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Abstract

Objective—Although cross-sectional studies find altered cognition in youth with type 1 diabetes
mellitus (T1DM), few longitudinal studies have examined the trajectories of their cognitive
performance over time. The aims of this study were to explore longitudinal change in cognitive
function in youth with TLDM as compared to non-diabetic sibling controls, and how glycemic
control and age of onset influence cognitive performance over time.

Methods—We assessed crystallized intelligence, visual-spatial ability, delayed memory, and
processing speed at three time points using the same cognitive tasks in youth with TLDM and
sibling controls. Hierarchical linear modeling examined relationships between diabetes,
hyperglycemia (HbA . values), age of onset, and cognition over 5.5 years.

Results—Youth with diabetes performed worse than controls on visual-spatial ability and
memory tasks over time, and did not improve as much in processing speed. Greater hyperglycemia
was associated with lower crystallized intelligence and slower processing speed but better memory
across all time points. There was a stronger negative relationship between hyperglycemia and
visual-spatial ability for youth with earlier compared to later onset diabetes. Importantly, within-
person decreases in hyperglycemia between time points were associated with improved visual-
spatial ability and faster processing speed.

Conclusions—On average, differences in cognitive function between youth with TIDM and
non-diabetic relatives are maintained or increase during childhood and adolescence.
Hyperglycemia and age of onset can have negative effects on the developmental trajectories of
cognitive processes in youth with TLDM. However, treatments that lower hyperglycemia may lead
to improved cognitive function in youth with TIDM.
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In cross-sectional studies, youth with type 1 diabetes mellitus (T1DM) perform worse than
non-diabetic peers on tests of cognitive function across multiple domains (1-3). Cross-
sectional research also suggests that greater hyperglycemia or severe hypoglycemia exposure
and early age of diabetes onset are associated with lower intelligence, visual-spatial ability,
and memory performance and slower processing speed (4-15). However, few truly
longitudinal studies have directly statistically compared change in cognitive function over
time in children and adolescents with TAIDM relative to non-diabetic peers (16-19), limiting
causal interpretations. Thus, little is currently known regarding whether differences in
cognitive function between diabetic and non-diabetic youth are stable over time, increase, or
decrease, and how hyperglycemia exposure, severe hypoglycemic events, and age of onset
influence the developmental trajectories of cognitive processes. Some of the few existing
pediatric longitudinal studies (see 20,21 for investigations of longitudinal changes in
cognition in TLDM between adolescence and adulthood) suggest that greater hyperglycemia
exposure is associated with worse verbal and visual-spatial memory over time (22,23), more
hypoglycemic events are associated with lower intelligence, verbal memory performance,
and visual-spatial learning over time (18,22), and that earlier age of onset predicts less
positive change in intelligence and visual-spatial ability than later age of onset (16,18,22).
However, a recent study did not find any significant relationships between these clinical
characteristics and longitudinal changes in cognition (19). In addition, prior pediatric
longitudinal studies have not directly investigated whether within-person improvements in
glycemic control can lead to within-person improvements in cognitive function.

The current study explored longitudinal change in cognitive function in youth with TADM as
compared to non-diabetic sibling controls, and how glycemic control and age of onset
influence cognitive performance over time. Groups were assessed on the same tests of
crystallized intelligence, visual-spatial ability, delayed memory, and processing speed at
three time points, and exposure to hyperglycemia and severe hypoglycemia were ascertained
prospectively. Hierarchical linear modeling (HLM) allowed us to examine effects of diabetes
status, mean hyperglycemia exposure, and age of diabetes onset on mean cognitive
performance over the course of 5.5 years as well as the degree of linear increase or decrease
in cognitive performance trends. We also examined whether individual fluctuation in HbA
from one occasion to the next resulted in improvements (or decrements) in cognitive
function.

