant side was associated with higher occipital lobe perfusion, while worse 
global cognition associated with higher perfusion of  the deep gray matter region (Supplemental Figure 2A). 
In control individuals, higher cerebral perfusion in all regions was associated with worse executive function 
(Supplemental Figure 2B).

Increased WMHs were associated with worse renal function and higher coronary artery calcification 
scores (Supplemental Figure 1, B and C). Cerebral perfusion improved with female sex, higher HDL, 
HbA1c, ACR, and insulin sensitivity, and with lower BMI, DBP, waist/hip ratio, LDL, cholesterol, and 
CRP (Supplemental Figure 2C). In multivariable models, mainly BMI and sex remained significant. ACR 
remained significant for temporal lobe and hippocampus. LDL was significant for hippocampus and Alz-
heimer’s disease signature region. CRP, in addition to age and sex, remained associated with deep gray 
matter perfusion (Supplemental Figure 2C). There were no associations seen between WMHs or cerebral 
perfusion with other complications (CVD, PDR, DN, neuropathy), markers of  insulin resistance, vascular 
markers, hypoglycemia or CGM parameters, or AGEs.

Histopathology. Characteristics of  brain donors at their last visit are shown in Table 1, and summaries 
of  their brain histopathology are shown in Figure 5, Table 2, and Supplemental Table 7. Approximately 
42% of  the brain donors died due to CVD, 11% due to renal failure, and 8% due to Alzheimer’s disease 
(Figure 5A). The average brain weight was 1173 ± 133 g, and females’ brains (n = 7) were on average 
120.3 ± 54.5 g lighter than male brains (P = 0.037) (Figure 5B). Medalists’ average brain weights for both 
males and females were significantly (P < 0.0001) lower than those in comparative age groups (66+ years) 
in a referenced normal aging population (25) (Figure 5C). Brain volumes were mildly reduced (Figure 
5D). Vascular pathology (infarcts, bleeding, and atherosclerosis) was mostly mild (Figure 5, D and E) 
as per standard guidelines (26, 27). As expected in this older age group, there was evidence of  Alzhei-
mer’s-related deposits, as per Braak staging (28), such that 8% had no deposits, 46% had Braak stage I-II 
involvement, 38% had stage III-IV involvement, 8% had stage IV-V involvement (Figure 5, D and E).
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Figure 2. Brain structure and cognitive function in Medalists (T1D, n = 52) versus nondiabetic controls (NDM, n = 20). (A and B) Differences in brain volumes 
between T1D and NDM. Forest plots showing β estimates and 95% confidence intervals from linear regression associations between regional (A) and total (B) 
brain volumes and case (T1D) versus control (NDM) status, adjusted by intracranial volumes. Eq.yrs of age, equivalent years of aging of T1D brain compared to 
NDM; Alz.Ds.Sig., Alzheimer’s disease signature region. (C and D) Associations between brain volumes and cognitive function. Heatmaps showing bivariate 
standardized estimates of associations between brain volumes and cognitive function in T1D (C) and NDM controls from linear regression models (D). Better 
cognitive function is represented by more blue estimates, and worse cognitive function by red. D and ND, dominant and nondominant hands; MIS, memory 
index score; Deep GM, deep gray matter. Blank squares not significant. *P < 0.05, **P < 0.01, ***P < 0.0001.
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For 3 of  the 5 brain donors who had previous cognitive assessments, cognitive scores deviated by 1.5 SD 
of  the means of  those without diabetes. Despite poor cognitive scores, 2 of  these individuals had only Braak 
stage I Alzheimer’s pathology, and 1 had Braak III-IV along with neocortical Lewy body pathology (Table 
2). Of  the 2 patients who had been diagnosed with Alzheimer’s disease, 1 had Braak stage I-II and the other 
had stage V (Table 2). The patient that had 2 APOE risk alleles had Braak stage IV pathology (Table 2).

Retinal imaging. Since visual acuity and PDR consistently correlated with various parameters of  cogni-
tive dysfunction and brain volumetric losses, we evaluated detailed changes in retinal layers in relation to 

Table 1. Cross-sectional characteristics of study participants

Characteristic
Medalists with
cognitive data

(n = 222)

Medalists with 
brain MRI

(n = 52)

Nondiabetic controls 
with brain MRI (n 

= 20)

Longitudinal subset 
at first cognitive 

visit (n = 48)

