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Abstract

Aims The aim of this study was to investigate the association between estimated glucose disposal rate (eGDR), a
proxy for insulin resistance, and retinopathy or kidney disease, i.e. micro-, or macroalbuminuria, in young individuals
with type 1 diabetes (T1D).

Material and Methods Using data from the Swedish pediatric registry for diabetes (SweDiabKids) and the registry
for adults (NDR), all individuals with T1D with a duration of diabetes of less than 10 years between 1998 and 2017
were included. We calculated the crude incidence rates with 95% confidence intervals (Cls) and used multivariable
Cox regression to estimate crude and adjusted hazard ratios (HRs) for two cohorts: retinopathy cohort or kidney dis-
ease cohort, stratified by eGDR categories: <4, 4 t0 5.99, 6 to 7.99, and > 8 mg/kg/min (reference).

Results A total of 22 146 (10 289 retinopathy cohort, and 11 857 kidney disease cohort with an overlapping of 9575)
children and adults with T1D (median age 21 years, female 42% and diabetes duration of 6 and 7 years, respectively
for the cohorts) were studied. During a median follow-up of 4.8 years (IQR 2.6-7.7) there were 5040 (24.7%), 1909
(48.1%), 504 (52.3%) and 179 (57.6%) events for retinopathy in individuals with an eGDR >8, 7.99 to 6, 5.99 to 4, and
<4 mg/kg/min, respectively. Corresponding numbers for kidney disease was 1321 (6.5%), 526 (13.3%), 255 (26.8%)
and 145 (46.6%). After multiple adjustments for different covariates, individuals with an eGDR 7.99 to 6, 5.99 to 4 and
<4 mg/kg/min, had an increased risk of retinopathy compared to those with an eGDR > 8 mg/kg/min (adjusted HRs,
95% Cls) 1.29 (1.20 to 1.40); 1.50 (1.31 to 1.71) and 1.74 (1.41 to 2.14). Corresponding numbers for kidney disease was
(adjusted HRs, 95% Cls) 1.30 (1.11 to 1.52); 1.58 (1.25 to 1.99) and 1.33 (0.95 to 1.86), respectively.

Conclusions eGDR, a proxy for insulin resistance, is associated with retinopathy and kidney disease in young adults
with T1D. The risk of retinopathy increased with lower eGDR. The risk of kidney disease also increased with lower
eGDR; however results show no association between the lowest eGDR and kidney disease. eGDR can be helpful to
identify young T1D individuals at risk.
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Introduction

Individuals with type 1 diabetes (T1D) are at increased
risk of macrovascular and cardiac complications, in
which microvascular complications may predict the risk
[1]. Intensified glycemic control can lower the risk [2, 3].
However, in spite of good glycemic control individuals
with T1D are still at higher risk of cardiovascular com-
plications compared to individuals without T1D [4]. This
may be explained by other cardiovascular risk factors
besides hyperglycemia such as dyslipidemia, kidney dis-
ease and hypertension [5].

The term double diabetes, first described in 1991, was
initially defined as an individual with T1D with a fam-
ily history of type 2 diabetes (T2D) [6]. Today, it lacks
a clear definition but is often referred to as T1D with
components of the metabolic syndrome, which is typi-
cally observed in people with T2D. Individuals with
double diabetes often have poorer glycemic control with
increased insulin requirements, and components of the
metabolic syndrome such as dyslipidemia, insulin resist-
ance, obesity and hypertension [7, 8]. Moreover, double
diabetes is linked to both genetic and life-style factors,
e.g., poor physical activity, repeated hypoglycemia and
peripheral insulin resistance [7-9].

The gold standard for measuring insulin resistance is
the euglycemic hyperinsulinemic clamp technique [10].
Since this method is invasive and time consuming it is
not suitable for daily clinical practice or larger studies.
Estimated glucose disposal rate (eGDR) using standard
clinical measures (hemoglobin glycated Alc [HbAlc],
hypertension and waist circumference, or body mass
index [BMI]) is derived from clamps in young people
with T1D, and has been shown to correlate well [11].
On the other hand, independent cohorts trying to vali-
date the above eGDR formula [11] have not come to the
same conclusion [12-14]. Although, the eGDR has been
shown to be good marker of increased risk for different
outcomes [15-17], it is not entirely sure that it reflects
insulin resistance. Several studies among individuals with
T1D have shown a connection between double diabetes
and macrovascular complications independent of gly-
cemic control [18-20]. Recently, in a large nationwide
cohort study among individuals with T1D, our group
demonstrated a strong association between eGDR and
risk of preterm mortality [16].

Not only macrovascular complications are associated
with insulin resistance, but also microvascular complica-
tions [15]. There is a limited number of large studies that
have examined the association between insulin resistance
and microvascular complications among young indi-
viduals with T1D [17, 21-24]. The aim of this study is to
investigate whether eGDR, as a proxy for insulin resist-
ance, is associated with increased risk of retinopathy and
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kidney disease, i.e. microalbuminuria, or macroalbumi-
nuria, in young people with T1D.

