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In vivo corneal confocal microscopy
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Receiver operating characteristic
ROC-AUC Area under the ROC curve
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To the Editor: There exists an urgent need to better
characterise and identify the presence of early-stage diabetic
neuropathy when therapy is most likely to be effective. The
lack of an objective endpoint for early neuropathy has
seriously hindered the evaluation of disease-modifying
therapies in clinical research and the prediction of neuropathy
progression in clinical care [1, 2]. There is considerable
evidence that injury to small, thinly myelinated and
unmyelinated nerve fibres precedes injury to large myelinated
fibres in individuals with diabetic neuropathy [3].
Morphological examination of the small nerve fibres of the
cornea by in vivo corneal confocal microscopy (IVCCM) has
emerged as an objective and non-invasive imaging technique
for identifying diabetic neuropathy. Specifically, lower
corneal nerve fibre length (CNFL) has been confirmed as a
valid biomarker for neuropathy identification in younger
adults with type 1 diabetes [4, 5] and may represent a
surrogate endpoint for trials of disease-modifying therapies
for neuropathy. However, CNFL’s diagnostic performance
may be impaired with advanced age and diabetes duration
owing to age- and extensive disease-related changes in corneal
nerve morphology [6]. We aimed to determine whether CNFL
retains its diagnostic validity in a unique cohort of older adults
who have lived with type 1 diabetes for over 50 years.
As part of the second phase of the Canadian Study of
Longevity in Type 1 Diabetes [7], 67/75 (89%) participants
with type 1 diabetes and 69/75 (92%) participants forming a
non-diabetic control group from age/sex-matched subgroups
underwent electrophysiology-based procedures to define
neuropathy (reference standard) and evaluation of corneal
morphology by IVCCM (index test) in a cross-sectional
analysis of the baseline evaluation. All participants provided
written informed consent and the study and its procedures were
approved by the institutional ethics board at the University
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Health Network and Mount Sinai Hospital in Toronto, ON,
Canada. Based on consensus criteria, neuropathy was defined
by (1) the presence of one or more neuropathic symptoms or
signs; corroborated by (2) the presence of abnormality in one or
more nerve conduction study variables in the sural and peroneal
nerves. Abnormal nerve conduction study variables were
defined as being ≤1st percentile or ≥99th percentile in a healthy
population after adjustment for age and height. Participants
underwent bilateral examination of the area adjacent to
Bowman’s layer of the cornea by IVCCM using the Rostock
Cornea Module of the Heidelberg Tomograph III (Heidelberg
Engineering, Smithfield, RI, USA) according to published
methods [8]. The 400 μm2 field-of-view lens was used.
Measured variables were CNFL, corneal nerve branch density
(CNBD) and corneal nerve fibre density (CNFD). Variables
were measured using (1) a manual protocol (indicated by subscript MANUAL) where one image per eye was traced
(CCMetrics v1.1, developed by M. Dabbah, University of
Manchester, UK) and the variables were bilaterally averaged;
and (2) a clinically generalisable automated protocol (indicated
by subscript AUTO) where five–ten images per eye were rapidly analysed (ACCMetrics v2.0, developed by M. Dabbah and
X. Chen, University of Manchester, UK) and the images yielding the highest CNFL per eye were bilaterally averaged.
General characteristics and IVCCM data are expressed as mean
± SD, median (interquartile range), or n (%). Comparisons were
made using Student’s t test, Wilcoxon rank-sum test, or χ2-test.
Receiver operating characteristic (ROC) curves were generated
for each IVCCM variable and the area under the ROC curve
(ROC-AUC) was used to determine diagnostic accuracy. ROC-

AUC was calculated using the trapezoidal rule and 95% CIs
were calculated. The diagnostic accuracy of each test was compared with CNFLMANUAL using the net reclassification index.
The optimal threshold for identification of neuropathy of each
variable was determined by finding the point on the ROC curve
closest to the point of perfect discrimination using the formula
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð0−xÞ2 þ ð1−yÞ2 . An α-level of 0.05 (two-tailed) was used
for tests of statistical significance. All analyses were performed
using SAS 9.2 for Windows (SAS Institute, Cary, NC).
On average, individuals in the non-diabetic control group
were 64 ± 8 years old and 39 (56%) were female, while the
participants with type 1 diabetes were 65 ± 7 years old
(p = 0.49) and 36 (54%) were female (p = 0.86). The
participants with type 1 diabetes had a median duration of
living with diabetes of 54 (52–58) years, an HbA 1c of
7.3 ± 0.8% (56 ± 9 mmol/mol) and 59 (88%) met the case
consensus criteria for neuropathy. Risk factors for neuropathy,
such as duration of diabetes, HbA1c level and cholesterol
profile, were similar between participants with neuropathy
(cases) and the neuropathy control group, although the control
participants were shorter in height (1.59 ± 0.08 vs 1.66 ± 0.09 m,
p = 0.039) and had lower urinary albumin:creatinine ratios (0.9
[0.7–1.2] vs 1.7 [0.9–5.5] mg/mmol, p = 0.047). Measurements
of the IVCCM small nerve fibre variables and the corresponding
performance metrics for neuropathy identification are presented
in Table 1. For comparison, the non-diabetic control participants
had mean CNFLMANUAL of 19.4 ± 6.4 and mean CNFLAUTO of
13.5 ± 4.5 mm/mm2. Compared with the neuropathy controls,
neuropathy cases had lower CNFLMANUAL (10.5 ± 5.6 vs