Brain donors at 
last clinical visit 

(n = 26)
Females, n (%) 116 (52.3) 24 (46.2) 10 (50.0) 25 (52.1) 7 (26.9)
Current age (years) 71.2 (7.1) 72.4 (6.2) 70.0 (7.6) 67.7 (6.9) N/A
Duration of disease at visit or death (years) 60.9 (6.5) 62.5 [60–67.0] N/A 54.9 (4.5) 68.3 (6.7)
Age at diagnosis (years) 10.4 (5.9) 9.0 (4.81) N/A 10.5 (5.5) 14.3 (6.5)
Age at death (years) N/A N/A N/A N/A 82.6 (7.0)
Time between last visit and death (years) N/A N/A N/A N/A 8.1 (4.3)
HbA1c (%)A 6.8 (0.8) 6.6 (0.70) 5.4 (0.3) 6.9 (0.7) 7.3 (1.0)
Body mass index (kg/m2) 26.2 (5.8) 26.2 (5.1) 26.4 (2.8) 25.6 (4.0) 25.1 (3.6)
Diastolic blood pressure (mmHg)B 66.1 (7.2) 66.5 (7.2) 70.7 (8.9) 64.6 (6.8) 65.2 (9.8)
Systolic blood pressure (mmHg)B 138.2 (17.8) 141.5 (15.2) 129.8 (11.9) 131.8 (13.8) 140.2 (18.4)
Hypertension, n (%)B 174 (81.3) 37 (72.6) 9 (47.4) 31 (64.6) 21 (80.8)
Total cholesterol (mg/dL)B 157.1 (34.8) 158.3 (37.3) 185.2 (44.1) 162.3 (32.1) 153.0 (34.6)
HDL-C (mg/dL) 65.8 (18.1) 66.1 (17.0) 58.9 (15.6) 68.2 (19.5) 61.2 (18.8)
LDL-C (mg/dL)C 76.6 (26.1) 78.2 (29.0) 108.4 (37.4) 79.8 (24.8) 74.4 (25.0)
Triglycerides (mg/dL) 63.0 [51.0–79.0] 61.0 [51.0–73.5] 70.5 [57.5–112.5] 61.0 [48.5–77.0] 59.5 [48.0–96.0]
eGFR (mL/min/1.73 m2), n (%) 70.3 (20.8) 73.0 (19.3) 75.9 (15.5) 75.7 (16.4) 62.3 (27.8)
ACR (μg/mg) 11.0 [6.0–33.0] 11.0 [7.0–79.0] 5.0 [3.0–14.0] 8.0 [5.0–23.0] 18 [10.0–54.9]
DN (eGFR < 45 mL/min/1.73 m2), n (%) 24 (11.0) 4 (7.7) N/A 3 (6.3) 7 (26.9)
CVD, n (%) 95 (43.2) 18 (34.6) 4 (22.2) 19 (39.6) 17 (65.4)
PDR (ETDRS > 53), n (%) 75 (47.8) 18 (40.0) N/A 18 (40.9) 9 (34.6)
Neuropathy (MNSI ≥ 2), n (%) 98 (62.8) 30 (57.7) N/A 15 (62.5) 12 (46.2)
Report ever smoking, n (%) 89 (41.6) 17 (33.3) 7 (36.8) 22 (45.8) 13 (52.0)
Report physical activity, n (%) 174 (80.9) 42 (80.8) 13 (76.4) 43 (89.6) 20 (76.9)
Education: college or higher, n (%) 174 (79.8) 45 (88.2) 17 (94.4) 33 (77.1) 21 (80.8)
Cognitive functionD

Working memory 10.7 (2.8) 11.2 (2.5) 11.4 (2.0) 10.4 (2.9) 10.8 (2.2)
Executive function 9.9 (3.0) 10.1 (3.4) 11.6 (2.7) 10.6 (3.1) 7.5 (5.9)
Immediate recall 52.2 (14.7) 51.2 (17.3) 56.4 (12.0) 53.2 (15.1) 52.8 (13.0)
Delayed recallB 48.8 (15.8) 47.8 (16.4) 60.2 (12.3) 48.0 (22.2) 49.17 (11.6)
Psychomotor skills (D)A 135.4 (90.1) 135.7 (62.5) 87.9 (12.7) 136.75 (124.4) 140 (43.5)
Psychomotor skills (ND)C 161.0 (120.6) 168.3 (140.4) 95.4 (20.0) 145.75 (89.1) 169 (85.7)
Global cognition (MIS)B 11.4 (3.3) 11.6 (2.9) 13.3 (1.6) N/A N/A
Global cognition (total)C 26.0 (2.4) 26.1 (2.0) 28.1 (2.3) N/A N/A

Below normal
Immediate recall (<35), n (%) 16 (7.6) 6 (11.5) 1 (5.0) 5 (10.4) 0 (0)
Delayed recall (<35), n (%)B 41 (18.5) 13 (25.0) 0 (0) 14 (29.2) 0 (0)
Global cognition (total) (<26), n (%)B 31 (34.8) 17 (33.3) 2 (10.5) N/A N/A

