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Abstract

Objective: In vivo corneal confocal microscopy (CCM) is a novel, rapid, and
non-invasive technique that identifies early small fiber damage and can predict the
progression and development of clinical neuropathy in adults with type 1 diabetes.
However, its usefulness in children is not well established. This study compared cor-
neal confocal microscopy with neuropathic symptoms, signs, and objective measures
of neuropathy for the diagnosis of diabetic neuropathy in children with type
1 diabetes.

Research design and methods: A total of 83 children with type 1 diabetes and
83 healthy participants of similar age underwent assessment of neuropathy symp-
toms, signs, nerve conduction studies, quantitative sensory and autonomic function
testing, and in vivo CCM.

Results: Only of 3/83 (4%) children with type 1 diabetes had subclinical neuropathy.
However, corneal nerve fiber density (p = 0.001), branch density (p = 0.006), fiber
length (p = 0.002), tibial motor nerve amplitude and conduction velocity, and sural
sensory nerve amplitude and conduction velocity (all p < 0.004) were lower in partici-
pants with type 1 diabetes than in the controls. Vibration, cooling, and warm percep-
tion thresholds and deep breathing heart rate variability were not found to be
different (all p > 0.05) between children with type 1 diabetes and healthy controls.
Multivariate regression analysis identified a possible association between body mass

index and decreased corneal nerves.
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1 | INTRODUCTION

Clinical practice guidelines for children with type 1 diabetes!™®
recommend annual screening by assessing the symptoms and signs of
diabetic neuropathy at puberty and after 5years of diabetes.
Generally, children and adolescents do not have signs or symptoms of

diabetic polyneuropathy®=¢

and screening tools recommended for
adults, such as clinical examination and the Semmes-Weinstein micro-
filament, are unreliable, especially in children.”® Abnormalities in
motor and sensory nerve conduction studies (NSC) have been
reported in ~20%-34.5% of children with type 1 diabetes.” 2 Due to
the absence of clinical symptoms and signs, lack of good pediatric nor-
mative data, and technical challenges in performing quantitative

sensory testing (QST)'?

and other neurophysiological assessments,
the diagnosis of early diabetic neuropathy is challenging in children.’®

Although diabetic neuropathy is known to primarily affect large
nerve fibers, small fiber impairment is also being observed, especially
early during the subclinical phase.}? In vivo corneal confocal micros-
copy (CCM) is a rapid, non-invasive technique that identifies early
small fiber damage and can predict the progression’* and develop-

ment!>1¢

of clinical neuropathy in adults with type 1 diabetes. It
correlates with intra-epidermal nerve fiber density, autonomic
neuropathy and nerve conduction studies with various definition of
diabetic peripheral neuropathy.!” CCM is a reliable and reproducible
technique for children with diabetes.*®'? Corneal nerve loss has been

d?°-22 in small cohorts of children with type 1 diabetes. Previ-

reporte
ous pediatric studies have assessed relatively small cohorts or have
not compared CCM against the currently accepted gold-standard
measures of neuropathy.

This study aimed to compare CCM against classic measurements
of diabetic neuropathy, which include a combination of clinical symp-
toms, signs, QST, autonomic function testing (AFT), and NCS, in a

large cohort of children with type 1 diabetes and healthy controls.

2 | METHODS

2.1 | Study participants

This study was approved by the University of Calgary Conjoint Health
Research Ethics Board. Children aged 8-18 years with at least 5 years
of type 1 diabetes and healthy control participants of the same age
were invited to participate. The lower age limit was chosen based on

Conclusions: Decreased corneal nerves and abnormal nerve conduction were
found in children with type 1 diabetes. CCM may allow rapid objective detection of

subclinical diabetic neuropathy in children and adolescents with type 1 diabetes.

