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Abstract
In vivo  corneal confocal microscopy (IVCCM) is a novel, 

reproducible, easy and noninvasive technique that 
allows the study of the different layers of the cornea 
at a cellular level. As cornea is the most innervated 
organ of human body, several studies investigated the 
use of corneal confocal microscopy to detect diabetic 
neuropathies, which are invalidating and deadly 
complications of diabetes mellitus. Corneal nerve 
innervation has been shown impaired in subjects with 
diabetes and a close association between damages of 
peripheral nerves due to the diabetes and alterations 
in corneal sub-basal nerve plexus detected by IVCCM 
has been widely demonstrated. Interestingly, these 
alterations seem to precede the clinical onset of 
diabetic neuropathies, paving the path for prevention 
studies. However, some concerns still prevent the full 
implementation of this technique in clinical practice. In 
this review we summarize the most recent and relevant 
evidences about the use of IVCCM for the diagnosis 
of peripheral sensorimotor polyneuropathy and of 
autonomic neuropathy in diabetes. New perspectives 
and current limitations are also discussed.
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Core tip: Diabetic neuropathies are common, invalidating 
and often undiagnosed complications affecting a huge 
number of subjects with diabetes. In vivo  corneal 
confocal microscopy is a novel, reproducible, easy and 
noninvasive technique that has been widely studied as 
a useful tool for the diagnosis of neuropathy. Promising 
data suggest its implementation in clinical and research 
practice will help to face the current health emergency 
related to nerve damages in diabetes.
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INTRODUCTION
Diabetic neuropathies are common and invalidating, 
but often undiagnosed, complications affecting up 
to 50% of subjects with diabetes[1,2]. Diabetic neuro­
pathies encompass a wide spectrum of clinical and 
pathophysiological frameworks characterized by a 
progressive loss of nerve fibers, which may affect both 
somatic and autonomic nerves. While the rates of 
myocardial infarction, stroke, low-extremity amputations 
and end-stage renal disease due to diabetes are 
declining[3], this is not the case for trends in the inci­
dence of neuropathies. An early diagnosis and correct 
staging of neuropathy is essential for risk stratification, 
therapeutic decisions and research purposes. To date 
screening and diagnosis of diabetic neuropathies mainly 
relies on symptoms questionnaires, clinical examination, 
quantitative sensory tests and reflex tests[4,5]. Nerve 
conduction studies should also be used to confirm the 
diagnosis and to assess the severity of the disease[2]. 
In vivo corneal confocal microscopy (IVCCM) is a non-
invasive technique to visualize and analyze corneal 
anatomy at high magnification allowing the study 
of the different layers and cells of cornea, the most 
innervated organ of human body[6]. Several studies in 
the last decade investigated the use of IVCCM for the 
diagnosis of sensorimotor and, more recently, autonomic 
neuropathies[7]. In this review we aim to summarize 
the most recent and relevant evidences about IVCCM 
use in people with diabetes, focusing on strength and 
limitations future studies should overcome.

CORNEAL INNERVATION
The eye has historically been considered as a pivotal 
organ for the study of diabetes-related complications. 
The transparency of the ocular structures has always 
been used as a diagnostic tool to investigate and 
actually see in vivo vascular changes in the retina. More 
recently, increasing attention has been paid to corneal 
nerve anatomy for the study of human neuropathies. 
The cornea is provided of the densest innervation 
within the body receiving nerve fibers from 50-450 
sensory trigeminal neurons via the ophthalmic branch 
of trigeminal nerve[8,9]. These fibers travel above the 
choroid, reach the limbus where they organize into a 
nerve plexus[10]. Corneal stromal nerves derive from 
the limbal plexus and branch into fibers with smaller 
diameter that establish close connections with kerato­
cytes and corneal epithelial cells[11]. The fibers become 
denser and smaller in diameter as they reach the corneal 
apex creating a sub-epithelial dense network in the 
epithelium, known as sub-basal corneal nerve plexus.