AP < 0.0001. BP < 0.05. CP < 0.001. P values represent differences between Medalists and controls that underwent brain MRI. DCognitive function for 
brain donor group, n = 4. D and ND, dominant and nondominant hands; MIS, memory index score; eGFR, estimated glomerular filtration rate; ACR, urine 
albumin/creatinine ratio; PDR, proliferative diabetic retinopathy; CVD, cardiovascular disease; DN, diabetic nephropathy; N/A, data not available. For 
continuous variables, mean (SD) presented for normally distributed variables, and median [IQR] for non–normally distributed variables. Frequency, n (%) 
presented for categorical variables. For psychomotor skills, scores represent time to complete the groove pegboard test; higher scores mean worse motor 
function. For all other cognitive domains, higher scores represent better cognitive function.
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Figure 3. Associations of clinical characteristics with brain volumes in T1D (n = 52). Heatmaps showing bivariate standardized estimates of associations 
between clinical characters as independent variables and brain volumes as dependent variables from linear regression models. The estimates repre-
sent changes in brain volume per 1 SD change in the clinical predictor. Color and intensity represent the strength and direction (positive, zero or no, and 
negative) of association. Higher brain volume is represented by more blue estimates, and lower by red. Blank squares not significant. *P < 0.05, **P < 
0.01, ***P < 0.0001. (A) Markers of sociodemographics and lifestyle. (B) Glycemic markers. Life.Hypog, lifetime hypoglycemia severity; CV, coefficient of 
variation of glucose on CGM; TAR>250, time above range of glucose > 250 mg/dL; TIR 70–180, time-in-range 70–180 mg/dL; TBR<70, time below range 
of glucose <70 mg/dL; CEL, CML, and MGH1 are advanced glycation end products. (C) Cardiometabolic markers. DBP and SBP, diastolic and systolic blood 
pressure; CRP, C-reactive protein; IL, interleukin; IFN-γ, interferon γ; TNF-α, tumor necrosis factor α. (D) Insulin resistance markers. BMI, body mass index; 
eGDR, estimated glucose disposal rate; eIS, estimated insulin sensitivity; VAI, visceral adiposity index; TG:HDL, triglyceride/HDL ratio; WHR,waist/hip 
ratio. (E) Complications. ACR, urine albumin/creatinine ratio; eGFR,estimated glomerular filtration rate; DN, diabetic nephropathy; RHA, reduced hypo-
glycemia awareness; DPN, diabetic peripheral neuropathy; AN, autonomic neuropathy; CVD, cardiovascular disease; CAC, coronary artery calcification; VA, 
visual acuity; PDR, proliferative diabetic retinopathy.
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these brain parameters. Increased thickness of  the retinal outer nuclear layer (ONL), composed primarily 
of  photoreceptors, was significantly associated with higher brain volumes in all regions except the deep 
gray matter, hippocampus, and temporal lobe (Figure 6A). Other retinal layers did not associate with brain 
volumes (Supplemental Figure 3). Mediation analysis showed that total brain volume mediated 57% of  
the association between visual acuity and psychomotor function (Figure 6B), and 73% of  the association 
between ONL thickness and psychomotor function (Figure 6C).

Table 2. Characteristics of selected brain donors

Characteristic
Donor no.

8 12 13 14 15 19 22 26

Sex M M M M M M F M

Age at death 83 89 81 92 86 84 85 81

APOE e4e4 e3e4 e2e3 e2e3 e3e3 e3e3 e3e3 e3e4

Cause of death Respiratory 
failure

Alzheimer’s 
disease CVD CVD Renal 

failure Accident Alzheimer’s 
disease CVD

Clinical history at last visit

HbA1c, % 7.5 7.5 5.1 6.2 7.0 6.7 8.5 6.5

CVD yes no yes yes no no yes yes

DN no yes yes no yes no no no

PDR yes no yes yes no

Cognitive function at last visit

Working memory 12.0 9.0 14.0 10.0 9.0

Executive function 4.0A 1.0A 12.0 13.0

Immediate recall 44.5 68.5 59.2 35.2A 56.5

Delayed recall 37.5A 50.0 58.3 37.5A 62.5

Psychomotor (D) 154.0A 121.0A 193.0A 92.0

Psychomotor (ND) 158.0A 134.0A 291.0A 93.0

Global cognition (total) 27 25A

Brain histopathology

Brain weight (g) 1140 1100 1180 1080 1330 1150 1010 1390

Atrophy mild mild mild mild no mild mild mild

Vascular pathology

Infarct no yes yes no no no no no

Hemorrhage no no mvl no no no no no

Arteriosclerosis moderate moderate moderate-
severe moderate moderate mild-moderate mild-

moderate
mild-

moderate

Atherosclerosis mild mild mild moderate mild mild mild moderate

Cerebral amyloid 
angiopathy

mild-
moderate moderate no mild no no mild-

moderate
mild-

moderate

Alzheimer’s-related pathology

Amyloid plaques +++ ++ NA + negative ++ +++ +

Braak stage IV I-II I III I III-IV V I

Non-Alzheimer’s pathology negative negative negative negative negative
Neocortical 
Lewy body 

disease
negative negative

ACognitive scores deviate by 1.5 SD of the control population means. CVD, cardiovascular disease; DN, diabetic nephropathy; D and ND, dominant and 
nondominant hands; PDR, proliferative diabetic retinopathy; mvl, microvascular lesions. Amyloid plaques: +++, frequent; ++, moderate; +, infrequent; 
NA, not assessed.
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Longitudinal study. A subset of  Medalists (n = 48) had 2 or more cognitive visits with an average fol-
low-up time of  4.8 years between visits (Table 1 and Supplemental Table 1). Declines were observed in recall 
and psychomotor cognitive domains (Supplemental Table 8), although none were significant. A strong asso-
ciation was observed between lower visual acuity at first cognitive visit and reduced psychomotor function 
in the nondominant side over time, independent of  age, sex, or duration of  T1D (Supplemental Table 8).

