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Objective

To determine the prevalence of neuropsychological outcomes in individuals with type 1 diabetes compared to individuals with type 2 diabetes or without diabetes, and to evaluate the association of diabetes status and microvascular/macrovascular complications with neuropsychological outcomes.



Patients and Methods

We used a nationally representative healthcare claims database of privately insured individuals (1/1/2001-12/31/2018) to identify individuals with type 1 diabetes. Propensity score matching was used as a quasi-randomization technique to match type 1 diabetes individuals to type 2 diabetes individuals and controls. Diabetes status, microvascular/macrovascular complications (retinopathy, neuropathy, nephropathy, stroke, myocardial infarction, peripheral vascular disease, amputations), and neuropsychological outcomes (mental health, cognitive, chronic pain, addiction, sleep disorders) were defined using ICD-9/10 codes. Logistic regression determined associations between diabetes status, microvascular/macrovascular complications, and neuropsychological outcomes.



Results

We identified 184,765 type 1 diabetes individuals matched to 524,602 type 2 diabetes individuals and 522,768 controls. With the exception of cognitive disorders, type 2 diabetes individuals had the highest prevalence of neuropsychological outcomes, followed by type 1 diabetes, and controls. After adjusting for the presence of microvascular/macrovascular complications, type 1 diabetes was not significantly associated with a higher risk of neuropsychological outcomes; however, type 2 diabetes remained associated with mental health, cognitive, and sleep disorders. The presence of microvascular/macrovascular complications was independently associated with each neuropsychological outcome regardless of diabetes status.



Conclusion

Microvascular/macrovascular complications are associated with a high risk of neuropsychological outcomes regardless of diabetes status. Therefore, preventing microvascular and macrovascular complications will likely help reduce the likelihood of neuropsychological outcomes either as the result of similar pathophysiologic processes or by preventing the direct and indirect consequences of these complications. For individuals with type 2 diabetes, risk factors beyond complications (such as obesity) likely contribute to neuropsychological outcomes.
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Introduction

Individuals with type 1 diabetes are at an increased risk for a number of microvascular and macrovascular complications, including retinopathy, neuropathy, nephropathy, stroke, myocardial infarction, peripheral vascular disease, and amputations (1). These complications result in substantial mortality, morbidity, and reduced quality of life (2). In contrast to these microvascular and macrovascular complications of diabetes, much less is known about the neuropsychological outcomes of type 1 diabetes including mental health, cognitive, chronic pain, addiction, and sleep disorders.

The current literature supports a higher burden of most neuropsychological outcomes in individuals with type 1 diabetes relative to the general population. The most well studied neuropsychological outcomes of type 1 diabetes are mental health disorders, specifically depression and anxiety. A systematic review found that the prevalence of depression and anxiety for individuals with type 1 diabetes is nearly three times that of the general population (3). Similarly, a systematic review found that individuals with type 1 diabetes had impaired cognitive function across broad categories including visual-spatial ability and memory (4). Multiple studies have also documented elevated rates of pain in adults and adolescents with type 1 diabetes (5, 6). In contrast to other neuropsychological outcomes, a systematic review found that there were similar rates of substance use between young adults with and without type 1 diabetes (7). Lastly, a meta-analysis found that children with type 1 diabetes get less sleep, adults with type 1 diabetes have lower quality sleep, and that type 1 diabetes is associated with higher rates of obstructive sleep apnea compared to the general population (8). However, these studies have four key limitations. Namely, their sample sizes were relatively small, they rarely investigated the role of microvascular and macrovascular complications, they were often focused on young individuals, and/or they lacked a control group (3–8). Furthermore, no previous study comprehensively evaluated the full spectrum of neuropsychological outcomes and few compared these complications for individuals with type 1 vs. type 2 diabetes. Our study fills these gaps in the literature using a large, nationally representative sample of privately insured individuals in the US.

Our objective was to describe and compare the prevalence of neuropsychological outcomes for individuals with type 1 diabetes, type 2 diabetes, and individuals without diabetes and to explore the independent effects of diabetes status and microvascular/macrovascular complications on these neuropsychological outcomes.



Methods


Population

We utilized the de-identified Optum Analytics database, which consists of detailed medical and pharmaceutical claims on tens of millions of insured individuals from 2001-2018. As the largest claims data repository in the United States, the demographic makeup of the Optum Analytics database closely matches those of the privately insured population. Using a validated ICD-9/ICD-10 code definition (9), we identified individuals with type 1 diabetes (250.x1, 250.x3, E10.xx) and type 2 diabetes (250.x0, 250.x2, E11.xx). For individuals with both type 1 and type 2 diabetes diagnosis codes, greater than 50% of one type of code determined individual diabetes type (9); this definition has sensitivity of 63% and positive predictive value of 94% for identifying individuals with type 1 diabetes, and a sensitivity of 100% and positive predictive value of 90% for identifying individuals with type 2 diabetes. The population was restricted to the first enrollment period for individuals with complete demographic and socioeconomic information.