IVCCM 
The introduction of IVCCM in ophthalmology (Figure 1) 
has represented a breakthrough for the study of ocular 
as well as systemic diseases since this diagnostic tool 
allows for a non-invasive and in vivo visualization of all 
the corneal layers, including nerves. There are currently 
three models of confocal microscope available, namely 
the slit-scanning, the tandem scanning and the laser 
scanning confocal microscope. They provide images 
with different resolution, contrast and magnification with 
high inter-device variability. However all of them result 
in high-resolution scans of the cornea. These features 
make IVCCM an ideal tool to investigate changes in 
corneal and ocular surface. It is used as an aid in the 
diagnosis and to monitor efficacy of therapies in dif­
ferent ocular diseases like, dry eyes, Acanthamoeba 
keratitis or keratoconus or following corneal surgery[12]. 
Several studies have also investigated the role of IVCCM 
as a diagnostic tool to be implemented for the assess­
ment of several systemic diseases. Indeed, changes 
in the corneal sub-basal nerves have been shown to 
correlate with several neurodegenerative diseases, small 
fiber neuropathies, Fabry disease and other conditions 
causing peripheral neuropathy like diabetes, HIV-
infection, genetic diseases, toxic drugs or autoimmune 
diseases[13]. 

IVCCM AND DIABETIC PERIPHERAL 
SENSORIMOTOR NEUROPATHY
Changes in corneal morphology including reduced 
thickness, thinner epithelium, irregular endothelium and 
reduction in corneal nerve bundles have been described 
in diabetes[14]. Therefore, qualitative and quantitative 
analysis of the sub-basal corneal nerve plexus by IVCCM 
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Figure 1  Acquisition of the images with in vivo corneal confocal micro­
scopy. Patient is comfortably seated in front of the machine whilst the operator 
advances the scanning probe against the cornea with a joystick.
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nerve beadings and tortuosity showed the highest inter 
and intra-individual variability, questioning the validity 
of these two measurements for the diagnosis of diabetic 
peripheral neuropathy[21]. However, the measurement 
of nerve tortuosity could be relevant to ameliorate the 
predictive value of fiber length, as tortuosity-stand­
ardized corneal nerve fiber length was better than non-
standardized length in differentiating between individuals 
with and without neuropathy[31].

IVCCM AND DIABETIC AUTONOMIC 
NEUROPATHY
Diabetic autonomic neuropathy is a form of diabetic 
neuropathy that results from the damage of small 
(Aδ, B and C) nerve fibers. It represents one of the 
most overlooked but life-threatening complications of 
diabetes, associated with gastrointestinal, genitourinary, 
vasomotor and cardiac symptoms. In particular cardiac 
autonomic neuropathy affects up to 40% of diabetic 
patients and is associated with silent myocardial 
ischemia, stroke and increased mortality[5]. Because of 
the structural similarity between the corneal nerve fibers 
analyzed with IVCCM and the small fibers conducting 
autonomic signals, IVCCM has been recently tested as a 
diagnostic tool for autonomic neuropathies. We showed 
that subjects affected by type 1 diabetes with cardiac 
autonomic neuropathy, as evaluated by cardiovascular 
autonomic reflex tests (CARTs), had reduced corneal 
nerve fiber density and length when compared to peers 
without cardiac autonomic neuropathy and to healthy 
controls, independently of the presence of peripheral 
neuropathy[32] (Figure 2). Subsequently, Tavakoli et 
al[33] confirmed our observation in a population of both 
type 1 and type 2 diabetic subjects. Subjects were 
evaluated by the Composite Autonomic Symptom 
Scale (COMPASS), by CARTs, by sympathetic skin 
response, and by IVCCM. The Composite Autonomic 
Severity Score (CASS) was also calculated. Corneal 
nerve fiber density, length and branch density were 
significantly reduced in subjects with autonomic deficits 
than in those without. IVCCM showed moderate-to-
strong correlations with COMPASS and CASS, with 
a good sensitivity and specificity for fiber length and 
fiber density for the diagnosis of diabetic autonomic 
neuropathy[33]. Similarly, corneal nerve innervation was 
found to be related to sudomotor function in subjects 
affected by type 2 diabetes[34]. Moreover, a significant 
correlation between corneal sensitivity and measures 
of cardiac autonomic function in subjects with type 1 
diabetes was recently reported[35]. However, in the same 
study no significant relationship with sub-basal nerve 
density was found. 

