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ABSTRACT
Objectives: Diabetic kidney disease (DKD) is an independent predictor of cardiovascular morbid-
ity and mortality in type 1 diabetes (T1D). We aimed to explore clinical and biochemical factors,
including the achievement of American Diabetes Association (ADA) recommended targets associ-
ated with DKD in people living with T1D for �50 years.
Methods: This was a post hoc analysis of a cross-sectional study of 75 participants enrolled in
the Canadian Study of Longevity in T1D. We explored diabetes-related complications, including
neuropathy, retinopathy, cardiovascular disease, and DKD. Study participants were dichotomized
based on the achievement of ADA recommended targets as the low-target group (achieving �4
targets, n¼ 31) and high-target group (achieving >4 targets, n¼ 44). The outcome of interest
was DKD defined by estimated glomerular filtration rate (eGFR) values <60/mL/min/1.73 m2

and/or 24-h albumin excretion >30mg. Multivariable logistic regression models were employed
to estimate odds ratios (ORs) for DKD with 95% confidence intervals (CIs).
Results: Of the 75 participants with prolonged T1D duration (45% male, mean age 66 years), 25
participants had DKD and 50 did not. There was no statistical difference between the high- and
low-target groups in terms of age and body mass index. eGFR was significantly higher and the
prevalence of diabetic retinopathy was significantly lower in the high-target group. Older age at
diagnosis of T1D and lower frequency component to high-frequency component ratio increased
the odds of having DKD.
Conclusions: In adults with prolonged T1D duration, older age at diagnosis and lower heart rate
variability may be associated with DKD.
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Introduction

Despite modern advances in replacing (human insulin
analogues) and delivering insulin (continuous subcuta-
neous insulin infusion, hybrid-loop systems, artificial
pancreas) and monitoring glycemic control (self-moni-
toring of blood glucose, continuous glucose monitor-
ing), mortality remains high in people with type 1
diabetes (T1D) [1–3]. Furthermore, microvascular and

macrovascular complications are increasingly common
after prolonged T1D disease duration, though some
people, for reasons that are not clear, are resistant to
the development of such chronic complications [4–6].

Optimal metabolic control is critical for avoiding
short and long-term complications in the setting of
T1D, including maintenance of normoglycemia with
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basal and prandial insulin management. For example, in
the Diabetes Control and Complications Trial, intensive
glycemic control was associated with a reduction in the
risk of developing diabetic kidney disease (DKD), which
is detected through routine monitoring of albumin
excretion and estimated glomerular filtration rate
(eGFR) annually [7–9]. Observational studies also sup-
port the link between glycemic control and microvascu-
lar complications, including DKD in T1D [10–13].
Unfortunately, DKD remains common in the setting of
T1D, and increases the risk of cardiovascular disease
(CVD) and end stage kidney disease [14–16]. As a con-
sequence, approximately 30% of patients with T1D
exhibit clinical evidence of DKD [17–19], reflected by
low glomerular filtration rate or proteinuria [20].

Overall, both non-modifiable (i.e., age, sex, age of
onset and genetic predisposition) and modifiable risk
factors (e.g., optimization of renin–angiotensin aldoster-
one system (RAAS) inhibition and subsequent achieve-
ment of glycemic and blood pressure targets) contribute
to the initiation and progression of kidney complications
in diabetes [21,22]. We aimed to explore which clinical
and biochemical factors, including the achievement of
ADA recommended targets associated with DKD in
people living with T1D for �50 years. We also examined
the relationship between the achievement of ADA tar-
gets and diabetic complications.

Methods

Study population and data collection

This was a cross-sectional study of 75 people enrolled in
the second phase of the Canadian Study of Longevity in
T1D. Participants with T1D were recruited among the
300 participants who took part in the mail-based survey
based on geographical proximity to Toronto General
Hospital and willingness to participate [23–25].

Inclusion criteria for the participants included: (1)
duration of �50 years of T1D and (2) ability to under-
stand and cooperate with study procedures. Those with
any current eye infection, corneal damage, severe
movement disorder, or proparacaine allergy that would
preclude safe in vivo corneal confocal microscopy exam-
ination were excluded. The study participants were
recruited consecutively. All participants provided writ-
ten informed consent, and the study and its procedures
were approved by the institutional ethics boards at the
University Health Network and Mount Sinai Hospital
in Toronto.