Neuropsychological Outcomes

Neuropsychological outcomes were defined by aggregating across diagnoses specific to mental health, cognitive, chronic pain, addiction, and sleep disorders. These conditions were defined using ICD-9/ICD-10 codes (Supplemental Table S1) from the period of follow-up after diabetes diagnosis, or an analogous portion of follow-up in individuals without diabetes. Specifically, mental health disorders were determined as whether individuals had a diagnosis of anxiety, Attention Deficit Hyperactivity Disorder (ADHD), adjustment disorder, eating disorder, depression, Post-Traumatic Stress Disorder (PTSD), or other behavioral and emotional disorders (10–12). Cognitive disorders were determined as whether individuals had a diagnosis of dementia, mild cognitive impairment, Alzheimer’s, or vascular dementia (13–15). Addiction disorders were determined as whether individuals had a diagnosis indicating dependence on alcohol, opioids, cocaine, sedatives, hallucinogens, nicotine, inhalant, other stimulants, and, other psychoactive and non-psychoactive chemicals (16). Chronic pain disorders were determined as whether individuals had a diagnosis of chronic pain based on a previously validated definition that included postherpetic neuralgia, trigeminal neuralgia, HIV-associated pain, stroke-associated pain, chronic pain syndrome, lumbar radiculopathy, complex regional pain syndrome, spinal cord injury, surgically-induced pain, phantom limb, cervical radiculopathy, multiple sclerosis-associated pain, fibromyalgia, osteoarthritis, low back pain, migraine, rheumatoid arthritis, ankylosing spondylitis, psoriatic arthropathy, cancer pain, irritable bowel syndrome, painful bladder syndrome, and interstitial cystitis (17). In addition to the above conditions, chronic headache, chronic fatigue syndrome, temporomandibular joint disorder, and chronic pelvic pain (endometriosis or vulvodynia) were included as chronic pain conditions. Sleep disorders were determined as whether individuals had a diagnosis of insomnia, hypersomnia, sleep apnea, circadian rhythm disorders, or other sleep disorders (18).



Microvascular and Macrovascular Complications of Diabetes

We used ICD-9/ICD-10 codes to determine if individuals had microvascular or macrovascular complications of diabetes during the period of follow-up after diabetes diagnosis, or an analogous portion of total follow-up in individuals without diabetes (Supplemental Table S1). Microvascular complications included retinopathy, neuropathy and nephropathy (19, 20). Macrovascular complications included stroke, myocardial infarction, and peripheral vascular disease (14, 20, 21). Amputation was also included as a complication, but was not included as a microvascular or macrovascular complication since it results from both mechanisms.



Matching

Individuals with type 1 diabetes were matched to individuals with type 2 diabetes and non-diabetic controls stratified by age (0-20, 20-40, 40-60, 60+) using propensity scores within a caliper of 0.10 for individuals age 0-20 and within 0.01 for individuals age 20+ (22). Propensity scores were calculated based on individual age at study entry, sex, race/ethnicity, geographic region, education level, net worth, insurance plan type, high deductible health plan status, modified Charlson Comorbidity Index, starting year of enrollment, and length of follow-up. The modified version of the Charlson Comorbidity Index consisted of conditions that did not overlap with study outcomes. Specifically, the modified Charlson Comorbidity Index included congestive heart failure, chronic pulmonary disease, connective tissue disease, peptic ulcer disease, mild liver disease, paraplegia and hemiplegia, renal disease excluding diabetic nephropathy, cancer, liver disease, metastatic carcinoma, and HIV (23). Individuals with diabetes were also matched based on length of pre-diagnosis and post-diagnosis enrollment.

Based on the availability of well-matched controls without diabetes, each individual age 0-40 with type 1 diabetes was matched to 1 individual with type 2 diabetes and then independently matched with 1 non-diabetic control. For those age>40, each individual with type 1 diabetes was matched to 4 individuals with type 2 diabetes and then independently matched with 4 non-diabetic controls.



Statistical Analysis

Descriptive statistics were used to characterize the matched individuals, stratified by age. We used a Cochrane-Mantel-Haenszel test to compare the prevalence of each neuropsychological outcome and each microvascular/macrovascular complication stratified by diabetes type and age. Multivariable logistic regression was used to assess the association between diabetes status, microvascular and macrovascular complications, and each neuropsychological outcome (mental health, cognitive, chronic pain, addiction, and sleep disorders). Specifically, for each of the 5 outcomes, we fit a model as a function of diabetes status (type 1 diabetes vs. type 2 diabetes vs. non-diabetic controls) and presence of any microvascular or macrovascular complications, independent of diabetes status, stratified by age. Wald Tests were used to determine statistical significance of the effects of diabetes status and presence of microvascular or macrovascular complications on neuropsychological outcomes. Since very few individuals between the ages of 0-40 had cognitive disorders, we did not fit logistic regression models for those age strata.