Discussion
In this first comprehensive study to our knowledge of  clinical and cognitive testing, retinal and neuro-
imaging, and brain gross and histopathology exams, we show that aging individuals with long-duration 
T1D, despite excellent glycemic and cardiometabolic profiles, have worse cognitive function compared with 
people without diabetes, and that this is related mainly to brain parenchymal loss and less to vascular or 
Alzheimer’s-related phenomena, unlike findings in T2D (29, 30).

Cognitive studies in aging populations with T1D have been sparse. Several studies, including ours, have 
reported cognitive decline in domains affecting recall and psychomotor function (7, 24, 31, 32). Lack of  
associations with hypoglycemia and cognitive function or brain structure in our study are consistent with 
previous reports in prospective studies, including the Diabetes Control and Complications Trial (DCCT) 
and the Stockholm Diabetes Intervention Study (33, 34). However, unlike previous reports (9, 31, 34), our 
study did not observe an association between hyperglycemia and cognitive function. Perhaps this lack of  
association between HbA1c and cognitive function or brain structure may be due to Medalists’ tight glyce-
mic control and little variability in HbA1c. This is unlikely though, as other short- and long-term measures 

Figure 4. Vascular imaging in Medalists (T1D, n = 52) versus nondiabetic (NDM, n = 20) controls. Differences between 
T1D and NDM for counts of microbleeds (A) and lacunar infarcts (B), volume of white matter hyperintensities (WMHs) 
(C) and regional cerebral perfusion (D). Dot plots show mean ±SD. Mann-Whitney U tests were used to test for 
significant differences in microbleeds and lacunar infarcts. WMH volumes were log-normalized and then differences 
were examined by Student’s t test. Linear regression models tested for relationship between cerebral perfusion and 
case-control status; β estimates and 95% confidence intervals are shown in the forest plot.
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Figure 5. Gross and histopathological exams of 26 brains from T1D Medalists. (A) Causes of death among 26 brain donors. CVD, cardiovascular disease. 
(B) Distribution of brain weights in Medalists. Data are presented as mean ± SD. (C) Comparison of mean (±SD) brain weights for T1D Medalists (n = 19 
males and 7 females) compared to summary data from normal referenced aging population (n = 546 males and 465 females). *P < 0.05, ***P < 0.0001 
from standardized t tests. (D) Arteriolosclerosis and Alzheimer’s pathology. Hematoxylin and eosin (H&E) staining of normal vessel with thin wall (upper 
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of  glycemic control, including CGM metrics or AGEs, in our study did not associate significantly with 
cognitive decline. Moreover, intensive glycemic control in the DCCT and Action to Control Cardiovascular 
Risk in Diabetes (ACCORD) trial have not shown benefit for cognitive function (35, 36). Nonetheless, 
despite long duration of  excellent glycemic, lipid, and blood pressure control, Medalists still exhibit signif-
icant cognitive decline and lower brain volumes compared with people without diabetes, pointing to yet 
uncovered T1D-related factors that may play a role in their cognitive decline.

The results of  brain imaging and pathological exams in this study differ from those observed in indi-
viduals with T2D. While global atrophy is also a feature commonly seen in T2D, the volume reduction 
is generally modest, comparable to 3–5 years of  normal aging (12, 29), while we are observing 9 years of  
accelerated global atrophy in T1D compared with normal aging individuals. Furthermore, regional volume 
loss in T2D predominantly affects memory areas like the hippocampal regions or temporal lobe (37), while 
we observed atrophy predominantly in the occipital lobe and subcortical regions of  the basal ganglia and 
thalamus. Additionally, small vessel disease has been commonly and consistently reported in T2D, includ-
ing WMHs and lacunar infarcts on MRI and histopathology (29, 30), whereas our findings did not show 
significant increases in small vessel disease in T1D Medalists compared to nondiabetic controls, which 
were confirmed by minimal vascular pathology in postmortem brain examinations.

In T2D, while more than 40% of people have moderate-to-severe Alzheimer’s-related pathology in brain 
autopsies, multiple etiologies have been suggested for cognitive decline, including vascular and cerebral insu-
lin resistance, inflammation, or endothelial dysfunction due to accumulation of  AGEs or toxic lipids or pro-
teins in the vasculature (38–41). For the Medalists with chronic T1D, Alzheimer’s-related immunostaining, 
including amyloid plaques and Braak staging of  tau, showed predominantly mild-to-moderate pathology, 
even in the 3 individuals who had poor cognitive function, the one individual with 2 APOE risk alleles, and 
one of  the patients whose reported cause of  death was Alzheimer’s disease. In the other patient who had a 
clinical Alzheimer’s diagnosis, Braak V staging was seen, with frequent amyloid plaques. One of  the patients 
with poor cognitive function also had cortical Lewy body pathology along with Braak stage III-IV, suggestive 
of  a mixed picture underlying their cognitive decline. Medalists also exhibited very well-controlled cardiomet-
abolic profiles and insulin resistance markers were not associated with cognitive or neuroimaging outcomes, 
again suggesting that underlying mechanisms and pathologies of  cognitive decline in T1D may differ from 
T2D. However, some inflammatory cytokines including IL-1β and IL-6 did associate with cognitive decline 
and lower brain volumes in our study, suggesting that the role of  inflammation needs to be investigated.