Study Design

Participants were tested three times with measures designed to address the cognitive
domains most consistently shown to be affected by pediatric TLDM: crystallized
intelligence, visual-spatial ability, memory, and processing speed. There were 2 years
between time points 1 and 2 and 2-3 years between time points 2 and 3. Diabetes variables
were acquired retrospectively before time point 1 and prospectively between time point 1
and the end of the study. Cross-sectional analyses of time point 1 cognitive data have been
previously published (10,11).
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Children and adolescents diagnosed with TIDM and their non-diabetic siblings aged 4 — 16
were recruited from the Pediatric Diabetes Clinic at Washington University in St. Louis and
St. Louis Children’s Hospital. Participants were screened for significant neurological history
unrelated to diabetes complications, psychiatric disorders, psychoactive medications, mental
retardation, premature birth (<36 weeks gestation) with complications, and chronic diseases
other than T1DM (e.g., hypothyroidism). All individuals with TADM had received insulin
therapy for at least two years before time point 1 and had not been diagnosed with
retinopathy, nephropathy, or neuropathy. Research procedures were approved by the
Washington University School of Medicine’s Human Studies Committee and were
conducted in accordance with the Declaration of Helsinki.

Ascertainment of glycemic history

Glycemic control for individuals with TIDM was estimated from HbA 1 test results
available in their medical records. The percentage of time covered by HbA . tests between
diagnosis and time point 3 was calculated for each participant by multiplying the total
number of HbA tests available during this time period by three (the number of months
roughly reflected by each test) and then dividing by the duration of this time period in
months. Less than 100% coverage of the time between diagnosis and time point 3 by HbA1¢
tests resulted from having clinical appointments more than three months apart, transferring
from another diabetes clinic before time point 1, and/or use of total glycated hemoglobin
tests instead of HbA1 tests. Mean HbA . values were calculated for three time periods:
diabetes diagnosis to time point 1, time points 1 to 2, and time points 2 to 3.

History of severe hypoglycemic events was ascertained by detailed parent and child
interviews. Severe hypoglycemic events were defined as events with neurological
dysfunction (seizure, loss of consciousness, inability to arouse from sleep) and/or that
required assistance from someone else to treat (24).

Blood glucose was measured using glucose meters immediately before and after each
cognitive testing session. Data from participants with meter readings below 60 or above 375
mg/dL were excluded from analyses. Pre- and post-testing meter readings were averaged to
create mean blood glucose values for each testing session.

Cognitive Testing

Detailed descriptions of the cognitive tasks used in this study can be found in a prior report
of cross-sectional analyses of time point 1 data (11).

Crystallized Intelligence—Raw scores from the General Information subtest of the
Woodcock-Johnson 111 (25) were used to estimate crystallized intelligence.

Visual-Spatial Ability—Raw scores from the Spatial Relations subtest of the Woodcock-
Johnson 111 (25) were used to estimate visual-spatial ability.
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Memory—Delayed verbal memory was measured using the number of words correctly
recalled on the Delayed Recall Trial of the Word Lists subtest from the Children’s Memory
Scale (26). Initial learning was controlled for by including the number of words correctly
recalled on the last learning trial (Trial 4) as an independent control variable in HLM
analyses.

Delayed visual-spatial memory was assessed using the Spatial Delayed Response (SDR)
task (9-11,15,27,28). After a 60 second distractor-task filled delay, participants pointed to
the location on a computer screen where a dot had appeared. The mean error in millimeters
between the original and remembered dot location was analyzed.

Processing Speed—Basic processing speed was measured by a Speed task that required
participants to press a button as quickly as possible whenever a plus sign appeared on a
computer screen (29). Processing speed in situations that require inhibitory control was
assessed by a Go-No-Go task (29). Median reaction time for correct trials was analyzed for
each task.

Analyses were conducted using HLM 6.08 (significance threshold p < .05) (30). Briefly, the
HLM approach decomposes variability into two ‘levels’, in this case between- and within-
person. Between-person independent variables have a single value for each individual and
represent a stable attribute (e.g., diabetes versus control group membership) or overall
standing on a given variable over time (e.g., mean glycemic control over a given time
period). Within-person independent variables (e.g., mean glycemic control between two time
points, age since enrollment) are measured at multiple occasions and can vary from time-to-
time for a given person. In the current study, between-person main effects can be interpreted
as the mean effect of an independent variable on a given dependent variable across all time
points, while within-person main effects can be interpreted as a measure of the relationship
between within-person variation in an independent variable and within-person changes in a
dependent variable from one occasion to the next. We also examined whether the degree of
linear increase or decrease in cognitive performance trends (i.e., slopes) varied as a function
of between-person variables, an effect often referred to as a cross-level interaction.