To investigate the effects of distinct complications on each neuropsychological outcome, we fit additional models, first separating complications into microvascular, macrovascular, and amputations, and then another model including each specific complication as an individual covariate (retinopathy, neuropathy, nephropathy, stroke, myocardial infarction, peripheral vascular disease, and amputations).

For all hypothesis testing, statistical significance was determined using a P-value threshold of 0.05.

All analyses were performed using SAS version 9.4 (Cary, NC, USA).

This study was considered exempt by the Institutional Review Board of the University of Michigan.




Results


Demographic and Socioeconomic Information of Matched Individuals

We identified 16,179 individuals aged 0-20 and 55,293 individuals aged 20-40 with type 1 diabetes that were each matched to 1 individual with type 2 diabetes and 1 individual without diabetes. Similarly, we identified 63,777 individuals aged 40-60 and 49,516 individuals age 60+ with type 1 diabetes that were each matched to 4 individuals with type 2 diabetes and 4 individuals without diabetes.

Descriptive statistics of the matched individuals’ demographic, socioeconomic, and insurance plan information are presented in Table 1. Within age strata, individuals were closely matched in all characteristics. In individuals with type 1 diabetes, the mean follow-up length after diabetes diagnosis was 2.41 years (SD 2.94) for individuals ages 0-20, 1.56 years (SD 2.13) for individuals ages 20-40, 2.07 years (SD 2.67) for individuals ages 40-60, and 2.48 years (SD 3.04) for individuals ages 60+. In individuals with type 2 diabetes, the mean follow-up length after diabetes diagnosis was 2.42 years (SD 2.60) for individuals ages 0-20, 1.59 years (SD 1.93) for individuals ages 20-40, 2.07 years (SD 2.67) for individuals ages 40-60, and 2.47 years (SD 2.91) for individuals ages 60+. Matched individuals were roughly 50% female (within 3% in each group). Approximately 10% of matched individuals were black, except in the 60+ age strata, where approximately 15% of individuals were black. Individuals aged 0-40 were 10-12% Hispanic, while individuals age 40+ were 8-9% Hispanic.


Table 1 | Demographics of matched cohort, stratified by age and diabetes type.





Neuropsychological Outcomes

The unadjusted prevalence of each neuropsychological condition is presented in Figures 1A–E. Across all neuropsychological outcomes except cognitive disorders, individuals with type 2 diabetes had the highest prevalence, followed by individuals with type 1 diabetes and then individuals without diabetes (each Cochrane-Mantel-Haenszel Test P<.001). For cognitive disorders, individuals with type 1 diabetes had a higher prevalence than individuals with type 2 diabetes (each Cochrane-Mantel-Haenszel Test P<.001). In each age strata, chronic pain was the most prevalent condition, followed by mental health, sleep, addiction, and cognitive disorders. Cognitive disorders were rare in all age groups except in those greater than 60 years old.




Figure 1 | Prevalence of Mental Health Disorders (A) Cognitive Disorders (B) Chronic Pain (C) Addiction (D) Sleep (E). (A) Prevalence of Mental Health Disorders for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+ years). (B) Prevalence of Cognitive Disorders for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+). (C) Prevalence of Chronic Pain for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+). (D) Prevalence of Addiction for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+). (E) Prevalence of Sleep Disorders for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+).





Microvascular and Macrovascular Complications

The unadjusted prevalence of microvascular and macrovascular complications is presented in Figure 2. Individuals with type 1 diabetes had the highest prevalence of microvascular and macrovascular complications (ages 0-20: 7.8%, ages 20-40: 22.2%, ages 40-60: 38.6%, ages 60+: 53.6%), followed by individuals with type 2 diabetes (ages 0-20: 4.4%, ages 20-40: 8.9%, ages 40-60: 21.9%, ages 60+: 46.6%) and non-diabetic controls (ages 0-20: 0.6%, ages 20-40: 1.6%, ages 40-60: 6.9%, ages 60+: 25.4%) (Cochrane-Mantel-Haenszel Test: P<.001) (Figure 2). This trend was consistent for each individual complication and age strata (all P<.001).




Figure 2 | Prevalence of Microvascular or Macrovascular Complications for individuals with type 1 diabetes, type 2 diabetes, and without diabetes, stratified by age (0-20, 20-40, 40-60, 60+).