IVCCM IN DIABETES: WHERE WE CAN 
GET
A growing literature supports IVCCM as an innovative 

has been hypothesized to be a good method for the 
evaluation and quantification of nerve damages in 
people affected by diabetes. Several studies have been 
conducted to test this hypothesis in both type 1 and 
type 2 diabetes[7,15]. Overall, corneal nerve innervation 
has been shown impaired in subjects with diabetes, 
independently by the presence of overt neuropathy[16]. 
Interestingly, IVCCM was able in identifying early 
neuropathy also in subjects with pre-diabetes. Asghar 
et al[17] assessed corneal innervation in thirty-seven 
subjects with impaired glucose tolerance showing that 
IVCCM, but not electrophysiology studies, detected signs 
of nerve damages which correlated with neuropathy 
symptoms, neurological deficits and intraepidermal 
nerve fiber density (IENFD).

A close association between damages of peripheral 
nerves due to the diabetes and alterations in corneal 
sub-basal nerve plexus detected with IVCCM has 
been widely demonstrated by a number of studies. A 
landmark small cross-sectional study by Malik et al[18] 
showed corneal nerve fiber density, length and branch 
density were reduced in eighteen diabetic subjects with 
different grade neuropathy vs healthy controls, with a 
gradual reduction of these parameters with increasing 
neuropathy severity. Similarly, corneal nerve tortuosity 
was found increased in diabetics and in those with 
more severe neuropathy[19]. Subsequently several 
studies by this and other groups confirmed the efficacy 
of IVCCM for the identification of diabetic neuropathy 
in larger populations of type 1[20-23], type 2 diabetes[24]  
or both[25-27]. In particular, baseline features of the 
population enrolled in the LANDMark study, the largest 
study testing IVCCM in 242 type 1 diabetes vs 154 
controls, confirmed the reduced corneal never fiber 
length in those with neuropathy[22]. Longitudinal results 
of this study are not yet available.

As cornea is innervated by small Aδ and C fibers, 
IVCCM was tested with good results as a surrogate 
marker of small fiber neuropathy[28]. Before IVCCM, the 
evaluation of IENFD by skin biopsy was the gold standard 
method to quantitatively assess small fiber damages, 
with obvious limitations for a routine implementation in 
clinical practice due to its invasiveness. A comparable 
diagnostic efficiency between IVCCM and IENFD in type 
1 diabetes has been recently shown in a study by Chen 
et al[29] where the area under the receiver operator curve 
for the identification of neuropathy did not significantly 
differ between the two techniques. 

Among all the parameters of corneal innervation 
evaluated by IVCCM, the great majority of published 
studies agree about the validity and the overall good 
reproducibility of corneal nerve fiber density and 
length. In particular, the latter was shown to be the 
best predictor of diabetic sensorimotor polyneuropathy 
in 81 subjects affected by type 1 diabetes, with an 
optimized threshold for sensitivity and specificity at 14.0 
mm/mm2[30]. This threshold, however, has to be applied 
taking into account the natural age-dependent variation 
in corneal nerve fiber length. On the contrary, corneal 
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technique helpful to face diabetic neuropathies, which 
are prevalent complications of diabetes and cause 
of high healthcare expenditures, reduced quality of 
life, high morbidity and mortality. In particular IVCCM 
could have possible implications for the prevention of 
diabetic neuropathies and for research studies about its 
pathophysiology and treatments.

Prevention
Changes in the corneal sub-basal nerve plexus antici­
pate other clinical and electrophysiology signs of 
neuropathy[35,36]. Two longitudinal studies showed that 
lower corneal nerve fiber length predicts the onset of 
diabetic sensorimotor polyneuropathy in type 1 diabetic 
subjects followed-up for 3.5 and 4 years[37,38]. For the 
identification of new cases of neuropathy, the sensitivity 
and specificity of corneal nerve fiber length were 82% 
and 69%, respectively, with an optimal threshold of 
14.9 mm/mm2 in one study[37], and 63% and 74% with 
an optimal threshold of 14.1 mm/mm2 in the other 
one[38]. This suggests IVCCM allows the identification of 
at-risk patients to implement preventive strategies such 
as tight glycemic control and multifactorial interventions. 
Indeed, a prospective cohort study in subjects with 
type 1 diabetes without overt neuropathy showed 
that modifications in the corneal sub-basal nerve 
plexus over 4 years of follow-up were related to clinical 
and metabolic factors such as age, HbA1c and HDL 
cholesterol. This highlights the capability of IVCCM for 
monitoring the efficacy of preventive strategies aimed 
to modify the natural history of diabetic neuropathy 
before symptoms and signs become measurable by 
classical screening tests[39].