Methods

Study design and study population

The study was a nationwide, observational cohort study.
The study was approved by the Swedish Ethical Review
Authority (Dnr 977-17).

We used data from the Swedish national diabetes reg-
istry for adults (NDR) and the Swedish pediatric registry
for diabetes (SweDiabKids), no other registers were used.
Participants provided informed consent when entering
the registries. NDR defines T1D on the basis of epide-
miological data: treatment with insulin and a diagnosis at
the age of 30 years or younger, which has shown to be val-
idated in 97% of cases [25]. In children and adolescents,
HLA genotype and autoantibodies are determined before
diagnosis. The majority of all Swedish individuals with
T1D are registered in NDR, or SweDiabKids. Data was
extracted from NDR from 1998, and from SweDiabKids
from 2000, both until 31%* December 2017. Between these
time points all children, adolescents and adults in the
registries were included if they had a diagnosis of T1D
since ten years, or less when first recorded in the regis-
tries. The age span in the whole cohort was 0-39 years,
i.e., patients were included if they are diagnosed with
T1D before 30 years of age and if duration was <10 years.

Data extracted from the registers were age, sex, dia-
betes duration, weight, height, BMI, blood pressure,
HbAlc, total cholesterol, high-density lipoprotein (HDL),
low-density lipoprotein (LDL), triglycerides, smok-
ing, physical activity, type of diabetes treatment, micro/
macroalbuminuria, estimated glomerular filtration rate
(eGFR), and result of retinopathy screening. Categori-
zation of the variables from the registers are shown in
Tables 1 and 2, also described below (endpoints).

In the final data set individuals with at least one regis-
tration of examination of retinopathy, or kidney disease
was included. They also needed at least one registration
of eGDR (consisting of the variables BMI, HbAlc and
hypertension yes/no) and at least one registration of each
of the covariates that was used in the final model. In total
15 111 individuals were recruited from SweDiabKids and
19 298 individuals were recruited from NDR. 26 786 indi-
viduals had T1D with <10 years duration when entering
the registry. After including patients with at least one
examination of retinopathy or nephropathy, one eGDR
observation and at least one observation for each covari-
ate, 10 289 cases in the retinopathy cohort and 11 857
cases in the nephropathy cohort remained Figure S1
(Additional file 1). The overlap between cohorts included
9575 individuals.
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Table 1 Baseline characteristics of all patients divided in the retinopathy cohort and kidney disease cohort, respectively

Retinopathy analysis

Kidney disease analysis

Number 10,289 11,857

Age, yrs 21(19-26) 21 (19-26)

Males 58.1% 57.3%

Debut age, yrs 16 (11-21) 15(10-21)
0-10yrs 18.3% 22.9%
10-15yrs 26.3% 25.7%
15-20yrs 23.7% 21.9%
20-25yrs 18.9% 17.6%
25-30yrs 12.7% 11.9%

Duration, yrs 6(3-9) 7(3-10)

Follow-up time, yrs 48 (26-7.7) 54(29-8.7)

eGDR measurements per individual 4 (2-6) 4(2-7)

eGDR, mg/kg/min 9.0 (8.0-9.8) 8.9 (8.0-9.7)
<4 1.7% 1.5%
4<to<6 5.1% 5.0%
6<to<8 18.5% 19.4%
>8 74.8% 74.1%

LDL-cholesterol, mmol/L 243 (1.97-2.96) 243 (1.98-2.98)
<26 59.1% 58.6%
26<to<34 283% 28.3%
34<to<4.] 8.9% 9.3%
>41 3.6% 3.8%

HDL-cholesterol, mmol/L 14(1.2-1.7) 14(1.2-1.7)
<11 13.1% 13.2%
>1.1 86.9% 86.8%

Total-cholesterol, mmol/L 4.4 (3.8-5.0) 44 (3.8-5.0)
<45 54.5% 53.9%
>45 45.5% 46.1%

Triglyceride, mmol/L 0.90 (0.62-1.28) 0.90 (0.66-1.30)
<17 86.5% 86.1%
>1.7 13.5% 13.9%

HbATc, mmol/mol 60 (51-71) 61 (52-72)
<48 17.2% 16.4%

48 <t0<58 24.9% 23.8%
58<to<70 29.7% 30.5%
>70 28.2% 29.2%

BMI (Kg/m?)’ 236(21.6-26.2) 234(213-26.1)
Normal 64.5% 65.4%
Overweight 26.3% 25.7%
Obese 9.2% 8.9%

Smokers 11.0% 11.3%

Physical activity; daily 18.2% 17.6%

Physical activity; 3-5 times/week 33.2% 33.6%

Physical activity; 1-2 times/week 26.2% 26.9%

Physical activity; < 1 times/week 14.1% 13.7%

Physical activity; never 8.3% 8.1%

Insulin method; injection 81.3% 79.5%

Insulin method; pump 18.7% 20.5%

ASA; yes 0.8% 0.7%
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Table 1 (continued)
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Retinopathy analysis