Mental Health Disorders

The results of the mental health disorder models are presented in Table 2. Across age strata and after adjusting for the presence of microvascular/macrovascular complications, individuals with type 2 diabetes (ages 0-20: OR 1.31, 95% CI: 1.28-1.35; ages 20-40: OR 1.24, 95% CI 1.22-1.26; ages 40-60: OR 1.11, 95% CI: 1.10-1.12; ages 60+: OR 1.01, 95% CI: 1.01-1.02) and younger individuals with type 1 diabetes (ages 0-20: OR 1.14, 95% CI: 1.10-1.17; ages 20-40: OR 1.04, 95% CI 1.03-1.06) had significantly higher odds of mental health disorders compared to non-diabetic controls (Table 2). In contrast, older individuals with type 1 diabetes had significantly lower odds of mental health disorders compared to non-diabetic controls (ages 40-60: OR 0.98, 95% CI: 0.97, 0.99; ages 60+: OR 0.94, 95% CI: 0.93-0.95). In all age strata, individuals with type 2 diabetes also had significantly higher odds of mental health disorders compared to individuals with type 1 diabetes. After adjusting for diabetes status, the effects of microvascular and macrovascular complications were independently associated with an increased odds of mental health disorders (ages 0-20: OR 1.37, 95% CI: 1.28-1.46; ages 20-40: OR 1.31, 95% CI 1.28-1.34; ages 40-60: OR 1.43, 95% CI: 1.41-1.44; ages 60+: OR 1.61, 95% CI: 1.60-1.63).


Table 2 | The association between diabetes status and microvascular/macrovascular complications and neuropsychological outcomes stratified by age.





Cognitive Disorders

The results of the cognitive disorder models are presented in Table 2. After adjusting for the presence of microvascular/macrovascular complications, both individuals with type 1 diabetes (ages 40-60: OR 0.89, 95% CI: 0.85-0.94; ages 60+: OR 0.87, 95% CI: 0.85-0.88) and individuals with type 2 diabetes (ages 40-60: OR 0.96, 95% CI: 0.93-0.99; ages 60+: OR 0.89, 95% CI: 0.88-0.90) had significantly lower odds of having a cognitive disorder compared to those without diabetes. However, there was no significant difference between individuals with type 1 diabetes and individuals with type 2 diabetes. In all individuals, after adjusting for diabetes status, the presence of microvascular/macrovascular complications were independently associated with an increased odds of cognitive disorders (ages 40-60: OR 2.45, 95% CI: 2.36-2.54; ages 60+: OR 2.16, 95% CI: 2.13-2.19).



Chronic Pain

The results of the chronic pain models are presented in Table 2. In all age strata and after adjusting for the presence of microvascular/macrovascular complications, individuals with type 2 diabetes (ages 0-20: OR 1.44, 95% CI: 1.41-1.48; ages 20-40: OR 1.34, 95% CI 1.33-1.36; ages 40-60: OR 1.12, 95% CI: 1.11-1.13; ages 60+: OR 1.05, 95% CI: 1.04-1.05) had significantly higher odds of chronic pain than both individuals with type 1 diabetes and those without diabetes. Compared to individuals without diabetes, individuals with type 1 diabetes aged 0-40 had significantly higher odds of chronic pain while individuals with type 1 diabetes aged 40+ had significantly lower odds of chronic pain than individuals with no diabetes (ages 0-20: OR 1.06, 95% CI: 1.03-1.09; ages 20-40: OR 1.02, 95% CI 1.01-1.04; ages 40-60: OR 0.94, 95% CI: 0.93-0.95; ages 60+: OR 0.92, 95% CI: 0.91-0.93). After adjusting for diabetes status, the presence of microvascular or macrovascular complications were independently associated with an increased odds of chronic pain amongst all age groups (ages 0-20: OR 1.46, 95% CI: 1.37-1.55; ages 20-40: OR 1.35, 95% CI 1.32-1.38; ages 40-60: OR 1.51, 95% CI: 1.50-1.53; ages 60+: OR 1.77, 95% CI: 1.75-1.78).



Addiction Disorder

The results of the addiction disorder models are presented in Table 2. After adjusting for the presence of microvascular/macrovascular complications, only individuals with type 2 diabetes aged 0-40 had significant differences in the odds of addiction compared to individuals with type 1 diabetes and those without diabetes (ages 0-20: OR: 1.15, 95% CI 1.09-1.21; ages 20-40: OR: 1.24, 95% CI 1.22-1.27). Individuals aged 40+ with type 1 diabetes had a significantly smaller odds of addiction compared to individuals with type 2 diabetes and without diabetes (ages 40-60: OR 0.83, 95% CI: 0.82-0.84; ages 60+: OR 0.83, 95% CI: 0.81-0.84). In contrast, for individuals 0-20 years old, there were no differences in odds of addiction between individuals with type 1 diabetes and those without diabetes (OR 1.03, 95% CI 0.97-1.09), and individuals 20-40 years old experienced higher odds of addiction than individuals with no diabetes (OR 1.08, 95% CI 1.06-1.11). After adjusting for diabetes status, the presence of microvascular or macrovascular complications were independently associated with an increased odds of addiction (age 0-20: OR 1.51, 95% CI: 1.36-1.68; age 20-40: OR 1.33, 95% CI 1.29-1.37; age 40-60: OR 1.58, 95% CI: 1.56-1.60; age 60+: OR 1.58, 95% CI: 1.56-1.60).