Table 1 Baseline IVCCM measures for the 136 participants and ROC curve analysis for the concurrent identification of neuropathy in 67 participants
with longstanding type 1 diabetes
Variable

CNFLMANUAL (mm/mm2)
(mm/mm2)
CNFLAUTO
CNFDMANUAL (fibres/mm2)
(fibres/mm2)
CNFDAUTO
CNBDMANUAL (branches/mm2)
(branches/mm2)
CNBDAUTO

Non-diabetic
controls (n = 69)

19.4
13.5
25.7
19.7
57.0
31.2

±
±
±
±
±
±

6.4
4.5
9.2
9.3
34.0
21.7

Participants with type 1 diabetes (n = 67)
Neuropathy
controls (n = 8)

Neuropathy cases ROC-AUC
(n = 59)
(95% CI)

p
Optimal
valuea threshold

Sens Spec

17.9
12.2
25.8
18.7
41.8
27.7

10.5
7.7
15.4
8.4
25.6
11.9

–
0.27
0.91
0.68
0.015
0.11

0.73
0.83
0.76
0.66
0.44
0.63

±
±
±
±
±
±

7.0
5.6
11.9
11.6
33.9
18.5

±
±
±
±
±
±

5.6
1.6
7.2
7.9
20.7
16.7

0.81 (0.66, 0.95)
0.80 (0.67, 0.93)
0.78 (0.60, 0.96)
0.79 (0.64, 0.94)
0.65 (0.44, 0.86)
0.76 (0.57, 0.95)

≤13.7
≤10.7
≤18.8
≤9.4
≤15.6
≤9.4

0.75
0.63
0.75
0.75
0.75
0.88

Data are presented as mean ± SD
a

p value for comparison of ROC-AUC to that of CNFLMANUAL

The optimal threshold indicates the value used for case identification. The values for Sens and Spec correspond to each test’s indicated optimal threshold
All variables were lower across the non-diabetic controls, neuropathy controls, and neuropathy cases (ANOVA p < 0.001 for each variable)
The 67 participants with type 1 diabetes had mean CNFLMANUAL of 11.4 ± 6.2 mm/mm2 and mean CNFLAUTO of 8.3 ± 4.5 mm/mm2 (irrespective of
neuropathy status)
The ROC-AUCs of all IVCCM variables were not statistically different from those of CNFLMANUAL (p > 0.05 for all comparisons), except for
CNBDMANUAL (p = 0.015)
Sens, sensitivity; Spec, specificity
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17.9 ± 7.0 mm/mm2, p < 0.001) and CNFLAUTO (7.7 ± 1.6 vs
12.2 ± 5.6 mm/mm2, p < 0.001). CNFDMANUAL, CNFDAUTO,
and CNBDAUTO were lower in neuropathy cases compared
with the neuropathy controls (p < 0.05 for all measures);
CNBDMANUAL tended to be lower in neuropathy cases compared with the neuropathy controls but this difference did not
reach statistical significance (p = 0.061). CNFLMANUAL had
the highest ROC-AUC at 0.81, with an optimal operating
threshold of ≤13.7 mm/mm2. This threshold had 73% sensitivity and 75% specificity, and had a positive and negative
predictive value of 95% and 42%, respectively. CNFLAUTO
had a ROC-AUC of 0.80 and an optimal operating threshold
of ≤10.7 mm/mm2. This threshold had 83% sensitivity and
63% specificity, and had a positive and negative predictive
value of 93% and 41%, respectively.
Previous studies have defined the non-invasive, objective and
rapid nature of the IVCCM procedure, established a
clinically applicable automated image-analysis protocol and
confirmed its potential to be performed by eye specialists
during routine complication screening visits for individuals with
diabetes. While there are a number of studies that have confirmed
the diagnostic validity of CNFL for diabetic
neuropathy identification in younger adults [4, 5], no studies to
date have evaluated this imaging biomarker in older adults with
diabetes. A key study [4] reported a ROC-AUC of 0.88 and an
optimal threshold of ≤14.0 mm/mm2 for CNFLMANUAL in 89
participants with type 1 diabetes of mean age 41 ± 16 years,
mean CNFLMANUAL of 14.7 mm/mm2 and median diabetes
duration of 22 (11–33) years. The current study yielded a
ROC-AUC of 0.81 and a threshold value of ≤13.7 mm/mm2
for CNFLMANUAL despite the 67 participants with type 1
diabetes being substantially older (mean age 65 ± 7 years),
with mean CNFLMANUAL of 11.4 mm/mm2 and living with
diabetes for a longer duration (median 54 [52–58] years).
We confirmed that CNFL is a valid surrogate endpoint for
the clinical and electrophysiological definition of diabetic
neuropathy in older individuals. Specifically, measures of
CNFL abnormality using manual and automated
quantification methods were associated with the presence of
neuropathy and CNFL was the optimal IVCCM variable.
These findings confirm that age-related changes in CNFL
morphology do not appear to impair diagnostic performance
for the identification of neuropathy and similar CNFL
screening protocols may be applicable to adult populations
with type 1 diabetes over a broad age range. The validity of
CNFL as a surrogate endpoint in an older population with type
1 diabetes raises substantial confidence in future work from
o ur r e s e a r c h g r ou p , t o g e t h er w i t h co l l a bo r at o r s
(ClinicalTrials.gov Identifier NCT02423434), that aims to
evaluate its use in disease-modifying intervention trials.
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