Kidney disease analysis

Antihypertensive therapy; yes 3.5% 3.0%

Lipid lowering drug; yes 3.0% 2.6%

Hypertension 5.2% 5.0%

eGFR, mL/min 123 (106-145) 124 (107-147)
<30 0.06% 0.03%
30<to<45 0.03% 0.02%
45<to<60 0.13% 0.10%
60 <to<90 7.26% 6.79%
>90 92.53% 93.06%

ASA Acetylsalicylic acid, BMI Body mass index, eGFR Estimated glomerular filtration rate, HbA1c Glycated hemoglobin 1¢, HDL-Cholesterol High-density lipoprotein-

Cholesterol, LDL-Cholesterol Low-density lipoprotein-Cholesterol. Yrs years
" isoBMI was used in individuals < 18 yrs

Excluded patients

Due to lack of data on retinopathy/kidney disease,
eGDR and/or a covariate 16 497 individuals (61%) were
excluded from retinopathy analysis (72% from SweDiab-
Kids and 47% from NDR, respectively) and 14 929 indi-
viduals (55%) from kidney disease analysis (62% from
SweDiabKids and 39% from NDR, respectively) Fig-
ure S1 (Additional file 1). Also, individuals before index
date with already known retinopathy, or kidney disease
were excluded from the study. Baseline characteristics
of excluded patients are shown in Table S1 (Additional
file 1).

eGDR procedures and categorization

eGDRpy; (mg/kg/min) was calculated as previ-
ously described [11] based on the following for-
mula: eGDRyy =19.02 — (0.22*BMI) — (3.26
HT) — (0.61*HbA1lc) (Personal communication Kather-
ine Williams, MD, MPH, Pittsburgh, PA, US). BMI= body
mass index (kg/m?), HT =hypertension (yes=1/no=0),
and HbAlc=HbAlc (DCCT %).

Hypertension was defined as a blood pressure
>140/90 mmHg or current use of any anti-hypertensive
agents. For individuals <18 years old, we used IsoBMI
[26]. Analyses of HbAlc levels were performed at cer-
tified local laboratories and reported according to the
International Federation of Clinical Chemistry standard,
measured in mmol/mol. We converted all HbAlc values
to standard values according to the National Glycohemo-
globin Standardization Program [27].

Based on previous studies [16, 23], we categorized indi-
viduals with T1D into four groups according to eGDR
levels as follows: <4, 4 to 5.99, 6 to 7.99, and >8 mg/
kg/min. The highest eGDR category (>8 mg/kg/min)
was used as the reference category. The individual com-
ponents of eGDR were assessed using updated means.

During the follow up, study participants could change
category if their eGDR worsened, or improved during the
study.

Endpoints and index date

Endpoints of retinopathy were classified as any retin-
opathy, preproliferative diabetic retinopathy (PPDR), or
proliferative diabetic retinopathy (PDR). Any retinopathy
included any signs of retinopathy, i.e. simplex retinopa-
thy, PPDR or PDR. PDR was defined as evidence of cur-
rent proliferations or any earlier laser photocoagulation.
Endpoints of kidney disease were classified as any micro-
albuminuria defined as two positive test results from
three samples taken within one year with an albumin/cre-
atinine ratio of 3-30 mg mmol !, or urinary albumin of
20-200 pg min~' (20-300 mg/L), or macroalbuminuria
defined as an albumin/creatinine ratio >30 mg mmol ],
or urinary albumin >200 pg min~* (>300 mg L™!) [3].

All individuals were followed from the first observa-
tion (between 1998 and 2017) when they first appeared
in the register, i.e. index date, until the first event of any
retinopathy, or any kidney disease (microalbuminuria/
macroalbuminuria), or until the end of the study 315t
of December 2017, whichever came first. Follow up did
not end if mild retinopathy, i.e. simplex retinopathy, or
microalbuminuria was registered. If more severe forms
were registered, milder forms were ignored, and the first
diagnosis of the severe form was included.

Statistical analysis

Baseline characteristics (clinical data) are based on the
first available observation (between 1998 and 2017) from
index date and after that with no specific time limit, for
each individual in the study. Continuous variables are
presented as medians with interquartile range (IQR), due
to the contribution of data, and categorical variables as
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Table 2 All categorized covariates that were multivariate adjusted for in the final model