adolescents, children, corneal confocal microscopy, diabetic neuropathy, neurophysiology, type

the duration of diabetes required and the ability to have the child tol-
erate the different procedures. Participants were recruited from the
Alberta Children's Hospital Diabetes Clinic. Healthy control partici-
pants were recruited through advertisement posters set in general
pediatric or pediatric ophthalmology clinics, and through word of
mouth from siblings and friends of children with diabetes. Exclusion
criteria were as follows: known history of corneal abnormality, trauma
or surgery, any other cause of neuropathy, uncontrolled hypothyroid-
ism, celiac disease, or any other serious chronic illnesses. After
informed consent was obtained from caregivers and assent from the
participants, demographic, clinical, and biochemical (HbAlc, urinary
albumin-creatinine ratio [ACR], and lipid profile) data were collected
through questionnaires and chart reviews. Height measurements
using a wall-mounted stadiometer were recorded as the average of
three measurements taken to the nearest 0.1 cm while the subject
was standing without shoes or head garment and with head, buttocks
and feet touching the wall. Weight was measured to the nearest
0.1 kg without shoes and in light clothing. Body mass index z-scores

were calculated using the WHO growth charts for Canada.?®

2.2 | Assessment of neuropathy

Diabetic neuropathy was defined as the presence of symptoms and
signs of peripheral neuropathy, or either symptoms or signs of abnor-
mal NCS, QST, or AFT.2* Subclinical neuropathy was defined as the
absence of symptoms but the presence of at least two abnormalities
in the QST, AFT, or NCS.*

a. Symptoms and signs of peripheral neuropathy: Symptoms were
assessed using the neuropathy symptom score (NSS) from a list of
18 motor, sensory, and autonomic symptoms. An NSS =1 was con-
sidered abnormal. The neuropathy disability score (NDS) was
obtained from the assessment of vibration, pin prick, temperature,
and deep tendon reflexes in both legs to produce a score ranging
from O to 10 and has been validated in children with type
1 diabetes.?

b. Nerve conductions studies: Nerve conduction studies (NCS) were
performed on the non-dominant leg using a Sierra Wave EMG
machine (Cadwell Laboratories Inc.) with surface stimulation and
recording electrodes while maintaining the skin temperature above
31°C.2% Sural sensory nerve action potential amplitude (uV), con-

duction velocity (m/s), tibial and peroneal (fibular) motor nerve
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action potential amplitudes (mV), distal motor latencies (ms), and
conduction velocities (m/s) were evaluated and defined as abnor-
mal if the values were outside the 2SD of healthy controls.

c. QST was performed using a computer-assisted sensory examina-
tion (CASE IV).?” This system uses quantified and reproducible
stimuli with a forced choice or step algorithm to evaluate vibration
and cold sensations. Individuals are asked if they perceive differ-
ence between two stimuli vibration or cold sensation and the
lowest difference they identify is termed “Just Noticeable Differ-
ences” or JND. The smallest difference perceived by a human is
equal to one JND; hence, a higher JND indicates a less-sensitive
individual. Abnormalities were defined when the patient's response
was greater than the 97.5th percentile for responses from the
healthy control group (i.e., vibration >17.2 JND, cooling >16.4 JND
and warming >20 JND).

d. Autonomic neuropathy: (i) AFT was performed using a Sierra Wave
machine (Cadwell Laboratories Inc.) to measure the heart rate
response to deep breathing (HRV-DB). The participant was asked
to inhale and exhale deeply eight times in a row in the supine posi-
tion while following the rhythm of a “breathing cue”. Two eight-
cycle breathing series were completed, interspersed with a 5-min
period of normal breathing. For each patient, the difference
between the highest and lowest heart rates for five consecutive,
artifact-free cycles in each eight-cycle series was calculated.
(ii) Using an appropriate cuff size for the child size, blood pressure
was measured after at least 5 min of lying supine in a quiet
environment and then repeated 1 and 5 min after standing
up. Orthostatic systolic blood pressure change >20 mmHg was

considered abnormal.?®

2.3 | Assessment of diabetic retinopathy

A complete eye examination was performed by a pediatric ophthal-
mologist for all participants, including standard seven-field (EDTRS)
color fundus photography, which was interpreted and graded by an
independent masked retinal ophthalmologist.