Patient’s demographics (age, sex, age at diagnosis)
and clinical characteristics were extracted from the
Longevity dataset. Clinical characteristics included body

mass index (BMI), blood pressure parameters (systolic
and diastolic blood pressure (SBP and DBP, respect-
ively)) and laboratory values (hemoglobin A1C (A1C),
low-density lipoprotein (LDL), high-density lipoprotein
(HDL), triglyceride levels, albumin to creatinine ratio
(ACR)). Blood pressure was measured in duplicate with
an automated sphygmomanometer (53000 Vital Signs
Monitor; Welch-Allyn Inc., Skaneateles Falls, NY) while
blood was drawn for analysis. The average of two val-
ues was used to assess SBP and DBP at each time point.

Definition of complications

The diabetes-related chronic complications evaluated in
the Longevity study included neuropathy, retinopathy,
macrovascular disease, and DKD. The presence of dia-
betic peripheral polyneuropathy was established using
consensus criteria which consisted of abnormal nerve
conduction studies (nerve conduction velocity (NCV) and
amplitude potentials) in the sural and peroneal nerves
(representing sensory and motor innervation, respect-
ively), corroborated by the presence of clinical signs and/
or symptoms using the Toronto Clinical Neuropathy
Score (TCNS) grading system [26,27]. The TCNS grading
system is validated for peripheral sensorimotor polyneur-
opathy and examines superficial and deep sensation
[26]. The severity of neuropathy is graded based on the
total score from the scale as mild (TCNS 5–8), moderate
(TCNS 9–11), or severe (TCNS �12) [26].

We measured NCVs and amplitude potentials (NCA)
for the sural sensory and peroneal motor nerves using a
needle electromyography. Subsequently, we recorded
following nerve function parameters: sural nerve ampli-
tude potential (SNAP), sural nerve conduction velocities
(SNCVs), peroneal nerve amplitude potential (PNAP),
and peroneal nerve conduction velocities (PNCVs).

We examined cardiac autonomic function with fre-
quency-domain and time-domain analyses of heart rate
variability (HRV) which is measured by the variation in
consecutive heart beats from two short-term values
(two 10-min measurements of the electrocardiography).
High variation implies high parasympathetic tone and
adequate adaptation to micro-environmental changes
while low variation implies low parasympathetic tone.
First, we calculated time domain parameters using the
root mean square of successive heartbeat interval
differences (RMSSDs, parasympathetic) and the standard
deviation of normal-to-normal intervals (SDNN, sympa-
thetic). The spectral component of HRV analysis employs
frequency-domain parameters – the lower frequency
component (LF, sympathetic and parasympathetic) and
high-frequency component (HF, parasympathetic) – and
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is a measure of sympathovagal tone [28]. LF and HF
were measured as relative power of the low- and high
frequency bands in normal units [29]. The methods
used for these measurements were previously described
elsewhere [30].

Retinal imaging was performed at the Toronto
Western Hospital in the Donald K. Johnson Eye
Centre. The presence of retinopathy was defined on
the basis of imaging results for the presence of pro-
liferative or non-proliferative morphological changes
and Early Treatment of Diabetic Retinopathy Study
classification. Severity of retinopathy was graded by
retinal photographs using Optos 200Tx Ultra-wide-
field digital retinal imaging (Optos, Dunfermline, UK)
and measurement of macular thickness and presence
or absence of diabetic macular edema was per-
formed using optical coherence tomography (CIRRUS
HD-OCT; Zeiss, Oberkochen, Germany).

Cardiovascular disease was defined from self-report
including history of angina, myocardial infarction, car-
diac bypass, or angioplasty surgery. Peripheral vascular
disease (PVD) was ascertained separately from CVD and
was defined as a history of bypass/angioplasty for per-
ipheral arteries.

ADA recommended targets

Risk-factor scores based on American Diabetes
Association (ADA) recommended targets were estab-
lished as follows: A1c <7%, SBP <140mmHg, DBP
<90mmHg, LDL �1.80mmol/L (70mg/L), HDL
>1mmol/L in males (40mg/dL) and >1.3mmol/L
(50mg/dL) in females, and triglyceride �1.7mmol/L
(150mg/dL). Study participants were dichotomized
according to the achievement of ADA recommended
targets as the low-target group (achieving �4 targets,
n¼ 28) and high-target group (achieving >4 tar-
gets, n¼ 47).

Outcome variable

Participants with T1D were categorized as DKD resistor
if they had eGFRMDRD �60mL/min/1.73 m2 and 24-h
urine albumin excretion <30mg/day at their screening
visit; otherwise, they were assigned to the DKD group.