Retinopathy Kidney disease

Hazard ratio Confidence interval p-value Hazard ratio Confidence interval p-value
8 <eGDR, mg/kg/min REF REF
6 <eGDR <8, mg/kg/min 1.29 1.20-1.40 <0.001 1.30 1.11-1.51 0.001
4 <eGDR <6, mg/kg/min 1.50 131-1.71 <0.001 1.58 1.25-1.99 <0.001
eGDR <4, mg/kg/min 1.74 141-2.14 <0.001 1.33 0.95-1.86 0.099
Male REF REF
Female 0.99 0.92-1.06 0.70 1.34 1.17-153 <0.001
Age at diabetes onset <15 yrs REF
15<Age<20yrs 227 1.63-3.15 <0.001 3.88 2.79-540 <0.001
20<Age<25yrs 3.62 2.62-5.00 <0.001 4.09 2.95-5.66 <0.001
25<Age<30yrs 391 2.82-542 <0.001 3.04 2.15-4.29 <0.001
30 <Age<40yrs 3.62 2.59-5.05 <0.001 349 244-5.01 <0.001
Physical activity, daily REF REF
Physical activity, 3-5 times/week 1.03 093-1.13 0.59 0.78 0.64-0.94 0.009
Physical activity, 1-2 times/week 1.01 0.91-1.11 0.88 1.04 0.86-1.25 0.70
Physical activity, < 1 times/week 1.10 0.98-1.23 0.091 1.1 0.90-1.37 0.34
Physical activity, never 1.01 0.88-1.15 0.93 137 1.08-1.72 0.008
Non-smoker REF REF
Smoker 1.31 1.19-1.44 <0.001 1.24 1.04-1.48 0.014
Insulin method, injection REF REF
Insulin method, pump 0.98 091-1.06 0.66 0.96 0.82-1.12 0.61
LDL<2.6, mmol/L REF REF
2.6 <LDL<4.1, mmol/L 1.09 1.00-1.18 0.062 1.21 1.02-1.44 0.027
4.1 <LDL, mmol/L 1.14 0.96-1.36 0.14 136 1.01-1.83 0.045
HDL < 1.1, mmol/L REF REF
1.1 <HDL, mmol/L 0.94 0.85-1.04 0.21 0.89 0.74-1.07 0.23
Cholesterol <4.5, mmol/L REF REF
Cholesterol > 4.5, mmol/L 092 0.84-1.00 063 097 0.81-1.16 0.74
Triglyceride < 1.7, mmol/L REF REF
1.7 <Triglyceride, mmol/L 1.21 1.10-1.34 <0.001 143 1.21-1.69 <0.001
ASA, no REF REF
ASA, yes 1.33 0.99-1.79 0.056 1.71 1.12-2.60 0.012
Antihypertensive, no REF REF
Antihypertensive therapy, yes 0.85 0.72-1.00 0.052 3.96 3.15-4.98 <0.001
Lipid lowering drug, no REF REF
Lipid lowering drug, yes 1.13 0.99-1.30 0.078 1.02 0.79-1.32 0.87
90 <eGFR, mL/min REF REF
60 <eGFR <90, ml/min 0.85 0.75-0.97 0.013 1.02 0.78-1.33 0.88
45 <eGFR< 60, ml/min 0.86 0.38-1.94 0.72 6.66 3.07-14.42 <0.001
30<eGFR <45, ml/min 0.73 0.23-2.32 0.60 9.26 2.92-29.33 <0.001
eGFR <30, mL/min 0.79 0.11-5.67 0.82 561 1.72-18.30 0.004

All covariates are time-varying, but sex. Continuous variables are presented as medians and interquartile range and categorical variables as proportions

ASA acetylsalicylic acid, BMI body mass index, eGDR estimated glucose disposal rate, eGFR estimated glomerular filtration rate, HbA1c glycated haemoglobin 1¢, HDL
cholesterol high-density lipoprotein cholesterol, LDL cholesterol low-density lipoprotein cholesterol. Yrs years

proportions. Crude and adjusted hazard ratios (HRs) and
confidence intervals (Cls) were estimated using univari-
able and multivariable Cox regression models with time
until endpoints, that is retinopathy or kidney disease, as

response variables and time-varying covariates as expo-
sure variables, that is eGDR, and potential confound-
ers. Exposure to risk of retinopathy and kidney disease
starts at diabetes onset, but follow-up starts at first eGDR
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observation. This means that data are left-truncated as
well as right-censored handled accordingly.

Instead, age at diabetes onset was included as a covari-
ate. All covariates which were adjusted for in the final
model were time-varying, but sex. The time-varying vari-
ables, i.e. numbers and timespan per patient are shown
in Table S2 (Additional file 1), and were calculated as fol-
lows: at each retinopathy or nephropathy examination,
numerical variables were calculated as the mean of each
registered value since the last examination or start of
the study period. If no values were available during this
interval, the value from the previous interval was used.
For categorical variables, the mode was used rather than
the mean. When no observations of a covariate had been
made, the value at the previous examination was used.
We did not replace missing values by multiple imputation
but chose to exclude patients with missing values.

In the calculation of eGDR, the most recent value for
each variable in the formula was used with no time limit.
This means that eGDR could be based on variables that
were collected at different time points. This was done
to increase the number of non-missing eGDR values.
As new values were registered, eGDR was continually
updated mean, thereby making it possible for individuals
to change category over time to reflect the varying insu-
lin resistance.