24 | Assessment of diabetic nephropathy

Microalbuminuria normal was < 20 mcg/min and ACR <30 mg/mmol.
The presence of microalbuminuria was defined as two consecutive
abnormal first morning ACR values or timed collections obtained at
3-to 4-month intervals over a 6-to 12-month period, as per the Diabe-

tes Canada Clinical Practice Guidelines.*

2.5 | Corneal confocal microscopy

Images from the sub-basal nerve plexus of the cornea were obtained
using established methodology?’ with a Heidelberg Tomograph II
laser-scanning confocal microscope equipped with a Rostock cornea

module (HRT 1I-RCM) to provide 2D images of 0.3 mm x 0.3 mm
dimension (384 x 384 pixel). A topical anesthetic (Alcaine® Propara-
caine hydrochloride 0.5% by Alcon) followed by a high-viscous eye gel
(Tear Gel® by Alcon) was instilled in each eye. The participants were
asked to fixate on an external target while the microscope objective
lens covered by a one-time disposable sterile Heidelberg Tomocap
was positioned to touch the participant cornea to obtain at least eight
satisfactory images of the sub-basal nerve plexus from the central

cornea per eye.*°

2.6 | Image analysis

Three corneal nerve parameters were quantified: (i) corneal nerve
fiber density (CNFD) (no./mm?), the total number of major nerves/
mm? of corneal tissue; (i) corneal nerve branch density (CNBD), the
number of branches emanating from all major nerve trunks/mm? of
corneal tissue (no./mm?); and (jii) corneal nerve fiber length (CNFL),
the total length of all nerve fibers and branches within the area of cor-
neal tissue (mm/mm?). Seven to 16 images per patient were examined
using automated analysis (ACCMetrics V2, M.A. Dabbah, Imaging Sci-
ence, University of Manchester, Manchester, UK), and the average
was tabulated for each patient. Corneal nerve parameter values <2 SD
from our healthy control means were considered abnormal: CNFD
<15.9 no./mm?, CNBD <12.1 no./mm?, and CNFL <11.2 mm/mm?.

2.7 | Statistical analysis

All analyses were performed using the IBM SPSS Statistics (version
25). Descriptive statistics are presented as mean and standard devia-
tion for numerical/continuous variables, as the distribution of these
variables did not contradict the assumption of a normal distribution.

Categorical variables were presented as numbers and percentages.

176 participants assessed

I |

86 with type 1 diabetes

90 controls

3 participants excluded: 7 participants excluded:

1 withdrawal 1 withdrawal
1 missing NCS 2 missing NCS
1 missing CCM 4 missing CCM

83 participants with
complete data

83 participants with
complete data

FIGURE 1 Participants recruitment flow chart. CCM, corneal
confocal microscopy; NCS, nerve conduction studies. Although five
participants were excluded due to missing CCM assessments, only
one was secondary to the participant being unable to tolerate the
procedure
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TABLE 1 Participant characteristics

Number

Age (years)
Age range
Sex (F/M) (%)
Ethnicity

Age at diagnosis (years)
Type 1 diabetes duration (years)
HbA1c? (%)
HbA1c® (mmol/mol)
Smoking (yes)
Height-Z
Height (%)
Weigh-Z
Weight (%)
BMI
BMI-Z
BMI %

Blood pressure percentile abnormalities (295%)

Systolic (abnormal/total)
Diastolic (abnormal/total)
Microalbuminuria

Microalbumin (mcg/min)?

U Albumin/creatinine ratio (mg/mmol)?

Microalbuminuria®
Lipids
Total cholesterol (mmol/L)
Triglycerides (mmol/L)
LDL (mmol/L)
HDL (mmol/L)
Ratio total:HDL
Retinopathy®
Neuropathy®
Clinical neuropathy

Subclinical neuropathy

Note: Data presented as mean (SD) or number (percentages).