Sleep Disorders

The results of the sleep disorder models are presented in Table 2. In all age groups and after adjusting for the presence of microvascular/macrovascular complications, individuals with type 2 diabetes had significantly higher odds of having sleep disorders compared to individuals without diabetes, (ages 0-20: OR 1.54, 95% CI: 1.46-1.63; ages 20-40: OR 1.39, 95% CI 1.36-1.42; ages 40-60: OR 1.25, 95% CI: 1.24-1.26; ages 60+: OR 1.14, 95% CI: 1.12-1.15). Individuals with type 1 diabetes ages 20-60 had significantly lower odds of sleep disorders than individuals without diabetes (ages 20-40: OR 0.92, 95% CI: 0.90-0.95; ages 40-60: OR 0.93, 95% CI: 0.92-0.94). After adjusting for diabetes status, the presence of microvascular or macrovascular complications was independently associated with an increased odds of sleep disorders across age strata (ages 0-20: OR 1.54, 95% CI: 1.38-1.72; ages 20-40: OR 1.41, 95% CI 1.36-1.46; ages 40-60: OR 1.49, 95% CI: 1.48-1.50; ages 60+: OR 1.52, 95% CI: 1.50-1.53).



Effect of Specific Microvascular and Macrovascular Complications

When separating the effects of complications into microvascular, macrovascular, and amputations, nearly all effects remained positive and statistically significant, as detailed in Supplementary Table S2. Macrovascular complications had the largest effect size for 14 out of 18 comparisons. The models with individual complication effects, detailed in Supplementary Table S3, revealed that amongst microvascular complications, neuropathy had the largest effect size for 17 out of 18 comparisons. Amongst macrovascular complications, stroke had the largest effect size for 12 out of 18 comparisons.




Discussion

To our knowledge, this is the largest US study to examine the prevalence of neuropsychological outcomes among a nationally representative population of privately insured individuals with type 1 and type 2 diabetes and controls without diabetes. Furthermore, we are unaware of studies that have evaluated the independent effects of diabetes status and microvascular/macrovascular complications on these neuropsychological outcomes. We found that the prevalence of neuropsychological outcomes (mental health, chronic pain, addiction, and sleep disorders) was higher in individuals with type 2 diabetes compared to type 1 diabetes, and in individuals with type 1 diabetes compared to those without diabetes. For cognitive disorders, microvascular complications, and macrovascular complications, the prevalence was highest in those with type 1 diabetes, followed by those with type 2 diabetes and then those without diabetes. Microvascular and macrovascular complications were consistently associated with higher odds for all five neuropsychological outcomes, independent of diabetes status. Interestingly, after adjusting for the presence of microvascular and macrovascular complications, individuals with type 1 diabetes had similar odds of developing neuropsychological outcomes compared to those without diabetes (no odds ratios >1.15). In contrast, individuals with type 2 diabetes are more likely to experience mental health, chronic pain, and sleep disorders even after adjusting for microvascular and macrovascular complications.

Despite a higher prevalence of neuropsychological outcomes, we found that individuals with type 1 diabetes had similar or reduced odds of developing all neuropsychological outcomes compared to individuals without diabetes, after adjusting for the presence of microvascular and macrovascular complications. Thus, microvascular and macrovascular complications likely play a fundamental role in the development of neuropsychological outcomes in individuals with type 1 diabetes. One explanation of our results is that the same pathophysiologic processes that drive microvascular and macrovascular complications also drive neuropsychological outcomes. For instance, individuals with a longer duration of diabetes or worse glycemic control are more likely to develop complications, and these same factors may also increase the risk of neuropsychological outcomes. Unfortunately, our database does not contain information on diabetes duration or severity to address this important question. Another possibility is that the complications themselves lead to worse neuropsychological outcomes, either directly through downstream consequences that result from these complications or indirectly through reduced quality of life and disease burden. A combination of these two explanations is likely and should be the focus of future studies. In addition, future studies should focus on the role of neuropathy and stroke as these were the individual microvascular/macrovascular complications that resulted in the highest odds of neuropsychological outcomes. Furthermore, since microvascular and macrovascular complications are more common in individuals with type 1 diabetes and are a major driver of the higher prevalence of neuropsychological outcomes in these individuals, our results highlight the importance of preventing these complications.

In contrast, after adjusting for the presence of microvascular and macrovascular complications, individuals with type 2 diabetes were still at higher risk for developing three neuropsychological outcomes: mental health disorders, chronic pain, and sleep disorders, compared to both individuals with type 1 diabetes, and individuals without diabetes. These results indicate that factors beyond microvascular and macrovascular complications likely contribute to the development of these wide-ranging neuropsychological conditions in individuals with type 2 diabetes. Since individuals with type 2 diabetes have a higher prevalence of metabolic risk factors than individuals with type 1 diabetes and the general population, these other metabolic factors may contribute to the higher prevalence of neuropsychological outcomes.