Since retinopathy and kidney disease most often is
symptom-free, these conditions can only be discovered
at an examination. This means that the outcome is inter-
val censored; that is, the exact time point of the outcome
can occur anywhere between a negative and a positive
examination. It was assumed that a milder complication
precedes a serious complication even if not registered.
Cox regression for interval censored time-to-event is not
well defined so we used the following algorithm. First, we
simulated 1000 data sets where the survival times were
uniformly sampled between the time point of the last
negative examination and the time point of the first posi-
tive examination. Then, Cox regressions were carried out
on all data sets and coefficients and standard errors were
summarized to account for both estimation error in each
model and censoring error between models [28].

Estimated cumulative risks of retinopathy and kid-
ney disease, respectively, stratified over eGDR catego-
ries were calculated using the Kaplan—Meier estimator
adjusted for left truncated and interval censored observa-
tions [29]. Pointwise 95% confidence intervals were cal-
culated based on estimated variances using Greenwood’s
formula [30].

Survival curves are calculated from the simulated data
sets and time-varying covariates to reflect the assump-
tions behind the Cox regressions [31]. Smooth ridge
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regression was used for the interaction to stabilize results
for combinations with few observations.

The relative predictive performance for each variable in
the eGDR formula was evaluated using Heller R? for the
explained risk in the proportional hazards model [32].

Results

Study population and patient characteristics

Baseline characteristics of the study participants in the
retinopathy and nephropathy cohorts, respectively, are
shown in Table 1, and after stratification into differ-
ent eGDR categories in Table S3 (Additional file 1). The
median age at index date in both cohorts was 21 years.
58% were males in the retinopathy cohort and 57% in the
kidney disease cohort. Debut age of T1D was 16 years and
15 years, in the retinopathy and kidney disease cohorts,
respectively. The median duration of diabetes before
entering the study was 6 years and 7 years, respectively.
The median eGDR was 9 mg/kg/min in both cohorts and
in both cohorts the distribution of individuals in the dif-
ferent eGDR categories was very similar with a majority
(around 74%) in the reference category eGDR > 8 mg/kg/
min. In both cohorts median HbA1lc was approximately
60 mmol/mol, and median BMI was 23 kg/m?% 26% of
individuals were overweight (BMI >25 kg/m?) and 9%
were obese (BMI > 30 kg/m?), both cohorts. Finally, 5% of
individuals had hypertension. All covariates, multivari-
able adjusted for in the final model, are shown in Table 2.

eGDR and retinopathy

The estimated retinopathy crude cumulative risk curves
illustrating the accumulated risk for retinopathy are
shown in Fig. 1A. Median follow up time for the retin-
opathy cohort was 4.8 (IQR 2.6-7.7) years. The event
rate of any retinopathy in each eGDR categories, and
the relative risks (HRs) between eGDR and retinopathy
are shown in Table 3. After adjustment for age and sex,
and all covariates in Table 1, lower eGDR was associ-
ated with an increased risk of retinopathy (Table 3). The
presence of kidney disease was not significant (P=0.21)
when included as a covariate, indicating no competing
risk between retinopathy and kidney disease (Additional
file 1: Table S4).

Comparison of different degrees of retinopathy in relation
to eGDR

We further assigned individuals to different degrees of
retinopathy to compare the risk for severe retinopathy
with milder degrees: PPDR/PRD/laser photocoagulation
vs. non/simplex retinopathy and PRD/laser photocoagu-
lation vs. non/simplex retinopathy/PPDR, respectively,
into the same eGDR categories (Table 3).
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Fig. 1 Estimated crude cumulative risk curves illustrated the
accumulated estimated risk of retinopathy (A) and kidney disease (B)
based on these observed time intervals in young people with type

1 diabetes (eGDR = estimated glucose disposal rate). The shaded are
represents the 95% confidence interval of the estimated crude curves

Number of events and event rates was much less
for severe retinopathy compared with mild retinopa-
thy. Crude and adjusted for sex and age relative risk for
PPDR/PRD/laser photocoagulation vs. non/simplex
retinopathy increased in all eGDR categories below 8 mg/
kg/min (Table 3). After multivariable adjustments the rel-
ative risks, HR (95% CI) for severe retinopathy, i.e. PPDR/
PRD/laser photocoagulation vs. non/simplex retinopathy
were significantly increased in the eGDR categories 8-6,
6-4, but not in the lowest eGDR group, compared with
the reference category (Table 3). Corresponding relative
risks after multivariable adjustments between higher
degrees of retinopathy, i.e. PRD/laser photocoagulation
vs. non/simplex retinopathy/PPDR PRD/laser were not
statistical different compared to the reference category
(Table 3).

eGDR and kidney disease

The estimated crude survival curves illustrating the accu-
mulated risk for kidney disease, i.e. microalbuminuria,
or macroalbuminuria are shown in Fig. 1B. Median fol-
low up time for the kidney disease cohort was 5.4 (IQR
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2.9-8.7) years. The event rate of kidney disease in each
eGDR categories, and the relative risks between eGDR
and kidney disease are shown in Table 3.

After adjustment for age and sex, and all covariates in
Table 1, lower eGDR was associated with an increased
risk of kidney disease (Table 3). The adjusted HRs (95%
CI) for kidney disease was associated with lower eGDR,
however not apply to the lowest category, compared to
the reference category (Table 3). The presence of retin-
opathy was not significant (P=0.14) when included as a
covariate, indicating no competing risk between kidney
disease and retinopathy (Additional file 1: Table S4).