Recently, neuroimaging studies by the DCCT and the Epidemiology of Diabetes Interventions and Com-
plications (EDIC) in participants with a mean age of 59 years, and on average 38 years of T1D (31, 42) reported 
reductions in total brain, white and gray matter volumes, the latter being associated with poor cognitive func-
tion, while they reported no markers of Alzheimer’s-related neurodegeneration (31). However, their reports 
lacked pathological confirmation (42). Our study is the first to our knowledge to examine an aging population 
with mean age of 72 years and 50 or more years of T1D, where postmortem brain exams provided the strongest 
evidence alongside MRI changes that underlying pathologies of cognitive decline in aging individuals with 
long-duration T1D are probably unrelated to vascular or Alzheimer’s dementia, differing from T2D (29, 30).

Despite a low prevalence of  nephropathy and excellent glycemic control without dyslipidemia, obesity, 
or insulin resistance, Medalists still exhibited significant cognitive decline with corresponding brain atro-
phy. Thus, it is important to identify potential factors that may mediate these effects. Female sex signifi-
cantly associated with better cognitive function but lower brain volumes, consistent with previous reports 
in the general population and in people with diabetes where women perform better in cognitive tests than 
men (43–45), yet have a greater risk of  dementia (46–48). Perhaps this is because women live longer than 
men, or perhaps their higher cognitive reserves during testing mask underlying functional aberrations, and 
thus they only get diagnosed at more advanced stages (45, 46). Our study supports this hypothesis, given 
the lower brain volumes observed in women despite better cognitive function. Female hormones have been 
suggested to play a protective role in brain health, but our study population includes mostly menopausal 
women given the age of  the participants.

left, arrow), mild arteriolosclerosis with thickening of vessel wall and widened perivascular space (upper middle), and moderate-to-severe arteriolosclerosis 
with thickened vessel wall and surrounding parenchymal damage (upper right). Scale bar: 50 μm. Immunohistochemistry (IHC) staining of amyloid plaque 
(lower left, arrow), neurofibrillary tangle (lower middle, arrow), and vessel involved by cerebral amyloid angiopathy (lower right, arrow). (E) Summary of 
brain gross and histopathological exams (n = 26).
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Diet and physical activity are known protective factors against cognitive decline (49), and our study 
supports their protective roles even in an elderly population with long-duration T1D and good cardiometa-
bolic control. Specifically, the Mediterranean and DASH diets, with high contents of  fresh fruits and vege-
tables and low amounts of  processed meats, seem to have beneficial effects for working memory. Increased 
physical activity like number of  stairs climbed or blocks walked daily were associated with better executive 
and psychomotor function, respectively, while swimming benefitted delayed recall.

Figure 6. Relationships between outer nuclear layer (ONL) thickness, visual acuity, and brain volumes in T1D (n = 
52). (A) ONL thickness and brain volumes in T1D. Linear regression β estimates and 95% confidence intervals shown in 
forest plot. Alz.Ds.Sig., Alzheimer’s disease signature region; Deep_GM, deep gray matter. (B and C) Mediation analysis. 
Estimating how much of the association between visual acuity (B) or ONL thickness (C) and brain volume is mediated by 
psychomotor function. Each arrow represents a linear regression model with the dependent variable at the arrowhead and 
the independent variable at the arrow base. βobs, observed β; βexp, expected β; SE, standard error of the mean.
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An interesting finding in this study that has not been discussed in any of  the cognitive studies involving 
T1D or T2D populations was the association of  worse visual acuity with both worse cognitive function 
and lower brain volumes even after multivariable adjustments. These findings support our previous report 
showing associations between retinal ONL thickness and psychomotor function as well as severity of  PDR 
(13). Indeed, the retina is a “window” to the brain due to shared embryonic origins, and as retinal neu-
rodegeneration is an early event in the pathogenesis of  DR, these could run parallel with brain neurode-
generation (13–17). While it is not surprising that loss of  visual acuity will adversely affect psychomotor 
function during clinical testing, the significant association of  both visual acuity and selective ONL thinning 
with brain volumes strongly indicated that there are biological interactions among these factors. Severity 
of  PDR correlated with almost all retinal layers, yet psychomotor function and immediate recall were par-
ticularly affected by thinning of  the ONL, which is composed mainly of  photoreceptors, rods and cones 
(13). In addition, our results showed that total brain volume mediated 57% and 73% of  the associations 
between psychomotor function and visual acuity or ONL thickness, respectively. Since severity of  PDR is 
associated with changes in many retinal layers, the selective finding of  only ONL thinning being associated 
with worse visual acuity and lower brain volumes supports the novel concept that visual acuity may have 
an independent effect on T1D-related cognitive decline. This is unlike Alzheimer’s and related disorders, 
where all retinal fiber layers and even retinal blood flow are affected (50). While preclinical studies in ani-
mals suggest that there is photoreceptor death in diabetes, this, however, has not been widely reported in 
human studies and warrants more investigations (51). It is possible that the reduction in mental stimulation 
resulting from poor visual acuity results in worse psychomotor function and its associated reduction of  cer-
tain total and regional brain volumes (the sensory loss consequence theory) (52). This is supported by the 
longitudinal substudy, where visual impairment assessed at time of  first cognitive visit was associated with 
further psychomotor function decline after 3–5 years of  follow-up. Another possibility is that both visual 
impairment and cognitive decline have a common underlying mechanism, such as inflammation or neu-
rodegeneration (53). As long-term exposure to hyperglycemia can lead to neuroinflammation in both the 
brain and retina, cognitive decline may be attributed to this common process rather than to the sensory loss 
theory. Nonetheless, it is also possible that this latter effect could contribute to worsening the progression 
of  cognitive decline. Associations between visual acuity and cognitive functioning have been suggested in 
nondiabetic populations such as the Salisbury Eye Evaluation Study (54) and the Age-Related Eye Disease 
Study (55), among others (52, 56), but have remained undiscussed for diabetes. Thus, our findings suggest 
the interesting possibility that rigorously targeting improvements in visual acuity may be a crucial approach 
to primary and secondary prevention of  cognitive decline in aging populations with T1D. The optimal 
timing and required nature of  these interactions remains to be determined.