Moreover, Petropoulos et al[40] showed that dege­
neration of corneal nerve fibers are detectable before 
other microvascular complications appear, questioning 
whether early detection of small fibers distress by 
IVCCM could also work as a precocious surrogate 
marker for vascular risk stratification as well as micro
albuminuria or retinopathy. However, to date no studies 
have specifically investigated the predictive value of 
IVCCM with regards to the development of diabetic 
complications other than neuropathy.

Research tool
Besides the clinical implications, IVCCM could be a useful 
research tool to investigate neuropathy pathophysiology. 
The promising data showing early degeneration of 
corneal nerve fibers in impaired glucose tolerance and 
new onset type 2 diabetes[17,24,41] support the hypothesis 
the pathophysiology of diabetic neuropathy starts 
very early in diabetes[42]. Overall the data discussed 
so far pose IVCCM as a research tool to investigate 
the first steps of neuropathy, where other methods 
such as nerve conduction studies are not enough 
sensitive to detect pathological changes. Moreover, 
even though corneal nerve fibers have sensitive but 
not autonomic function, the above reported results 
about the association of IVCCM and diabetic autonomic 
neuropathy overall suggest that molecular cascades 
eventually leading to the damage of the sub-basal 
corneal plexus could also occur to nerves with similar 
structure such as the autonomic ones, even if they have 
different function. They also suggest that IVCCM is a 
surrogate easy and non-invasive marker of autonomic 
dysfunction, which mostly remains undiagnosed because 
of scarce implementation of the recommended diagnostic 
tests. However, these promising findings have still to 
be tested for their usefulness for cardiovascular risk-
stratification in larger and homogenous populations.

Interestingly, some reports show that IVCCM is 
also able in detecting regeneration of small nerve 
fiber after therapeutics. IVCCM showed significant 
improvements in nerve morphology after pancreas 
transplantation[43], after simultaneous kidney-pancreas 
transplantation[44], after improvements in risk factors 
for diabetic neuropathy[45], in subjects treated with 
continuous subcutaneous insulin infusion[46] and in 
phase 2 studies[47]. These studies suggest IVCCM is 
novel noninvasive tool to establish early nerve repair 
consequent to medical intervention that is missed by 
current assessment techniques.

Current pitfalls and limitations
Some pitfalls still exist about the use of IVCCM for 
the diagnosis of diabetic neuropathies. In particular, 
an age-related decline in corneal nerve fibers density 

A B C

Figure 2  Corneal innervation evaluated by in vivo corneal confocal microscopy in a health subjects (A), in a subject affected by type 1 diabetes without 
cardiac autonomic neuropathy (B) and in a subject affected by type 1 diabetes with cardiac autonomic neuropathy (C). Nerve fiber density and length is 
reduced in people with type 1 diabetes and in those with cardiac autonomic neuropathy. 
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and length occurs, claiming for age-standardized 
normative values. Moreover, there are uncertainties 
about racial differences in corneal nerve measures. 
IVCCM implementation and utility is also limited by the 
time and the expertise required for image analysis. 
Some arguments against IVCCM also claim a scarce 
reproducibility of corneal nerve measurements. In this 
regard, it has been recently shown preservation in the 
inter- and intra-observer reproducibility of fiber length 
measurements when using a fully automated analysis 
program, which also eliminates the need for trained 
analyst personnel and reduces the analysis time[25,48].

CONCLUSION
In conclusion, IVCCM currently represents a fascinating 
link between laboratory and clinical sciences through 
which diabetic neuropathies can be analyzed by assess­
ing nerve density, tortuosity and length. We acknow­
ledge our conclusions may be limited by the fact this 
manuscript is not a systematic review. However, to limit 
a possible selection bias, we carefully search throughout 
the literature for human studies testing IVCCM in people 
with diabetes and reported both positive and negative 
results, strength and limitations. As a result of our 
search, we reported that several evidences support the 
role of IVCCM as an easy and non-invasive clinical and 
research tool for the study of diabetic neuropathies, 
but some limitations including bias in image selection, 
reproducibility and the required expertise to perform 
the scan and read the images still need to be fully 
addressed.
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