Statistics and analysis plan

We used mean (standard deviation, SD) for normally
distributed and median (inter-quartile range; IQR) for
non-normally distributed data to describe the between-
group differences. Furthermore, frequencies (numbers)

and proportions were used for categorical variables to
explore group differences. Logistic regression, including
univariable, multivariable, and reduced models, was
performed to test the hypothesis. We employed the
Wald statistic for tests of significance of individual coef-
ficients. Odds ratios (ORs) with 95% confidence intervals
(CIs) were obtained. In the multivariable models, we
included covariates that met a univariable criteria of
alpha of 0.20. The reduced multivariable model used a
backward variable selection approach. Two-sided tests
were employed with a significance level of .05 in our
models. Analyses were performed in SAS (version 9.4,
SAS Institute, Cary, NC).

Results

We included 75 patients with T1D (34 males, 41
females; 65.8 years ± 8 years) with prolonged duration
(>50 years) in this cross-sectional study (Table 1).
Among these, 25 patients had DKD and 50 did not.
A total of 44 patients (58%) were included in the
low-target group (10 males, 21 females; 66.5 years,
±8.2 years), while 31 patients (41%) in the high-target
group (24 males, 20 females; 65.3 years, ±7.5 years).
There were no differences in mean age (65 ± 7 vs.
67 ± 8 years, p¼ .30) between the groups. The propor-
tion of males was significantly higher in the low-tar-
get group (55% vs. 32% men, p¼ .05). There was no
significant difference in 24-h urine albumin excretion
levels between the groups (36 ± 110 vs. 88 ± 230mg/
24 h, p¼ .18) while urine ACR at random urine sam-
ples was significantly lower (3.46 ± 8 vs. 9.5 ± 18,
p¼ .05) and eGFR was significantly higher in the high-
target group (76 ± 17 vs. 65 ± 15mL/min/1.73 m2,
p¼ .007) (Table 1).

A total of 65 individuals met the criteria for neur-
opathy diagnosis, while 63 individuals had prolifera-
tive or non-proliferative diabetic retinopathy in this
study cohort. Fifteen participants reported no prior
diagnosis or knowledge of CVD. The prevalence of
retinopathy was significantly lower in the high-target
group. Nevertheless, other diabetes-related compli-
cations were not different between the groups
(Table 1).

Group means for measures of neuropathy (PNAP,
PNCV, and SNCV) did not significantly vary in the low
and high target groups; however, SNAP was signifi-
cantly higher in the high-target group (3.53 ± 3.22 vs.
2.03 ± 2lV, p¼ .03). Time and frequency domain analy-
ses of HRV did not differ between the groups (Table 1).
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The results of the multivariable logistic regression
analyses for variables that were associated with DKD
are described in Table 2. In our study population, older
age at diagnosis was associated with DKD (OR ¼ 1.08,
95% CI: 1.05–1.19). There was also a significant associ-
ation between increased risk of having DKD and LF/HF
ratio (OR ¼ 0.67, 95% CI: 0.47–0.95). As a result, lower
LF/HF ratio was related to the likelihood of having DKD
even after adjusting for age at diagnosis of T1D
(Table 2).

Discussion

In this analysis, we studied 75 adults with T1D, which
we categorized into a high and low target groups.
The differences in the groups included: (1) sex distri-
bution was different between the groups with male
dominance in the high-target group; (2) eGFR was
higher in the high target group although the preva-
lence of DKD was not different between the groups;
(3) the prevalence of diabetic retinopathy was lower
in the high-target group; (4) there were significant

Table 1. Characteristics of the study participants, according to achievement of guideline recommended targets.

Variables All patients
High-target group >4 targets

met (n¼ 44)
Low-target group �4 targets

met (n¼ 31) p Value

Patient’s demographics and clinical variables
Age (years); mean (SD) 65.8 ± 8 65.3 ± 7.5 66.5 ± 8.2 .49
Male sex; n (%) 34 (45%) 24 (55%) 10 (32%) .05
Duration of type 1 diabetes

(years); median and
interquartile range

54.6 [52,58] 54.0 [51.0,58.0] 54.5 [52.5,58.5] .26

Age at diagnosis; median
and interquartile range

10 [6,17] 10.0 [6.0,16.0] 10.5 [6.0,17.5] .68

Weight (kg); mean (SD) 72.6 ± 12.1 71.72 ± 12.69 74.10 ± 11.16 .42
BMI; kg/m2; mean (SD) 26.6 ± 3.8 26.2 ± 4.0 27.4 ± 3.5 .14
SBP (mmHg); mean (SD) 131.5 ± 15.9 127 ± 10 137 ± 19 <.001
DBP (mmHg); mean (SD) 67.57 ± 5.02 67.27 ± 5.15 67.88 ± 4.85 .31
Heart rate (bpm);

mean (SD)
66.2 ± 10.19 66.87 ± 10.54 65.16 ± 9.71 .41

Total daily insulin (units);
mean (SD)