Using this approach we examined the effects of group membership, and within the TIDM
group the effects of mean glycemic control, intraindividual variation in glycemic control,
and age of onset on cognitive performance as follows:

Effects of Group—HLMs with group as an independent variable and task performance as
the dependent variable were created for each cognitive task to test for group differences in
cognitive performance across all three time points (i.e., between-person group main effects).
Age at time point 1 was also included as an independent variable in these models to control
for its effects on mean cognitive performance. In addition, years since enrollment was
entered as a within-person predictor in each model to estimate the rate of linear change in
cognitive performance. Therefore, we were able to estimate whether group had a significant
influence on within-person rates of change in cognitive performance across time (i.e., cross-
level interactions).
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Effects of Glycemic Control and Age of Diabetes Onset—Global mean HbA . was
calculated for each participant by averaging their mean HbA,. from three time periods:
diabetes diagnosis to time point 1, time points 1 to 2, and time points 2 to 3. HLMs were
created for each cognitive task with age of diabetes onset (between-person), global mean
HbA 1 (between-person), mean HbA, from diabetes diagnosis to time point 1, time points 1
to 2, and time points 2 to 3 (within-person), and years since enrollment (within-person) as
independent variables and task performance as the dependent variable. Age at time point 1
and mean blood glucose meter readings from the cognitive testing sessions were also
included as independent control variables. These models were used to test whether global
mean HbA ;. and age of diabetes onset made significant contributions to between-person
differences in cognitive performance across all three time points (i.e., HbA. and age of
diabetes onset between-person main effects). They were also used to examine whether
individual variation in HbA; from one measurement occasion to the next influenced
cognitive performance (within-person main effects). In addition, they were used to examine
whether global mean HbA;. and age of diabetes onset influenced within-person changes
(i.e., slopes) in cognitive performance across time (i.e., cross-level interactions). Finally, age
at diabetes onset x global mean HbA . interaction terms were subsequently added to these
models to examine whether age at diabetes onset affects the strength of the relationship
between mean glycemic control and mean cognitive performance across all three time points
(i.e., between-person interaction effects).

One hundred and nineteen youth with TIDM and 59 non-diabetic siblings were enrolled in
this study at time point 1. Data from the 61 youth with T1IDM and 28 siblings from the
initial cohort who completed cognitive testing at all three study time points, had mean blood
glucose meter readings between 60 and 375 mg/dL during all cognitive testing sessions, and
did not develop new diagnoses that met exclusion criteria during follow-up were included in
the present analyses. There were no significant differences in sex, parental education, age at
study enrollment, age at diabetes diagnosis (T1DM group only), or mean HbA . between
diagnosis and time point 1 (T1DM group only) for TLDM or control group youth who
completed all three study time points versus those who did not (all X2 and t-test Ps> 0.05).
The demographic and clinical characteristics of the TLDM and control participant groups in
this study are presented in Supplementary Table 1. There were no significant TLDM/non-
T1DM group differences in sex (X2 = 1.23, A= 0.268), parental education (¢= -0.55, P=
0.584), or age at study enrollment (time point 1; #=0.91, P=0.366). There were also no
significant TLDM/non-T1DM group differences in the number of months between time
points 1 and 2 (Sibling: Mean = 24.1, SD = 0.3, Range 23.5 — 24.8; TIDM: Mean = 24.1,
SD = 0.3, Range 23.5 - 25.3; £=0.35, P=0.728) or between time points 2 and 3 (Sibling:
Mean = 33.7, SD = 4.5, Range 23.9 - 41.7; TADM: Mean = 32.4, SD = 6.3, Range 21.1 -
42.3; t=-1.10, P=0.273). Even though the number of months between time point 1 and
time point 3 varied substantially across participants, the HLM data analysis technique that
we used allowed us to model cognitive performance over the course of five and a half years
(the maximum time between time points 1 and 3 for a participant this study) using data from
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all study participants. There were no ceiling or floor performance effects on any cognitive
test, indicating that the tests were valid assessments of cognitive function. Four percent of
diabetes group and three percent of control group cognitive testing data was missing due to
participant fatigue, time constraints, or experimenter error. For analytic purposes, missing
data was treated as missing at random (MAR). HLM and other random-coefficient
regression modeling techniques allow for unbiased parameter estimates using the available
data under conditions of ignorable missingness, with MAR having the least restrictive
assumptions (31-33).