Supporting this hypothesis, metabolic risk factors other than hyperglycemia have been shown to be associated with multiple neuropsychological outcomes. Specifically, meta-analyses demonstrated associations between obesity, metabolic control and mental health disorders such as anxiety and depression (24, 25). Similarly, a meta-analysis revealed associations between overweight and obesity with chronic pain (26). Moreover, obesity also increases the likelihood of lower quality sleep and sleep apnea (27). Given the robust literature linking obesity and other metabolic risk factors with neuropsychological outcomes and the high prevalence of these comorbidities with type 2 diabetes, the higher prevalence of neuropsychological outcomes in the type 2 compared to the type 1 diabetes population is at least partially explained.

Another possibility is that individuals that have or are susceptible to neuropsychological outcomes may be more likely to develop type 2 diabetes. Though the majority of the literature focuses on risks in individuals that already have type 2 diabetes, a systematic review (28) found that depressed adults have a 37% increased risk of developing type 2 diabetes. While demographic factors are also different between type 1 and type 2 diabetes populations, our comparisons are adjusted for many key factors including age, sex, race, ethnicity, and socioeconomic status. Given that microvascular and macrovascular complications are not the sole driving force behind neuropsychological outcomes in individuals with type 2 diabetes, studies are needed to determine the other key risk factors including demographic factors.

Individuals that experienced any microvascular complications, macrovascular complications or amputations had higher odds of having each neuropsychological outcome, suggesting that these complications are the primary driver for a wide range of neuropsychological outcomes, regardless of diabetes status. Although macrovascular complications were less prevalent than microvascular complications, macrovascular complications were associated with a higher odds of neuropsychological outcomes compared to microvascular complications in 14 out of the 18 models we evaluated. The macrovascular and microvascular complications having the largest associations with neuropsychological outcomes were stroke (12 out of 18 comparisons) and neuropathy (17 out of 18 comparisons) respectively. These results are congruent with previous studies that have found that dementia, mental health disorders, chronic pain, and sleep disorders were common in individuals following a stroke (29–33). In addition, neuropathy has been previously linked to chronic pain, various mental health disorders, sleep disorders, lower cognitive performance, and inhalant addiction (34–39). Given that individuals with these complications have a higher risk for these neuropsychological outcomes, preventing or improving complications such as neuropathy or stroke in individuals with diabetes may simultaneously improve their neuropsychological prospects, and therefore, should be the focus of future studies.

Limitations of the current study include possible disease misclassification using ICD-9/ICD-10 codes. However, many of our definitions have been validated with high positive predictive values. Separately, claims data lack the necessary detailed clinical information to assess the severity of microvascular/macrovascular complications, neuropsychological conditions, and diabetes. In addition, our analyses may have differentially captured severe neuropsychological outcomes, as only such cases would prompt a visit to a provider and result in a diagnostic code. Furthermore, the generalizability to other populations such as those that are not privately insured is unclear. On the other hand, the large-scale claims data allowed us to identify a wide range of neuropsychological outcomes across many age ranges, including older populations with type 1 diabetes.

In summary, individuals with type 1 diabetes have a higher prevalence of neuropsychological outcomes compared to those without diabetes. However, after adjusting for the presence of microvascular or macrovascular complications, type 1 diabetes was not associated with an increased odds of neuropsychological outcomes compared to individuals without diabetes. Furthermore, microvascular and macrovascular complications are independently associated with neuropsychological outcomes. Specifically, we identified stroke and neuropathy as major risk factors for most neuropsychological outcomes. Therefore, prevention of microvascular and macrovascular complications will likely reduce neuropsychological outcomes either as the result of similar pathophysiologic processes or by preventing the direct and indirect consequences of these complications. In contrast, individuals with type 2 diabetes were at increased odds of multiple neuropsychological outcomes compared to those with type 1 diabetes, even after adjusting for presence of microvascular/macrovascular complications. This indicates that in individuals with type 2 diabetes, other factors (such as obesity) may lead to neuropsychological complications. Alternatively, it is possible that neuropsychological complications may result in type 2 diabetes onset.
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age 0-20 (N=48,537)

age 20-40 (N=165,877)