35.6 ± 13.2 36 ± 10.75 35 ± 15.96 .79

TCNS total score; median and
interquartile range

6.0 [4.0,10.0] 7 (4,10) 5.5 (3.5,10.5) .66

Biochemical characteristics
A1C, n (%) 7.35 ± 0.83 7.13 ± 0.82 7.71 ± 0.74 .003
LDL (mmol/L); mean (SD) 1.86 ± 0.54 1.69 ± 0.5 2 ± 0.5 .001
HDL (mmol/L); mean (SD) 1.65 ± 0.45 1.68 ± 0.42 1.61 ± 0.49 .37
eGFRMDRD (mL/min/

1.73 m2); mean (SD)
72.25 ± 17.23 76 ± 17 65 ± 15 .007

ACR (spot); mean (SD) 5.94 ± 1.55 3.46 ± 8 9.5 ± 18 .05
Albumin excretion (mg/

24 h); mean (SD)
58 ± 19 36 ± 110 88 ± 230 .18

Complications
DKD present; n (%) 25 (33%) 12 (27%) 13 (40%) .18
Neuropathy present; n (%) 65 (89%) 39 (88%) 26 (84%) .89
Retinopathy present (PDR

and non-PDR); n (%)
63 (84%) 34 (77%) 29 (93%) .05

PDR present; n (%) 39 (52%) 19 (44%) 20 (64%) .17
Cardiovascular disease

present; n (%)
15 (20%) 7 (15%) 8 (25%) .29

Nerve conduction studies and markers for heart rate variability
SNCV (lV), mean (SD) 36 ± 6.2 37 ± 6.3 34 ± 5.8 .10
SNAP (lV), mean (SD) 2.93 ± 2.91 3.53 ± 3.22 2.03 ± 2 .03
PNAP (lV), mean (SD) 1.08 ± 1.49 1.97 ± 1.35 1.57 ± 1.66 .39
PNCV (lV), mean (SD) 36 ± 7.89 37 ± 7.2 34 ± 8.8 .14
SDNN (ms); mean (SD) 39 ± 34 38 ± 34 41 ± 34 .61
RMSSD (ms); mean (SD) 28.88 ± 28.42 25.7 ± 24.6 33.1 ± 32.7 .16
Low frequency normalized

unit (nu); mean (SD)
346.09 ± 713.46 309 ± 729 400 ± 708 .59

High frequency normalized
unit (nu); mean (SD)

282.31 ± 725.18 259 ± 786 315 ± 635 .75

Low frequency/high
frequency ratio; mean (SD)

2.46 ± 2.12 2.22 ± 1.84 2.87 ± 2.62 .21

ACR: albumin to creatinine ratio; A1C: hemoglobin A1C; BMI: body mass index; DBP: diastolic blood pressure; DKD: diabetic kidney disease; DSPN: diabetic
sensorimotor polyneuropathy; HF: high-frequency band; LF: low-frequency band; NPDR: non-proliferative diabetic retinopathy; PDR: proliferative diabetic
retinopathy; PNAP: peroneal nerve action potential; PNCV: peroneal nerve conduction velocity; RMSDDs: root mean square of successive heartbeat interval
differences; SD: standard deviation; SDNN: standard deviation of normal-to-normal intervals; SNAP: sural sensory nerve action potential; SNCV: sural sen-
sory nerve conduction velocity; SBP: systolic blood pressure; TCNS: Toronto Clinical Neuropathy Score.
Significance at p< .05.
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differences between the low and high target groups
in neuropathy, specifically for the larger nerve fiber
function as evident in sural sensory nerve amplitude
potentials; (5) older patients at diagnosis and patients
with lower LF/HF ratio exhibited a greater odds of
having DKD.

A recent large registry-based study showed an asso-
ciation between younger age at diagnosis and cardio-
vascular morbidity and mortality [31]. In line with these
findings, two other studies reported excess mortality
rates in early onset T1D [32,33]. There are several mech-
anisms that may explain the effect of age of onset on
patient important outcomes in T1D [34]. First, age of
onset is an intermediate outcome in the pathway of
several exposure variables and healthy years expect-
ancy [34]. Total glycemic burden and disease burden
are expected to be higher in patients diagnosed at ear-
lier ages. The rate and extent of beta cell destruction
may also differ [31]. Consideration of age of onset may
raise the possibility for delivering early cardiovascular
or renal protective agents (e.g., renin–angiotensin–al-
dosterone system blockage and statins) in selected
populations. On the other hand, patients with long-
standing T1D in our study population may have differ-
ent risk trajectories due to survival bias as our study
subjects included patients that survived with T1D sur-
vived for more than 50 years, thereby limiting the gen-
eralizability of our results. Importantly, patients in this
analysis had a long duration of disease, but a wide
range of age at diagnosis making it difficult to compare
and contrast with patients solely on the basis of having
a young age at diagnosis.