Our study has several strengths, including access to a well-characterized and richly phenotyped elderly 
population with long-duration T1D; detailed and high-quality cognitive, retinal, and neuroimaging assess-
ments; all study participants including cases and controls underwent neuroimaging on the same MRI 
machine under the same protocol; availability of  brain specimens and high-quality gross and histopatho-
logical examinations; and the opportunity to examine multiple modifiable risk factors beyond poor car-
diometabolic profiles that are known to associate with cognitive decline.

Our study has certain limitations. This was a cross-sectional study with limited power and a small group 
of  nondiabetic controls. However, we still observed relatively strong associations with our main findings 
and the additional longitudinal component lends a directionality to our hypothesis. Second, all of  the 26 
brain donors, except 5, did not have cognitive or brain MRI data to make direct correlations. However, the 
4 individuals who had poor cognitive function and brain pathology only exhibited minimal Alzheimer’s 
and vascular pathology, thus supporting the MRI findings. Third, we were unable to make any inferences 
about mild cognitive impairment (MCI) or dementia-related outcomes, as the majority of  the Medalists were 
cognitively intact. Perhaps Medalists are experiencing subtle diabetes-related cognitive decrements greater 
than controls but these are not impairing them functionally. Fourth, we did not assess more definitive Alzhei-
mer’s-related biochemical or imaging markers, including PET scans or collection of  cerebrospinal fluid for 
amyloid or tau assessment. Last, as the Medalists are a unique group of  individuals with T1D having good 
cardiometabolic control, the lack of  neurovascular contributions to their cognitive decline may not necessar-
ily be generalizable to other populations with T1D and studies need to be conducted in aging non-Medalists. 
Future studies would also need to include a spectrum of  cognitive functioning and imaging studies, includ-
ing PET in a large-scale longitudinal follow-up research design, as well as brain pathological studies.
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In conclusion, this is the first comprehensive study to our knowledge of  cognitive function, brain 
imaging, and pathology in people with long-duration T1D and excellent cardiometabolic profiles. We 
have provided strong evidence that cognitive decline in T1D is associated with lower brain volumes, but 
not vascular or Alzheimer’s-related pathologies. In addition, besides changes in diet and activity levels, 
targeting visual acuity improvements and retinopathy severity may be crucial to preventing cognitive 
impairment in these individuals.

Methods

Sex as a biological variable
This study recruited both males and females in equal proportions. Sex as a biological variable is considered 
for all analyses.

Study population
The Joslin 50-year Medalist Study is a well-characterized cohort of  individuals (n = 1,033) recruited from 
across the United States with well-documented T1D for 50 or more years, as previously described (18–23). 
The study population consists of  50% females, 94% non-Hispanic Whites, 1.6% American Indian or Alaska 
Native, 0.45% non-Hispanic Blacks, 0.9% Hispanic, and 3% unreported ethnicity. They have been actively 
followed up and richly phenotyped at the Joslin Diabetes Center via comprehensive clinical exams, food 
frequency and exercise questionnaires, ophthalmic, renal, and cardiac exams, including imaging, general 
hematological and clinical chemistry studies, and mixed-meal tolerance studies. All patients undergo HLA 
typing and autoimmune markers, HbA1c, CRP, lipid and renal profiling, and C-peptide measurements. 
The bio-bank contains plasma, serum, and mononuclear cells from all participants, and postmortem organs 
(eyes, kidneys, pancreas, hearts, and brains) from a subset (18–23).

Thus far, 222 Medalists have undergone clinical cognitive testing, as well, 52 of  these Medalist par-
ticipants and 20 age-matched controls underwent additional brain imaging studies. The study was open 
to all 50-year Medalist Study participants who previously indicated willingness to be contacted regarding 
participation in further studies. Participants were included in the brain imaging studies if  they did not 
have contraindications to MRI. A subset of  Medalists (n = 48) who had at least 2 cognitive study visits 
formed part of  the longitudinal substudy. Brain donors (n = 26) were Medalists who had previously 
consented for organ donation and from whom brains were procured for pathological exams. Of  these 
brain donors, 5 individuals had previous cognitive testing. A flowchart of  the study design is outlined in 
Supplemental Figure 4.

Comprehensive clinical assessment. Clinical and cognitive assessments done in the Medalist study have 
been described previously (13, 18–24). Briefly, the following measures were administered by trained staff  
at the study visit.