Variable Type 1 Type 2 Diabetes  No Diabetes Type 1 Diabetes Type 2 No Diabetes
Diabetes (n=16,179) (n=16,179) (n=55,293) Diabetes (n=55,291)
(n=16,179) (n=55,293)
Age Mean years (SD) 14.1 (4.52) 14. (5.45) 14.1 (4.95) 31.0 (5.60) 30. (6.63) 30.9 (5.61)
Gender (%) Female 52.0% 52.2% 51.9% 49.4% 49.8% 49.0%
Male 48.0% 47.8% 48.1% 50.6% 50.2% 51.0%
Race (%) Asian 3.2% 3.0% 3.4% 2.8% 3.0% 2.9%
Black 10.7% 10.3% 10.7% 10.1% 10.0% 10.2%
Hispanic 12.6% 12.6% 12.4% 10.2% 10.5% 10.8%
White 73.5% 741% 73.5% 76.9% 76.5% 76.1%
State (%) IL, IN, MI, OH, WI 16.2% 16.6% 16.2% 16.1% 15.9% 15.3%
AL, KY, MS, TN 4.8% 4.7% 5.0% 5.6% 5.6% 5.6%
NJ, NY, PA 9.4% 9.4% 9.4% 8.7% 9.2% 9.1%
AZ, CO, ID, MT, NV, 7.2% 7.2% 7.2% 8.7% 8.6% 9.0%
NM, UT, Wy
CT, ME, MA, NH, 3.3% 3.4% 3.2% 2.8% 2.9% 3.1%
RI, VT
AK, CA, HI, OR, WA 8.8% 8.6% 8.6% 8.2% 8.2% 8.6%
DE, DC, FL, GA, MD, 26.8% 26.7% 27.5% 25.2% 25.1% 25.0%
NC, SC, VA, W
IA, KS, MN, MO, NE, 7.9% 7.8% 7.4% 10.5% 10.7% 10.3%
ND, SD
AR, LA, OK, TX 16.5% 156.4% 15.3% 14.1% 13.8% 13.9%
Education Level (%) Less than 12th Grade 0.6% 0.6% 0.7% 0.7% 0.8% 0.7%
High School Diploma 29.9% 30.1% 30.2% 27.8% 27.6% 27.4%
Less than bachelor's 52.5% 52.3% 51.9% 53.7% 53.2% 53.2%
degree
Bachelor's degree 17.0% 17.0% 17.2% 17.8% 18.4% 18.7%
Plus
Net Worth (%) <$25K 27.4% 27.2% 26.6% 33.2% 32.6% 32.8%
$25K-$149K 24.1% 24.3% 24.1% 27.2% 27.0% 26.7%
$150K-$249K 12.0% 11.8% 12.2% 11.7% 11.7% 11.8%
$250K-$499K 16.9% 17.1% 17.0% 14.5% 14.7% 15.1%
$500K+ 19.5% 19.6% 20.1% 13.5% 14.1% 13.6%
Insurance Provider (%) Exclusive Provider 13.6% 13.7% 13.6% 12.2% 12.1% 12.6%
Organization
Health Maintenance 18.5% 18.1% 18.2% 20.3% 20.3% 19.1%
Organization
Indemnity 0.0% 0.0% 0.0% 0.1% 0.1% 0.1%
Other 0.1% 0.1% 0.1% 0.8% 0.9% 0.8%
Point of Service 60.8% 61.1% 61.2% 58.1% 58.0% 58.8%
Preferred Provider 6.9% 7.0% 6.8% 8.5% 8.7% 8.6%
Organization
Customer Driven Health Health 6.0% 5.9% 6.1% 4.8% 4.9% 5.0%
Plan Type (%) Reimbursement
Arrangement
Health Savings 9.3% 9.4% 9.2% 7.5% 7.4% 8.0%
Account
Micro/Macrovascular Any Complication (%) 7.8% 4.4% 0.6% 22.2% 8.9% 1.6%
Complication
Retinopathy (%) 3.3% 0.5% 0.0% 12.9% 1.8% 0.0%
Neuropathy (%) 1.4% 1.1% 0.2% 5.3% 2.7% 0.6%
Nephropathy (%) 2.9% 1.6% 0.2% 7.8% 3.2% 0.4%
Myocardial Infarction 0.1% 0.1% 0.0% 0.4% 0.3% 0.1%
(%)
Stroke (%) 0.1% 0.2% 0.1% 0.4% 0.4% 0.1%
Peripheral Vascular 0.8% 0.8% 0.1% 2.5% 1.6% 0.4%
Disease (%)
Amputation (%) 0.4% 0.5% 0.1% 1.3% 0.9% 0.2%
Modified Charlson Mean score (SD) 0.1 (0.34) 0.1 (0.35) 0.11 (0.35) 0.14 (0.42) 0.15 (0.4) 0.14 (0.41)
Comorbidity Score
Years of Follow-up Mean years (SD) 4.50 (3.77) 4.51 (3.54) 452 (3.78) 3.05 (2.93) 309 (2.80)  3.06 (3.04)
Years of Follow-up Pre- Mean years (SD) 2.08 (2.31) 2.08 (2.20) N/A 1.48 (1) 1.50 (1.83) N/A
diabetes diagnosis)
Years of Follow-up Post- Mean years (SD) 2.41 (2.94) 2.42 (2.60) N/A 1.56 (2.13) 1.59 (1.93) N/A
diabetes diagnosis
age 40-60 (N=573,874) age 60+ (N=443,847)