Mean testing session blood glucose meter readings for time points 1-3 were 184 (SD = 54,
range 83 — 324), 182 (SD = 59, range 73 — 312), and 182 (SD = 53, range 78 — 296) mg/dL,
respectively. Mean HbA . test coverage for the diabetes group from diagnosis to time point
3 for participants included in data analyses was 64% (SD = 12%; range 33 — 93%). Mean
HbA 1 values from diagnosis to time point 1, between time points 1 and 2, and between time
points 2 and 3 were 8.2% (SD = 1.0%, range 6.6 — 12.7%) (66 mmol/mol, SD = 11 mmol/
mol, range 49 — 115 mmol/mol), 8.3% (SD = 1.3%, range 6.4 — 12.6%) (67 mmol/mol, SD =
14 mmol/mol, range 46 — 114 mmol/mol), and 8.8% (SD = 1.3%, range 6.6 — 13.3%) (73
mmol/mol, SD = 14 mmol/mol, range 49 — 122 mmol/mol), respectively. Fifty-one percent
(n = 31) of participants in the diabetes group experienced 1 or more severe hypoglycemic
events between diagnosis and time point 1. However, only 13 percent (n = 8) and 15 percent
(n =9) of participants in the diabetes group experienced 1 or more severe hypoglycemic
events between time points 1 and 2 and time points 2 and 3, respectively. Due to these low
numbers, we were not able to reliably analyze the longitudinal effects of severe
hypoglycemia exposure on cognitive function.

Cogpnitive performance for youth at the mean age of study enrollment is modeled in Figures
1 and 2 to illustrate developmental trends in the diabetes and control groups. All HLM
analyses controlled for age at study enrollment. Therefore, all significant results indicate
patterns of cognitive function that were present regardless of the enroliment age of study
participants.

Effects of Group

Between-Person—Analyses revealed significant main effects of group on visual-spatial
ability and delayed memory (Figure 1; see Table 1 for a summary of all HLM analysis
results). The TIDM group scored an average of 2.95 points lower on the Spatial Relations
task (B = -2.95, SE = 1.03, £=0.006), and was an average of 4 mm less accurate in
recalling dot locations on the SDR task (B = 4.42, SE = 2.19, £P=0.046), than the control
group across all three time points.

Cross-Level Interaction—Analyses revealed that a diagnosis of TLDM had a significant
effect on within-person changes over time in Go-No-Go task median reaction times (B =
5.38, SE = 2.54, P=0.037). The diabetes group median reaction times did not improve as
much over time as those of the control group (Figure 2).
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Effects of Hyperglycemia Exposure

Between-Person—Significant main effects of HbA;; controlling for blood glucose values
at time of testing were found on crystallized intelligence, delayed verbal memory, and
processing speed within the diabetes group. Higher global mean HbA; was associated with
lower performance on the General Information task (B = -0.92, SE = 0.36, A= 0.016),
slower median reaction times on the Go-No-Go task (B= 14.96, SE = 5.35, £=0.008), but
better delayed memory performance on the Word Lists task (B= 0.46, SE = 0.13, A= 0.001)
across all three time points.

Within-Person—Within-person changes in glycemic control controlling for blood glucose
values at time of testing were associated with within-person changes in visual-spatial ability
and processing speed. Decreases in HbA 1 from one occasion to the next were associated
with performance improvements on the Spatial Relations task and faster median reaction
times on the Go-No-Go task, while increases in HbA;. from one occasion to the next were
associated with performance decrements on the Spatial Relations task (B = —1.46, SE =
0.49, P=0.004) and slower median reaction times on the Go-No-Go task (B = 12.04, SE =
5.33, P=10.026). There was also a trend for decreases in HbA to be associated with larger
errors and increases in HbA 1 to be associated with smaller errors on the delayed visual-
spatial memory SDR task (B = -2.76, SE = 1.59, P=0.085).

Effects of Age of Diabetes Onset

Between-Person—Age of diabetes onset did not have any significant between-person
main effects on cognitive performance (all A > .05). However, there was a significant age of
onset x global mean HbA interaction for the Spatial Relations task (B=0.33, SE = 0.15, P
=0.027). There was a stronger negative relationship between global mean HbAlc and
Spatial Relations task performance for youth with earlier compared to later onset diabetes
(Figure 3).