Comparison of different degrees of kidney disease

in relation to the eGDR categories

We further assigned individuals to different degrees
of kidney disease, i.e. comparison of microalbuminu-
ria and macroalbuminuria vs. non-albuminuria respec-
tively. Number of events and event rates was much less
for macroalbuminuria compared with microalbuminu-
ria (Table 3). Crude and adjusted for sex and age rela-
tive risk for microalbuminuria and macroalbuminuria,
respectively, were increased in all eGDR categories below
8 mg/kg/min (Table 3). After multivariable adjustments
the relative risk, HR (95% CI), for microalbuminuria was
significantly increased in the eGDR categories 8-6 and
6-4, without reaching statistical significance in the low-
est eGDR category, compared to the reference category
of eGDR (Table 3). Corresponding relative risks after
multivariable adjustments for macroalbuminuria, did not
reach any statistical difference between eGDR categories,
compared to the reference category of eGDR (Table 3).

eGDR estimated with ISO-BMI, or BMI, respectively

The reason for using ISO-BM], instead of BMI, is that
this formula “correct” BMI, especially for the youngest
children [26]. Since the eGDR formula has not been vali-
dated for the use of ISO-BMI, we further investigated our
outcome of interest only by BMI. The results for retin-
opathy did not change much, whereas association for
kidney disease somewhat increased for the lowest eGDR.
However, there were no large changes between analysis
(Additional file 1: Table S5).

Explained variance of the variables for retinopathy

and kidney disease in the eGDR formula

The estimated explained relative risk (R*£SD) for
each variable in the eGDR formula for the risk of retin-
opathy was highest for HbAlc (0.024240.0049), fol-
lowed by BMI (0.0012+0.0011), and hypertension
(0.0006+0.0010). Corresponding explained relative
risk for kidney disease was for HbAlc (0.0389+0.0103)
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Table 3 Number of events, event rate and relative risks for any retinopathy, i.e. mild to severe retinopathy, and kidney disease, i.e.
microalbuminuria or macroalbuminuria, in children and adults with type 1 diabetes

Exposure mg/kg/min Events n (%) Event rate 100 person- Crude HR HR adjusted for sexand  HR adjusted
yrs age
Retinopathy
eGDR>8 5040 (24.7) 1(3.99-4.22) REF REF REF
6<eGDR<8 1909 (48.1) 747 (7.13-7.80) 1.61(1.53-1.70) <0.001 147 (1.40-1.55) <0.001 1.29 (1.20-1.40) <0.001
4<eGDR<6 504 (52.3) 8.85 (8.08-9.62) 1.91 (1.74-2.09) < 0.001 1.57 (1.43-1.72) <0.001 1.50 (1.31-1.71) <0.001
eGDR<4 179 (57.6) 9.63 (8.22-11.05) 2.28 (1.96-2.66) <0.001 1.73 (1.49-2.02) <0.001 1.74 (1.41-2.14) <0.001
PPDR/PDR/Laser photocoagulation vs. non/simplex
eGDR>8 233 (1.1) 0.17 (0.15-0.19) REF REF REF
6<eGDR<8 181 (4.6) 0.57 (0.49-0.66) 256 (2.10-3.11) <0.001 2.33(1.92-2.84) <0.001 71 (1.32-2.22) <0.001
4<eGDR<6 52 (5.5) 0.73(0.53-0.92) 3.06 (2.26-4.14) <0.001 2.52(1.86-3.42) <0.001 1.53(1.00-2.34) 0.051
eGDR<4 23(74) 1.05 (0.62-1.48) 4.58 (2.98-7.05) <0.001 345 (2.24-5.32) <0.001 1.66 (0.90-3.07) 0.11
PDR/Laser photocoagulation vs. non/simplex/PPDR
eGDR>8 82(04) 0.06 (0.05-0.07) REF REF REF
6<eGDR<8 60 (1.5) 0.19(0.14-0.24) 245 (1.75-3.44) <0.001 2.19(1.56-3.07) <0.001 1.45(0.93-2.25)0.10
4<eGDR<6 21(2.2) 0.29 (0.17-0.41) 3.50 (2.16-5.68) <0.001 2.82(1.74-4.58) <0.001 1.13(0.56-2.25) 0.73
eGDR<4 11 (3.5) 049 (0.20-0.79) 6.06 (3.21-11.46) <0.001 445 (2.35-843) <0.001 0.91 (0.34-2.40) 0.85
Kidney disease
eGDR>8 1321 (6.5) 0.92 (0.87-0.97) REF REF REF
6<eGDR<8 526 (13.3) 3(1.40-1.66) 1.64 (1.48-1.82) <0.001 1.53(1.38-1.69) <0.001 1.30(1.11-1.52) 0.001
4<eGDR<6 255 (26.8) 3. 20( 359) 345 (3.01-3.94) <0.001 3.07 (2.68-3.52) <0.001 1.58 (1.25-1.99) <0.001
eGDR<4 145 (46.6) 5.72 (4.79-6.65) 6.19 (5.21-7.36) <0.001 5.21(4.36-6.21) <0.001 1.33 (0.95-1.86) 0.097
Microalbuminuria vs. non-albuminuria
eGDR>8 1251 (6.1) 0.88 (0.83-0.93) REF REF REF
6<eGDR<8 489 (12.3) 145 (1.32-1.58) 1.62 (1.46-1.80) <0.001 1.52(1.37-1.69) <0.001 1.34 (1.15-1.58) <0.001
4<eGDR<6 227 (23.8) 2.90 (2.52-3.28) 3.25(2.82-3.75) <0.001 2.94 (2.55-3.40) <0.001 1.57 (1.23-1.99) <0.001
eGDR<4 129 (41.5) 5.39 (446-6.32) 6.08 (5.07-7.30) <0.001 5.28 (4.38-6.36) <0.001 1.39 (0.99-1.95) 0.060
Macroalbuminuria vs. non-albuminuria
eGDR>8 129 (0.6) 0.09 (0.07-0.10) REF REF REF
6<eGDR<8 84 (2.1) 0.23(0.18-0.28) 259 (1.96-3.41) <0.001 4(1.63-2.83) <0.001 1.34(0.91-1.95)0.13
4<eGDR<6 69 (7.3) 0.78 (0.60-0.96) 853 (6.35-11.45) <0.001 6.21 (4.62-8.36) <0.001 1.61(0.97-2.70) 0.068
eGDR<4 39(12.5) 1.34(0.92-1.76) 14.57 (10.16-20.89) <0.001 9.15 (6.34-13.21) <0.001 1.00 (0.48-2.06) 1.00