The presence and severity of autonomic dysfunction
have been linked with increased cardiovascular risk and
also with alterations in heart rate blood pressure
through changes in parasympathetic and sympathetic
tone [35]. Heart rate variability is considered as an
important feature of cardiac autonomic neuropathy in
patients with diabetes. A recent systematic review
showed a decrease in both parasympathetic and sym-
pathetic activity with lower RMSSD, SDNN, LF, and HF
in those with type 2 diabetes as compared to healthy
controls [36]. However, in this study population, LF/HF
ratios did not differ between the groups implying that
among those adults with T1D, there are comparable
loses in both components of the autonomic nervous
system [36]. Although not statistically significant, SDNN,
RMSSD, LF, HF, and LF/HF ratio were lower in the high
target group as compared to the low target group in
this study cohort. These results also suggest possible
sympathetic dominance in those with poor metabolic
control. Nevertheless, our logistic regression models
showed lower LF/HF increases the likelihood for DKD.

There are several strengths of our study, including
the gold-standard methods we used to characterize
the prevalence and severity diabetes-related complica-
tions. We employed electrophysiological parameters of
nerve conduction studies and clinical criteria to deter-
mine the presence and sub-type of peripheral diabetic
neuropathy. To examine cardiac autonomic function,
we measured time domain variables with indexes of
total variability (SDNN) and beat-to-beat index
(RMSSD) as well as frequency domain variables. The
limitations of our study include small sample size and
simultaneous measurement of exposure and outcome
variables. Therefore, our results can be used only for
hypothesis generation. We employed clinical and elec-
trophysiological techniques to diagnose diabetic neur-
opathy, but did not explore structural changes using
nerve biopsy, ultrasonography, or magnetic resonance
imaging techniques. We also acknowledge that 24-h
recordings likely provide more reliable assessment for
HRV as compared short-term measurements.

Furthermore, this study’s dataset includes a cohort of
T1D patients with long-survival. The diagnosis of PVD
was confirmed based on previous history of bypass/
angioplasty for peripheral arteries. However, we did not
measure ankle-arm blood pressure indices for the
screening and diagnose of PVD. Moreover, we did not
explore carotid intima media thickness, an important
marker for risk stratification for CVD [37]. Lastly, red cell
distribution width has been associated with renal dis-
ease progression in those with DKD and we did not
include this prognostic indicator in our study [38].

Table 2. Results of the multivariable logistic regression, out-
come DKD.
Variable OR (95% CI) p Value

Model 1 (with all variables from
our initial model)
Age 0.90 (0.78–1.04) .17
Age at diagnosis 1.18 (1.02–1.37) .02
PNAP 0.44 (0.19–1) .06
SNAP 0.64 (0.40–1) .06
SNCV 1.34 (1.08–1.65) .007
LF/HF ratio 0.62 (0.39–0.99) .04

Model 2 (backward selection approach)
Age at diagnosis 1.08 (1.03–1.17) .03
SNCV 1.03 (0.94–1.13) .45
LF/HF ratio 0.64 (0.44–0.93) .02

Model 3 (backward selection approach)
Age at diagnosis 1.08 (1.05–1.19) .04
LF/HF ratio 0.67 (0.47–0.95) .02

CI: confidence interval; HF: high-frequency band; LF: low-frequency band;
PNAP: peroneal nerve action potential; PNCV: peroneal nerve conduction
velocity; OR: odds ratio; SNAP: sural sensory nerve action potential; SNCV:
sural sensory nerve conduction velocity.
Note. We used a backward variable selection approach and included cova-
riates that met a univariable criteria of alpha of 0.20.
Significance at p< .05.
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Conclusions

After prolonged T1D duration, the prevalence diabetic
retinopathy was lower in the high-target group. Older
age at diagnosis with T1D and lower LF/HF can be asso-
ciated with higher likelihood of DKD in long-standing
T1D. These findings highlight the utility of risk stratifica-
tion based on age at diagnosis in people with T1D.
Large-scale longitudinal studies needed to explore the
link between well-metabolic control and long-term dia-
betes complications.
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