General. Updated medical history, complications, vitals, cardiometabolic assessments, and clinical labs 
were as per standard protocols by Quest Diagnostics.

Cognition. The cognitive battery included the following reliable, previously described measures (57): 
The Montreal Cognitive Assessment (MOCA, for global cognition) (58); The Wechsler Abbreviated Scale 
of  Intelligence III (IQ); The Wechsler Memory Scale III (working memory); The Rey Auditory Verbal 
Learning Test (RAVLT, for immediate and delayed recall); The Delis-Kaplan Executive Function System 
(executive function); and The Grooved Pegboard (psychomotor speed and efficiency) (57). Standardized 
t scores were calculated for the memory domains, with increasing scores representing better cognition. 
Higher scores for motor domains represented worse times to complete the pegboard test. Participants were 
screened for possible MCI based on the following criteria: a cutoff  value of  less than 26 out of  30 points on 
the MOCA or less than 35 points on the RAVLT immediate or delayed recall tests (59).

APOE4 genotypes. APOE4 genotypes were extracted from the existing Medalists’ genomic database 
using tools such as PLINK 1.9 and GTOOL.

Physical activity and lifestyle. Physical activity was captured by Paffenbarger questionnaires (60), while 
lifestyle was via LAQs (61). Diet was captured using validated food frequency questionnaires (62, 63), and 
adherence to the following dietary patterns were derived as previously described, including alternate Med-
iterranean (aMed) (64), DASH (65), MIND (66, 67), EDIH, and EDIP (68).
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Cardiac assessments
CVD was captured by self-reported occurrence of  coronary artery disease, myocardial infarction, angina, 
cardiac or leg angioplasty, or coronary bypass graft surgery. CAC CT scans were obtained using a 320 
detector-row system (Aquilion ONE, Toshiba Medical Systems) and scored using prospective ECG gating 
without contrast. Agatston scores were derived by radiologists at Brigham and Women’s Hospital.

Renal assessments
Serum creatinine and urine ACRs were measured via standard methods at Quest Diagnostics. Serum cre-
atinine-based eGFR was calculated by the Chronic Kidney Disease Epidemiology Collaboration algorithm 
(69), and DN was defined using a cutoff  eGFR of  less than 45 mL/min/1.73 m2.

Markers of insulin resistance
The waist/hip ratio was calculated with waist circumference measured at the midpoint between the iliac 
crest and the lower rib margin, while hip circumference was measured at the maximum circumference 
around the buttocks posteriorly and pubic symphysis anteriorly. Surrogate measures of  insulin resistance 
were also evaluated using the estimated glucose disposal rate (eGDR) and eIS equations previously validat-
ed in adult T1D patients by the Pittsburgh Epidemiology of  Diabetes Complications (EDC) (70) and Coro-
nary Artery Calcification in Type 1 Diabetes (CACTI) studies (71), respectively. Other surrogate measures 
of  insulin resistance included the previously validated visceral adiposity index (VAI) and the triglyceride/
HDL ratio calculated from the standard lipid profile using values in units of  mg/dL (72).

Inflammatory markers
Serum CRP was measured by particle-enhanced immunonephelometry (BN ProSpec analyzer; Dade Behring). 
Inflammatory cytokine (IFN-γ, TNF-α, IL-6, IL-1β) concentrations were measured in human plasma using the 
Meso Scientific Discovery Multiplex electrochemiluminescence assay as per the protocol of the Proinflammato-
ry Panel 1 (human) V-PLEX kit (catalog K151A9H) and the plasma samples were diluted 2-fold.

CGM, hypoglycemia, and neuropathy assessments
Among existing CGM users, a single consecutive 14-day block of  CGM data was remotely obtained after a 
period of  performing usual activities in a subset of  the cognitive study participants (n = 96). CGM indices 
of  variability (CV), hyperglycemia (time-above-range, TAR > 250 mg/dL), or hypoglycemia (time-below-
range TBR < 70 mg/dL) were extracted. The COMPASS-31 questionnaire (73) assessed hypoglycemia 
severity and frequency and autonomic neuropathy, and the Clarke Hypoglycemia Awareness Survey (74) 
assessed hypoglycemia awareness. Peripheral neuropathy was adjudicated by a Michigan Screening Instru-
ment (MNSI) survey score of  greater than 2 (75, 76).

AGEs
CML, CEL, and MGH1 were measured using high-performance liquid chromatography–mass spectrome-
try adapted from previously described methods (77).

Brain imaging
Scanning was performed on a Siemens 3 Tesla Prism scanner at the Brigham and Women’s Hospital imaging core 
as per the Alzheimer’s Disease Neuroimaging Initiative 3 (ADNI) advanced protocol guidelines (Supplemental 
Table 9) (78). For patient comfort and flexibility to adjust for kyphosis that is more prevalent in older cohorts, the 
32 channel GE head coil was used. Structural volumetrics were acquired via the T1-weighted sequences and pro-
cessed using Freesurfer image analysis suite (79). Regions of interest (ROIs) were derived by summing volumes 
of right and left hemispheres of various cortical and subcortical regions as described in Supplemental Table 10. 
Volumes of WMHs were extracted from the freesurfer output. Microbleeds and lacunar infarcts were manually 
counted in each individual brain scan by a board-certified neuroradiologist using the T2*GRE and 3D-FLAIR 
sequences. Arterial spin labeling (ASL) sequences assessed cerebral blood flow changes.