eGDR estimated glucose disposal rate, PDR proliferative diabetic retinopathy, PPDR preproliferative diabetic retinopathy

followed by BMI (0.0163+0.0064), and hypertension
(0.0067 £ 0.0059).

Discussion

This nationwide, observational study shows that eGDR,
a proxy for insulin resistance, associates with the risk of
retinopathy and kidney disease in young individuals with
T1D. The risk of retinopathy increased with lower eGDR.
Risks of kidney disease also increased with lower eGDR,
however not for the lowest eGDR category (<4 mg/kg/
min).eGDR has been proven a tool for the measurement
of insulin resistance in people with T1D [11] and has
emerged as a predictor of cardiovascular complications
and mortality [16, 20]. Since microvascular complica-
tions often proceed cardiovascular complications [1], it is

important to curb the progress of microvascular compli-
cations at an early stage to prevent further organ dam-
age and macrovascular complications [33]. Poor glycemic
control and hypertension are both well-established risk
factors for the development of retinopathy and kidney
disease. In the present study, eGDR, as a proxy for insu-
lin resistance, was associated with significantly increased
relative risks of retinopathy of different severity and mac-
roalbuminuria in the crude model. However, in the fully
adjusted model, the relative risks were no longer statis-
tically significantly increased. This was most likely due
to the low number of events of the more severe forms
of retinopathy (n=174 for PDR and laser photocoagu-
lation) as retinopathy develops over time [34], and that
our study population was young. For microalbuminuria
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there was a significantly increased risk with lower eGDR
level, except for the lowest eGDR category. Again, this
was most likely due to the low number of events in this
category.eGDR is calculated from a few clinical meas-
ures, which can all individually contribute to our results.
In the present study, about a quarter of study partici-
pants were overweight (BMI >25 kg/m?) and 9% were
obese (BMI >30 kg/m?) according to the World Health
Organization’s definition. The prevalence of obesity in
childhood T1D populations is increasing. In the Nor-
dic countries the obesity rate was 18.5% in children with
T1D under 15 years of age during the period 2008-2012,
which was higher than for the Swedish reference popula-
tion [35]. Risk factors for obesity in this group are longer
diabetes duration, higher insulin dose, pump treatment,
experiencing frequent severe hypoglycemia, and low
HbAlc [35]. We adjusted for several of these covariates
in the final model, demonstrating that eGDR might be an
important risk factor for microvascular complications in
young people with T1D [35, 36].

The impact of obesity and microvascular burden in
patients with T1D is not fully established [5]. The preva-
lence of obesity, i.e. BMI > 30 kg/m? in the population
in the DCCT/EDIC study increased from 1 to 31% over
the course of 12 years [5]. One possible explanation
could be that intensive glycemic control can be associ-
ated with weight gain [7, 8, 37]. Another cause might be
that obesity is increasing in people with T1D [36, 38], as
in the general population. People with T1D and excessive
weight gain also have changes in lipid levels and blood
pressure similar to those changes seen in insulin resist-
ance syndrome, and a greater central fat distribution [37].
This may contribute to the risk of retinopathy and kidney
disease [39]. However, after adjustment for blood lipids
there was still an increased risk in people with low eGDR,
which was also recently observed by others [23].