Cross-Level Interaction—Age of diabetes onset did not explain differences in within-
person changes in cognitive performance over time (all A > .05).

Discussion

Overall, youth with TIDM had worse performance than non-diabetic sibling controls on
visual-spatial ability and delayed memaory tasks across all three study time points, suggesting
that group differences in these tasks were present at the beginning of the study and remained
stable over time. In contrast, group differences in processing speed emerged over time, with
the diabetic group failing to improve as much as the control group. The fact that both
patterns were found within the same study suggests that the effects of TLDM on visual-
spatial processing emerge early while the effects of TLDM on processing speed emerge later
in development or exposure to diabetes. Depending on the age or disease duration at which
subjects are tested, cross-sectional analyses could find different or even conflicting results.

Between-person analyses of the effects of glycemic control on cognitive function revealed
that greater hyperglycemia exposure was associated with learning less factual knowledge
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and slower processing speed across all three time points. However, within-person decreases
in hyperglycemia between time points were associated with improved visual-spatial ability
and faster processing speed. This pattern of results suggests that poor glycemic control can
have a negative effect on cognitive function in youth with TLDM, but also suggests that
treatments that lower hyperglycemia exposure may result in improvements in cognitive
function. To our knowledge, this is the first study to find a significant positive relationship
between within-person improvements in glycemic control and within-person improvements
in cognitive function in youth with TADM. Since there was a stronger negative relationship
between global mean HbA1c and Spatial Relations task performance for youth with earlier
compared to later onset diabetes in this study, it may be particularly helpful to control
hyperglycemia exposure in early childhood.

Notably, greater exposure to hyperglycemia was also associated with better delayed verbal
memory performance across all three study time points. Within individuals, there was also a
trend for increasing hyperglycemia from one occasion to the next to be associated with
better delayed visual-spatial memory. Prior studies have reported that greater hyperglycemia
and severe hypoglycemia exposure are associated with worse memory performance (7,9-
11,15,22,23). A possible explanation for the positive associations between hyperglycemia
exposure and delayed memory seen here is that greater hyperglycemia exposure may
indicate minimal exposure to severe hypoglycemia. This hypothesis could not be tested in
our analyses due to the limited known exposure of our diabetic participants to severe
hypoglycemia during the follow-up period. Future research is needed to directly compare the
longitudinal effects of hyperglycemia and hypoglycemia exposure on delayed memory
performance.

This study extends the findings of prior research that has statistically compared longitudinal
change in cognitive function in youth with T1DM relative to non-diabetic peers. In a
younger cohort (ages 4-9), Cato and colleagues did not find any significant group differences
in change in intelligence, memory, or visuomotor processing speed over the course of 18
months (19). However, in a cohort similar to ours in age, Northam and colleagues have
reported that a TLDM group had less positive change on intelligence over 2 years (16) and
more decline in intelligence over the course of 12 years (18) compared to controls. However,
in the Northam et al. longitudinal study, intelligence was measured using scaled scores from
different tests across time points for some participants, limiting the conclusions that can be
drawn. The present study analyzed raw scores from the same tests at all time points and
demonstrated that visual-spatial ability and delayed memory are lower, and that group
differences in visuomotor processing speed can emerge, in youth with TIDM over the
course of 5.5 years.

This study is limited by the overall modest sample size, particularly for controls, due to the
fact that cognitive data for all three study time points was available for only half of the
participants who enrolled in the study at time point 1. In addition, few severe hypoglycemic
events were observed during follow-up, limiting our ability to assess the effects of
hypoglycemia exposure on cognitive trajectories and the complexity of our hyperglycemia
analyses and interpretations. Given that past cross-sectional research has suggested that early
age of diabetes onset has a negative effect on cognitive function in youth with TLDM
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(1,3,4), it was surprising that only one significant effect of age of diabetes onset on cognitive
performance was found in our analyses. One possible explanation is that participants’ mean
age of onset was quite young (6.4 years), which may have limited our ability to detect the
effects of age of diabetes onset on longitudinal change in cognitive function. The cognitive
effects observed in this study are relatively small and are unlikely to be clinically noticeable,
but suggest that further exposure to hyperglycemia may lead to continued or increasing
differences in cognitive function between youth with TIDM and their non-diabetic peers.
Future research is needed to determine the degree to which improvements in glycemic
control can enhance cognitive function in everyday life in youth with T1DM, particularly
given that recent research has shown that greater hyperglycemia exposure is associated with
worse academic performance in youth with TIDM (34,35).