Ocular assessments
These were performed at the Joslin Beetham Eye Institute, as previously described (13). Visual acuity was 
assessed using standardized Early Treatment Diabetic Retinopathy Study (ETDRS) chart (80). PDR was 
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adjudicated at ETDRS score greater than 53 on 7 standard field fundus photos (81). Individual retinal layer 
thicknesses in the foveal 1 × 1 mm area were measured by spectral-domain optical coherence tomography–
based (OCT-based) high-resolution scans with automated layer segmentation software (SPECTRALIS 
v6.0; Heidelberg Engineering). The following layers were evaluated: retinal nerve fiber (RNFL), ganglion 
cell (GCL), inner and outer plexiform (IPL and OPL), inner and outer nuclear (INL and ONL), and retinal 
pigment epithelium (RPE) (82).

Brain gross pathology and histopathology
Over 400 Medalists have consented to donate organs postmortem. Brains were procured from 26 Medalist 
donors by a trained retrieval team from the National Disease Research Interchange (NDRI). Fresh brains 
were examined for any grossly evident pathology (atrophy, focal and vascular lesions), and then sagittally 
hemisected and formalin fixed. A standard histopathological paraffin-embedded blocking procedure and 
hematoxylin/eosin staining was applied. Selected sections were immunostained with antibodies directed 
toward β-amyloid, tau, and α-synuclein. Interpretation of  vascular and neurodegenerative pathology fol-
lowed standard guidelines (26, 27). Alzheimer’s-related pathology was graded as per Braak staging (28). 
Under the supervision of  our consultant neuropathologist, brain sectioning and histopathology were done 
at Brigham and Women’s Hospital.

For comparison of  Medalists’ brain weights with those of  a normal aging population, summary level 
data were obtained from a previous study compiling brain weights from autopsy reports of  2,773 males and 
1,963 females, who were all White individuals across the lifespan, from hospitals in Washington DC and 
Maryland (25). For our study comparison, mean (SD) brain weights of  individuals aged 66 or older were 
extracted for 546 men and 465 women (25).

Statistics
All analyses were conducted in SAS v9.4. Descriptive statistics are reported as means (±SD) or fre-
quencies (n, %) as appropriate. Differences between T1D Medalists and controls were examined via 
unpaired Student’s t tests for continuous variables, and Pearson’s χ2 tests for independence applied to 
categorical variables. For non–normally distributed variables, data were log-transformed as appropriate 
or the Mann-Whitney U test, a nonparametric alternative to the t test, was used. Cross-sectional rela-
tionships of  cognitive or imaging parameters with clinical characteristics were assessed using general-
ized linear regression models. Significant variables (P < 0.05) from the bivariate analyses were selected 
as potential confounders in multivariable linear regression models testing relationships between cogni-
tive and brain imaging parameters in T1D Medalists. Generalized linear regression models adjusting 
for intracranial volume (ICV) were applied to examine differences in brain imaging parameters between 
Medalists and controls. The equivalent years of  age for volume differences between Medalists and con-
trols were obtained from linear regression models by calculating the ratio of  the β estimate for caseness 
to that for age when both variables and ICV were included as independent variables and MRI volumes 
were the dependent variables.

For illustration purposes, we used standardized estimates (where the estimates represent changes in 
the dependent variable per 1 SD change in the independent variable) for the relationship between various 
clinical characters and cognitive functions or brain volumes. Then, we used these estimates and respective 
P values to plot heatmaps where color and intensity represent the strength and direction (positive, zero or 
no, and negative) of  association.

To evaluate the relationships between thickness of  retinal nerve layers (derived by OCT) and cognitive 
or brain imaging parameters, we used generalized estimating equations with an unstructured correlation 
matrix accounting for within-subject correlations, as data from both eyes of  each individual were included 
in the model.

To assess the mediating effects of  brain volume on the relationship between visual acuity or ONL thick-
ness and psychomotor function, a mediation analysis was performed. The observed β estimate (βobs) was 
derived from the linear regression model testing the effects of  visual acuity on psychomotor function. The 
linear regression effect estimate (β1) of  visual acuity (or ONL) on total brain volume (adjusted by ICV) was 
multiplied by the estimate (β2) derived from the linear regression between total brain volume and psycho-
motor function (with ICV and visual acuity as covariates), resulting in the expected β (βexp). The βexp was 
divided by the observed (βexp/βobs) to derive the percentage mediation.
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For the longitudinal analysis, paired t tests were used to examine differences between cognitive function at 
first visit compared to follow-up visit. Change in cognitive function was derived by subtracting the follow-up 
visit scores from the first visit scores for each domain, and linear regression models were applied to test the 
relationships between visual acuity from the first visit and change in cognitive function.

Study approval
The study followed written informed consent procedures, was conducted in accordance with the guidelines 
provided by the Declaration of  Helsinki, and was overseen by the Joslin Committee on Human Studies 
institutional review board.

Data availability
All datasets underlying the main and supplemental tables and figures have been made available in the sup-
plemental Supporting Data Values file.
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