Hypertension, often coexist with insulin resistance,
is a well-known risk factor for micro- and macrovascu-
lar complications [5]. In the current cohort study, the
median age was low (21 years) and only 5% had a diagno-
sis of hypertension and 3% used antihypertensive drugs.
The prevalence of hypertension in our study is in line
with a previous study on children and adolescents with
T1D reporting a rate of hypertension of 5.9% [28]. In the
Coronary Artery Calcification (CACTI) study, the preva-
lence of antihypertensive drugs among individuals with
T1D (median age 45 years) was 43% versus 15% in age
and sex-matched controls [40]. In the FinnDiane cohort
40% of individuals with T1D were on antihypertensive
medication versus 14% of controls [41]. This highlights
that the prevalence of hypertension increases with age,
also in a population of individuals with T1D even though
hypertension might be diagnosed at an earlier age. The
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low rate of hypertension in our study is probably one of
the explanations why most of the study participants had
a high eGDR mean 9 mg/kg/min (low insulin resistance).
However, in spite of low numbers of hypertension, we
found a linear association between eGDR and retinopa-
thy and kidney disease, suggesting eGDR as an important
early marker for insulin resistance associated with micro-
vascular complications. In a recent study from our group
we demonstrated that early signs of atherosclerosis was
associated with increased insulin resistance (measured by
clamp technique) in young T1D people without hyper-
tension [42], supporting that risk assessment in people
with T1D might include eGDR [16].

Hyperglycemia is a well-known risk factor for both
macrovascular and microvascular complications [2, 3].
Hypertension is a well-established risk factor for micro-
vascular complications [43], and treatment of blood pres-
sure decrease the disease progression. There are also
data from large cohorts showing that abdominal obesity
increases the risk of kidney disease [44, 45]. These three
factors are the basis of the eGDR formula and cannot
be adjusted for in our model. By using Hellers formula
to assess the individual contribution of each variable in
the model we simply observed that HbAlc was strong-
est associated with both retinopathy and kidney disease.
It was also recently observed in a cohort of people with
T1D, with different age compared to the present cohort
study, that eGDR was strongly associated with both
microvascular and macrovascular complications, regard-
less of HbA1lc levels [23]. In a recent large cohort study of
adult people with T1D, our group show that there was a
strong association between eGDR and preterm all-cause
mortality [16]. Individuals with eGDR >8 mg/kg/min had
the same expected survival as an age- and sex-matched
control group, although HbAlc was 61 mmol/mol [16].
This finding suggests that increased HbAlc is not the sole
predictor of micro-, and macrovascular complications
and mortality in patients with T1D.

The main strength of this study is the large nationwide
population of individuals with T1D with a long follow up.
The results show an association between eGDR and risk
of retinopathy and kidney disease. We were able to adjust
for several important confounders. However, there are
limitations to this study. The eGDR formula, including
hypertension, has not entirely been validated in youth [46].
Different formula of eGDR may work well as a proxy for
insulin resistance [12], but is has also been demonstrated
a poor correlation [12—14] between the original eGDR
formula by Williams et al. [11], as was used in our study.
Although, the eGDR has been shown to be a good marker
of increased risk for different outcomes in many cohorts
[15-17, 23], we cannot be sure that it really reflects insu-
lin resistance. Despite a long time span there were few
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individuals with retinopathy, or kidney disease in the low-
est eGDR groups during childhood. It was therefore not
possible to obtain reliable results in sub-cohort analysis
between children and adults. A large number of individu-
als were excluded (61% in retinopathy cohort and 55% in
kidney disease cohort) and we cannot rule out that their
prognosis differed from that of the individuals in the study
cohort. Most of the excluded individuals had no regis-
tration of examination of retinopathy or kidney disease,
probably due to new onset of T1D. However, based on the
characteristics and risk factors of our excluded cohort it
is unlikely that rates of undiagnosed retinopathy and kid-
ney disease were high. Furthermore, there is an inability to
adjust for HbAlc as a confounder since it is a part of the
eGDR formula, although this formula is created as a proxy
for insulin resistance in people with T1D [11]. By using
Hellers attributable fraction we demonstrated how much
the different components of the eGDR formula contrib-
ute to our result, in which HbA1lc was the strongest factor
in our cohort. Despite this, eGDR, except for the highest
HbA1c levels, was associated with retinopathy and kidney
disease regardless of HbAlc. Also, there are potential, as
in any observational study, known residual confounding
factors, i.e. insulin dosing and frequency of hypoglycemia,
and unknown residual confounding factors that could have
affected our results.

In conclusion, the current cohort study shows that young
people with T1D with low eGDR have higher risk of devel-
oping both retinopathy and kidney disease, which indicates
that insulin resistance increases the risk of these complica-
tions. Since microvascular complications are predictors for
cardiovascular disease, and earlier observation demonstrates
the association between eGDR and cardiovascular death
and mortality, in individuals with T1D, further studies are
much needed to explore insulin resistance as a risk factor
for micro-, and macrovascular complications in people with
T1D.
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