Type 1 diabetes
83

14.78 (2.34)
8.40-18.27

43 Female/40 male (51.8/48.2)
White—74 (89.2%)
Asian—5 (6.0%)
Black—1 (1.2%)
First Nations—1 (1.2%)
Hispanic—1 (1.2%)
Other—1 (1.2%)
5.90 (3.00)
8.87(2.68)

8.95 (1.76)

74 (19.2)

4/83

0.16 (0.99)

54.68 (29.20)

0.54 (0.80)

66.95 (23.79)
21.66 (3.13)

0.60 (0.79)

68.49 (24.02)

2/83
1/83

16.58 (40.76)
1.95(5.93)

4 Positive (all intermittent)

4.16 (0.94)
0.90 (0.77)
2.16 (0.64)
1.58(0.36)
2.71(0.68)
14/83

Healthy Controls

83

13.40 (3.03)

8.22-18.74

51 Female/32 male (61.4/38.6)
White—63 (75.9%)

Asian—15 (18.1%)

Other—4 (4.8%)

Missing—1 (1.2%)

N/A

N/A

N/A

N/A

1/83

0.41 (0.95)
61.16 (28.20)
0.48 (0.84)
63.91 (24.23)
20.37 (3.56)
0.38 (0.84)
60.85 (24.92)

2/83
0/83

N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
2/83¢

?HbA1c upper limit of normal for individuals without diabetes 6.1%. Microalbuminuria normal was < 20 mcg/min and U Albumin/creatinine ratio was
<30 mg/mmol. The presence of microalbuminuria was defined as two consecutive abnormal first morning ACR values or timed collections obtained at 3-

to 4-month intervals over a 6- to 12-month period, as per the Diabetes Canada Clinical Practice Guidelines.

PAll participants with retinopathy had non-proliferative retinopathy.
“Likely false positives (incidental findings) as one showed solitary splinter hemorrhage and another showed solitary dot retinal hemorrhage, which when
isolated were considered normal findings. However, the interpreter categorized these changes as non-proliferative diabetic retinopathy, indicating his
masked status to the participant's group. Further, these two children, did not have any medical antecedents excluding them from the study and did not
have any other abnormalities on the complete neuropathy testing done in the control subjects of the study (including symptoms, signs or any of the nerve
conductions studies, quantitative sensory testing, and autonomic function testing).
dClinical neuropathy was defined as the presence of symptoms and signs of peripheral neuropathy, or either symptoms or signs with abnormal testing from
NCS, quantitative sensory testing, or autonomic testing; subclinical neuropathy was defined as absence of symptoms but presence of at least two

abnormalities in the other tests of neuropathy.
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TABLE 2 Comparison of corneal confocal microscopy and other neuropathy assessments between participants with type 1 diabetes and