In conclusion, the results of this study suggest that on average differences in cognitive
function between youth with TADM and non-diabetic relatives are maintained or increase
during childhood and adolescence. Hyperglycemia and age of diabetes onset can have
negative effects on cognitive developmental trajectories in youth with TIDM. However, at
least some alterations in cognitive function may be modifiable during childhood and
adolescence. Treatments that lower hyperglycemia could lead to improved function in some
cognitive domains (e.g., visual-spatial ability and processing speed).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Group differences in visual-spatial cognitive performance. A: Individuals with TADM scored

lower on the Spatial Relations task than sibling controls throughout the duration of this
study. B: Individuals with TLDM were also less accurate in their ability to remember dot
locations on the Spatial Delayed Response (SDR) task than sibling controls across all three
study time points.
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Figure 2.
Group differences in within-person changes in Go-No-Go task median reaction times. The

median reaction times of individuals with T1IDM did not improve as much over time as their
siblings’.
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Figure 3.
Interactive effect of age of diabetes onset and global mean HbA on visual-spatial ability.

The relationships between Spatial Relations task performance, age of diabetes onset, and
global mean HbA, which were all continuous variables in our HLM analyses, are modeled
for individuals who were diagnosed with T1DM at an age that was one standard deviation
younger than the mean age of diabetes onset, at the mean age of diabetes onset, and at an
age that was one standard deviation older than the mean age of diabetes onset to illustrate
the significant age of diabetes onset x global mean HbA . interaction for the Spatial
Relations task. There was a stronger negative relationship between global mean HbAlc and
Spatial Relations task performance for youth with earlier compared to later onset diabetes.
The between-person main effect of age of diabetes onset was not significant.

Pediatr Diabetes. Author manuscript; available in PMC 2018 September 01.



Page 15

Kirchhoff et al.

"1S81 UoNIgIyul asuodsal 09-0N-09 ‘ONS
"1s9) Alowaw asuodsay pake|aq [eneds ‘YAS 'SPUOISSI|IL Ul W UOIIBaL ‘1 ¥ "S108448 Ulew UosIad-UILIIM ‘UIYHAA "S108}48 UOIOBISIUI [8AS]-SS0JD ‘|8AST]-SS01D) "S108)8 Ulew uosiad-Usamiaq ‘ussmiag

‘500 >d
"

0090 88T°0 vIT0 | £9¢00 [ 8000 #LE00 98T'0 L UBIPSA ONO

2LE0 av'0 2190 LEVO §82°0 69€°0 050 1Y ueIpa|y paads

€650 9860 990 5800 6TT0 120 » 9700 I1e99y pakela@ ¥AS

829'0 816'0 €180 €950 | 1000 €260 v0g0 | 1199y pakejaq sisi pio

£ 1200 0ET0 9,10 | %000 | oeT0 816'0 9000 suone|ay [eneds

€610 1v90 0060 6590 | 9700 8890 ¥8T0 UOIEULIOJU] [BJ3USD
usamiag JoneT-ssou) | usamiag | ulyuan | usamiag | [ensT-ssodD | usemiag

TyqH x 318sUQ 0 aby 185UQ J0 aby ygH dnoio

aourw.Iopad aAlIUBOD

U0 13sU0 Sa1aqelp Jo abe pue ‘elwadA|6iadAy ‘sniels sajagelp JO S19a))3 ay) Jo sasAeue (NH) Buljapoln Jeaul fedaiyaselaiH Jo (senjead) sinsey

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Pediatr Diabetes. Author manuscript; available in PMC 2018 September 01.



	Abstract
	Methods
	Study Design
	Participants
	Ascertainment of glycemic history
	Cognitive Testing
	Crystallized Intelligence
	Visual-Spatial Ability
	Memory
	Processing Speed

	Analyses
	Effects of Group
	Effects of Glycemic Control and Age of Diabetes Onset


	Results
	Subjects
	Effects of Group
	Between-Person
	Cross-Level Interaction

	Effects of Hyperglycemia Exposure
	Between-Person
	Within-Person

	Effects of Age of Diabetes Onset
	Between-Person
	Cross-Level Interaction


	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