Variable Type 1 Type 2 Diabetes No Diabetes Type 1 Type 2 No Diabetes
Diabetes (n=255,066) (n=255,031) Diabetes Diabetes (n=196,267)
(n=683,777) (n=49,516)  (n=198,064)
Age Mean years (SD) 50. (5.65) 50.4 (5.64) 50.3 (5.64) 71.3 (7.42) 71.3 (7.34) 71.0 (7.15)
Gender (%) Female 47.8% 47.7% 47.9% 52.6% 52.6% 52.3%
Male 52.2% 52.3% 52.1% 47.4% 47 4% 47.7%
Race (%) Asian 2.2% 2.3% 2.3% 2.8% 2.8% 3.0%
Black 10.8% 11.0% 11.0% 14.6% 14.5% 14.4%
Hispanic 8.2% 8.3% 8.4% 8.8% 8.8% 9.1%
White 78.8% 78.5% 78.3% 73.8% 73.9% 73.5%
State (%) IL, IN, MI, OH, Wi 15.2% 16.2% 15.2% 13.3% 18.2% 13.0%
AL, KY, MS, TN 5.9% 5.8% 5.8% 5.6% 5.6% 5.5%
NJ, NY, PA 8.4% 8.4% 8.5% 11.6% 1.7% 11.1%
AZ, CO, ID, MT, NV, 7.4% 7.5% 7.5% 72% 7.3% 7.9%
NM, UT, WY
CT, ME, MA, NH, RI, VT 3.5% 3.5% 3.6% 5.6% 5.7% 5.4%
AK, CA, HI, OR, WA 8.4% 8.3% 8.4% 10.5% 10.5% 10.6%
DE, DG, FL, GA, MD, 28.2% 28.4% 27.8% 28.6% 28.5% 27.5%
NC, SC, VA, W
IA, KS, MN, MO, NE, 10.1% 10.1% 9.9% 7.7% 7.7% 8.5%
ND, SD
AR, LA, OK, TX 12.7% 12.9% 13.0% 9.6% 9.4% 10.1%
Education Level (%) Less than 12th Grade 0.8% 0.8% 0.8% 1.3% 1.3% 1.3%
High School Diploma 30.8% 30.9% 31.0% 36.0% 35.9% 36.0%
Less than bachelor's 51.4% 51.0% 51.1% 49.7% 49.9% 49.6%
degree
Bachelor's degree Plus 17.1% 17.3% 17.2% 13.0% 12.9% 13.0%
Net Worth (%) <$25K 20.0% 20.1% 20.2% 18.4% 18.2% 18.6%
$25K-$149K 22.7% 22.6% 22.7% 21.2% 21.1% 21.4%
$150K-$249K 13.5% 13.4% 13.8% 13.7% 13.8% 14.0%
$250K-$499K 21.2% 21.1% 20.9% 21.1% 21.2% 21.2%
$500K+ 22.7% 22.7% 22.4% 25.6% 25.7% 24.9%
Insurance Provider (%) Exclusive Provider 10.2% 10.3% 10.5% 2.6% 2.6% 2.7%
Organization
Health Maintenance 23.4% 23.5% 22.8% 34.4% 34.2% 35.3%
Organization
Indemnity 0.2% 0.2% 0.2% 3.8% 3.8% 3.9%
Other 4.6% 4.6% 4.4% 33.7% 34.0% 32.0%
Point of Service 52.4% 52.2% 52.9% 14.1% 14.1% 14.6%
Preferred Provider 9.2% 9.2% 9.2% 11.4% 11.4% 11.5%
Organization
Customer Driven Health  Health Reimbursement 4.4% 4.5% 4.5% 1.2% 1.2% 1.2%
Plan Type (%) Arrangement
Health Savings Account 7.2% 72% 7.4% 1.9% 1.8% 2.0%
Micro/Macrovascular Any Complication (%) 38.6% 21.9% 6.9% 53.6% 46.6% 25.4%
Complication
Retinopathy (%) 21.2% 5.0% 0.0% 17.4% 7.8% 0.1%
Neuropathy (%) 12.5% 7.9% 2.1% 15.5% 13.6% 4.7%
Nephropathy (%) 13.6% 7.3% 1.9% 28.7% 22.7% 11.9%
Myocardial Infarction (%) 2.0% 1.8% 0.9% 5.4% 5.2% 3.5%
Stroke (%) 1.7% 1.7% 0.9% 6.1% 6.2% 4.6%
Peripheral Vascular 9.1% 6.2% 2.1% 22.9% 20.3% 11.1%
Disease (%)
Amputation (%) 3.9% 2.4% 0.5% 6.2% 4.8% 1.8%
Modified Charlson Mean score (SD) 0.32 (0.6) 0.3 (0.64) 032 (0.6) 0.64 (0.90) 0.65 (0.89) 0.65 (0.89)
Comorbidity Score
Years of Follow-up Mean years (SD) 3.8 (3.57) 3.87 (3.35) 3.85 (3.58) 4.21 (3.85) 4.20 (3.57) 4,10 (3.78)
Years of Follow-up Pre-  Mean years (SD) 1.79 (2.13) 1.78 (2.07) N/A 1.7 (2.07) 1.73 (1.94) N/A
diabetes diagnosis)
Years of Follow-up Post- Mean years (SD) 2.07 (2.67) 2.08 (2.47) N/A 2.48 (3.04) 2.47 (2.91) N/A

diabetes diagnosis

N/A, Not Applicable.