healthy controls

Mean difference

Type 1 diabetes  Control (95% Confidence Interval) t test sig. (2-tailed)®
CNFD (no./mm?) 24.6 (5.8) 27.8(7.1) 2.4(0.4-4.4) 0.002
CNBD (no./mm?) 30.8 (13.6) 37.8(17.4) 6.6 (1.8-11.3) 0.006
CNFL (mm/mm?) 15.2(2.9) 16.7 (3.4) 1.3(0.3-2.2) 0.003
Neuropathy assessment
Tibial motor nerve amplitude (mV) 46.9 (4.5) 51.4(3.9) 4.4 (3.1-5.7) <0.001
Tibial motor nerve conduction velocity (m/s) 46.2 (3.8) 50.3 (4.1) 4.1 (2.8-5.4) <0.001
Sural sensory nerve amplitude (uV) 17.9 (7.1) 23.2(9.9) 5.3(2.7-7.9) <0.001
Sural sensory nerve conduction velocity (m/s) 45.9 (4.9) 48.3(5.2) 2.4(0.9-4.0) 0.004
Vibration JND 11.8 (2.3) 11.1 (3.0) —0.7 (-1.6-0.1) 0.138
Cooling JND 8.8 (3.7) 9.4 (3.3) (—0.5-1.6) 0.223
Warming JND 12.8 (4.0) 13.4 (3.2) 0.6 (—0.5-1.8) 0.495
Deep breathing HR variability max/min ratio 1.62(0.19) 1.65 (0.22) (—0.0-0.1) 0.700
Orthostatic blood pressure change >20 mmHg (abnormal/ 0/83 3/83
total)
Note: Data presented as mean (SD).
Abbreviation: JND, just noticeable difference.
2t test or Mann-Whitney U test, as applicable.
TA B.LF 3 MuItl}DIe re{gressmn analysis Dependent variable Variables in the model B 95% ClI p value
examining the relationship between
clinical risks factors for diabetic CL\“:L Age -0.019 —0.339 t0 0.302 0.908
neuropathy and corneal nerve fiber R =001~2‘;1 Diabetes duration 0.040 ~0.225 t0 0.306 0.762
. p=0.
length (CNFL), corneal nerve fiber HbA1c —0.360 _0.854 t0 0.134 0.150
density (CNFD), and corneal nerve BMI il 0,033 0.002-0.064 0,038
branch density (CNBD) in participants percentile ’ e ’
with type 1 diabetes SBP percentile —0.018 —0.045 to 0.009 0.183
LDL cholesterol -0.758 —1.914 to 0.398 0.195
CNFD Age 0.202 —0.447 to 0.851 0.536
2 _
= —004228 Diabetes duration 0.096 ~0.442 t0 0.634 0.722
p=0.
HbA1c -0.813 —1.813 t00.188 0.109
BMI percentile 0.046 —0.017 to 0.109 0.146
SBP percentile —-0.012 —0.067 to 0.043 0.672
LDL cholesterol -1.147 —3.487 to 1.194 0.331
CNBD Age 0.703 —0.801 to 2.208 0.354
2
R =002-E2 Diabetes duration 0218 ~1.466 to 1.029 0.728
p=0.
HbA1c —1.368 —3.687 to 0.950 0.243
BMI percentile 0.158 0.012-0.304 0.034
SBP percentile -0.072 —0.200 to 0.056 0.263
LDL cholesterol -2.077 —7.503 to 3.350 0.447

CNFD, CNBD, and CNFL means between the controls and partici-
pants with T1D, and nerve conduction parameters between partici-
pants with and without diabetic neuropathy were compared using a
two-tailed, independent samples Student's t test with a Bonferroni
correction of 0.004. a priori power calculations estimated that with
100 participants per group, we would have 80% power to detect dif-
ferences between groups of 7.6 no./mm? for CNFD, based on an SD

of 19.6, 4.9 no./mm? for CNBD, based on a SD of 12.8 no./mm? and
1.8 mm/mm? for CNFL based on SD of 4.7 mm/mm?. As exploratory
analysis, based on the work from Cozzini et al.,?® age, duration of dia-
betes, HbA1lc, body mass index (BMI), systolic blood pressure (SBP)
and LDL were chosen as independent variables for multiple regression
analysis using CNFL, CNFD and CNBD each as the dependent vari-
able; for this exploratory analysis, significance level of 0.05 was used.
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3 | RESULTS

One hundred and seventy-six participants consented to participate.
After excluding those unable to complete all assessments, 83 partici-

pants remained in each group (Figure 1). Only one participant was
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FIGURE 2 Boxplots of automated corneal confocal microscopy
parameters in relation to presence (white box) or absence (gray box)
of microvascular complications in children with type 1 diabetes:

(@) CNFD, (b) CNBD, (c) CNFL. Dashed lines indicate the lower

2.5 percentile lower limit of the normal cohort. CNBD, corneal nerve
branch density; CNFD, corneal nerve fiber density; CNFL, corneal
nerve fiber length. Subclinical neuropathy defined as absence of
symptoms but presence of at least two abnormalities in the other
tests of neuropathy. Retinopathy assessed using standard seven-fields
color fundus photography interpreted by an independent masked
ophthalmologist. Presence of microalbuminuria defined as two
consecutive abnormal first morning albumin to creatinine ratio (ACR)
or timed collections obtained at 3- to 4-month intervals over a 6- to
12-month period, as per Diabetes Canada Clinical Practice
Guidelines." Statistical analysis was not possible due to the small
number of participants affected by subclinical neuropathy (n = 3),
non-proliferative retinopathy (n = 14) and microalbuminuria (n = 4)

excluded secondary to being unable to tolerate the CCM procedure.
The participants' characteristics are presented in Table 1. Participants
with diabetes had a mean age of 14.8 years (SD 2.3), duration of
diabetes of 8.9 years (SD 2.7) and an HbA1c of 8.95% (SD 1.76).

None of the participants with type 1 diabetes or the healthy con-
trols had clinical neuropathy. Three participants with type 1 diabetes
had subclinical neuropathy: two had two abnormal NCS in two differ-
ent nerves and an abnormal vibration perception threshold; one indi-
vidual had five abnormal NCS parameters in three different nerves
and an orthostatic drop in blood pressure >20 mmHg upon standing.
One control participant had an orthostatic drop in blood pressure
>20 mmHg upon standing and an abnormal warm perception
threshold.

Table 2 presents the differences in each neuropathy parameter
between subjects with type 1 diabetes and control subjects. CNFD
(95% CI 0.4-4.4, p = 0.001), CNFL (95% CI 0.3-2.2, p = 0.002) and
CNBD (95% Cl 1.8-11.3, p = 0.006) were significantly lower in partic-
ipants with type 1 diabetes than in healthy control participants. Tibial
motor nerve amplitude (95% Cl 3.1-5.7, p < 0.001), tibial motor nerve
conduction velocity (95% Cl 2.8-5.4, p < 0.001), sural sensory nerve
amplitude (95% Cl 2.7-7.9, p < 0.001), and sural nerve conduction
velocity (95% Cl 0.9-4.0, p < 0.004) were all significantly lower in par-
ticipants with type 1 diabetes than in controls. Vibration (95% Cl —1.6
to 0.1, p = 0.138), cooling (95% CI —0.5 to 1.6, p = 0.223), and warm
(95% Cl —0.5 to 1.8, p = 0.495) perception thresholds and deep
breathing heart rate variability (p = 0.700) did not significantly differ
between the two groups.

Seven, five, and four participants with diabetes had CNFL, CNFD,
and CNBD values below the 2.5th percentile of the control partici-
pants. The results of the multiple regression models for the associa-
tion of each corneal nerve parameter (CNFL, CNFD, and CNBD) with
the clinical and biochemical risk factors for neuropathy are presented
in Table 3. BMI correlated with CNFL and CNBD, but not with CNFD,
while age, duration of diabetes, HbA1c, BMI, systolic blood pressure
(SBP), and LDL did not correlate with CNFL, CNFD, and CNBD.

Boxplots for CNFL, CNFD, and CNBD in patients with type
1 diabetes with and without subclinical neuropathy, retinopathy, or
microalbuminuria are shown in Figure 2. Statistical analysis was not
possible because of the small number of patients affected by subclini-
cal neuropathy (n = 3), non-proliferative retinopathy (n = 14), and
microalbuminuria (n = 4). However, CCM parameters appear lower in
those with subclinical neuropathy as well as those with microalbumi-

nuria but not in those with retinopathy.

4 | DISCUSSION

This is the most comprehensive study to date, comparing corneal con-
focal microscopic nerve findings with extensive neuropathy assess-
ments in children with type 1 diabetes and normal controls. There
were abnormalities in the NCS and CCM but no abnormalities in QST
or AFT in children with type 1 diabetes when compared to similarly

aged healthy controls. As CCM is gaining recognition for assessing
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diabetic neuropathy in adults, it is important to report these findings
in children.

A significant reduction in corneal nerve fibers has been reported
in children with type 1 diabetes without retinopathy or microalbumi-
nuria.2° Similarly, in our cohort of children with a relatively short dura-
tion of type 1 diabetes, corneal nerves were lower in children without
diabetic retinopathy or microalbuminuria. In adults, corneal nerve loss
is associated with age, diabetes duration, weight, height, BMI, HbA1c,
total cholesterol, LDL cholesterol, and triglycerides.‘“’33 We did not
find a similar association, which may be due to the age of our popula-
tion, short duration of diabetes and the relatively normal lipid levels.
Recently, Cozzini et al.>* showed that corneal nerve loss was associ-
ated with age, HbAlc and systolic blood pressure in 150 children with
type 1 diabetes without clinical symptoms or signs of neuropathy. Of
note, they did not assess NCS, QST, or AFT and thus did not report a
correlation with CCM. In the present study, an exploratory multivari-
ate analysis showed an association between lower corneal nerve
parameters and BMI, but no correlation with age, HbA1c and blood
pressure as previously shown by Cozzini et al.?* This may be due to a
differing genetic background, lifestyle and metabolic control in
European compared to North American youth.3#3°

Symptoms, signs, sensory perception thresholds, and autonomic
function were not abnormal in this cohort of children, despite current
pediatric guidelines' ™ endorsing the assessment of symptoms, signs,
vibration perception, and monofilament testing to identify early dia-
betic neuropathy in children. Our findings are in contrast to previously
reported studies showing autonomic dysfunction in children and ado-
lescents with type 1 diabetes.*>>~3” This may be explained by differ-
ences in methods used to evaluate QST and AFT as well as
differences in the population studied. Nevertheless, when combined
with a retinopathy screen, CCM may be a practical screening test to
reliably identify signs of neuropathy earlier than traditional clinical
assessments. It is well tolerated by the children in this age group and
can be completed in a few minutes by trained personnel. We had
already shown that CCM had good reproducibility with excellent
intra-individual and inter-individual variability in pediatric subjects.*®

Strengths of our study included use of stringent and widely
accepted criteria for the assessment of diabetic neuropathy that is, the
San Antonio criteria of the American Diabetes Association and
American Academy of Neurology,2* as well as inclusion of a healthy
control group assessed with the same methodology. Use of a 2SD cut-
off from this control group to define normal from abnormal makes the
comparison more robust. A limitation of this study is the small number
of participants with subclinical neuropathy and lack of overt neuropa-
thy. This likely explains the inability to reproduce the findings from adult
cohorts, including individuals with overt neuropathy.**-1438 However, a
low frequency of overt diabetic neuropathy is expected in children with
T1DM. Secondly, as we used the simplified protocol to test for nerve
conduction studies and did not include testing of the upper limb. This
may have resulted an underestimation of cases with subclinical neurop-
athy as up to 20% of children with diabetes can have abnormal NCS of
the upper limbs.®? Thirdly, while several measures were used to classify

the subjects as having diabetic neuropathy, these did not include

intra-epidermal nerve fiber density, the gold standard measure to
identify early small fiber damage. Previously, we showed comparable
corneal and intra-epidermal nerve fiber loss in adults with diabetic
neuropathy,*© suggesting that IENFD may also be reduced in children
with corneal nerve loss. However, skin biopsy is an invasive procedure
and cannot be justified in children with subclinical diabetic neuropathy.

In conclusion, we show that both decreased corneal nerves and
abnormal nerve conduction studies can identify early evidence of dia-
betic neuropathy in children without diabetic retinopathy or microal-
buminuria. Longitudinal studies will explore whether corneal nerve
loss has the same predictive value for developing clinical neuropathy
as in adults with type 1 diabetes. CCM has the potential to be a rapid,
well-tolerated, and reproducible test for identifying early subclinical
neuropathy in children with type 1 diabetes.
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