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Abstract: Chronic pain may affect 30–50% of the world’s population and an important cause is small
fiber neuropathy (SFN). Recent research suggests that autoimmune diseases may be one of the most
common causes of small nerve fiber damage. There is low awareness of SFN among patients and
clinicians and it is difficult to diagnose as routine electrophysiological methods only detect large fiber
abnormalities, and specialized small fiber tests, like skin biopsy and quantitative sensory testing, are
not routinely available. Corneal confocal microscopy (CCM) is a rapid, non-invasive, reproducible
method for quantifying small nerve fiber degeneration and regeneration, and could be an important
tool for diagnosing SFN. This review considers the advantages and disadvantages of CCM and
highlights the evolution of this technique from a research tool to a diagnostic test for small fiber
damage, which can be a valuable contribution to the study and management of autoimmune disease.

Keywords: small fiber neuropathy (SFN); confocal microscopy (CM); cornea; skin biopsy; autoimmune
neuropathies; autoimmunity; sarcoidosis; Sjogren’s syndrome

1. Introduction

Small fiber neuropathy (SFN) can be described as a dysfunction of the nerve fibers of
the smallest diameter (A delta and C-types) that make up 70–90% of the entire peripheral
nervous system. SFN arises as a consequence of small nerve fiber dysfunction, or damage
due to metabolic, toxic, inflammatory, or autoimmune causes [1,2]. There are a wide variety
of clinical manifestations in SFN, the most common being pain, dysesthesia, and dysau-
tonomia. Sensory complaints occur in either a classic manifestation of polyneuropathy
(stocking/gloves pattern, length-dependent type), or in a non-length-dependent pattern
in which more proximal parts of the patient’s body are affected [3]. The management of
patients with SFN is challenging, especially with a lack of clear diagnostic criteria, limited
understanding of the underlying pathophysiology, and relatively ineffective treatments [4].

The epidemiology of this entity is difficult to define due to the complexity of the diag-
nosis and the low awareness of the disease among both patients and healthcare providers.
A US study showed that the incidence of SFN was 1.3/100,000 per year with a prevalence of
13.3 per 100,000 [5]. However, an earlier study from the Netherlands reported the minimum
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incidence as 11.73 cases/100,000 and a minimum prevalence of—52.95 cases/100,000 [6].
Possible explanations for such varying rates may be the different etiological factors in
different populations, genotype variability and different methods to establish the diagnosis
of SFN.

SFN develops due to the involvement of small fibers, and yet many patients remain
undiagnosed, and their complaints are considered to be psychogenic due to the absence
of large fiber abnormalities on electroneuromyography. The diagnosis of SFN requires an
assessment of neuropathic symptoms and neurological signs with a specialized evaluation
of small fibers, an assessment of severity, and a visual analog scale. Diagnostic criteria for
idiopathic SFN have been established recently and require at least one SF symptom and one
SF sign with abnormal intraepidermal small fiber density (IENFD), normal sensory nerve
conduction studies, and the absence of large nerve fiber symptoms and signs [7]. Validated
SFN questionnaires include “SFN symptoms inventory questionnaire” (SFN-SIQ), “SFN-
Rasch-built overall disability scale” (SFN-RODS), “Douleur Neuropathique 4 Questions”
(DN4), and “Composite Autonomic Symptom Score” (COMPASS-31) [8].

The punch skin biopsy technique with immunohistochemical staining of the small
nerve fibers has significantly improved the diagnostic yield for SFN [8]. However, along
with the relatively high cost, this technique cannot be repeated on the same area of skin,
it is time consuming, requires a histological laboratory, and can lead to infection and
bleeding [9], especially in patients with type 2 diabetes or impaired glucose tolerance,
which comprises up to 56% of all patients with SFN [10].

Corneal confocal microscopy (CCM) is an alternative, non-invasive procedure for
the evaluation of small fibers in the cornea [11]. Automated analysis and standardized
evaluation criteria make the method appropriate for clinical application [12]. It is a rapid,
non-invasive ophthalmic technique which can be deployed in pediatric and adult patients
with chronic diseases. It allows repeated analysis of the same part of the cornea, which
is important for longitudinal assessment to identify disease progression and to assess the
effectiveness of therapy. It can also evaluate the severity of underlying autoimmune and
inflammatory processes by visualizing dendritic cell morphology and density [13,14].

It should be noted that, in patients with metabolic, toxic, or drug-induced SFN, damage
to both small and large nerve fibers is often described and neuropathy usually is “mixed”.
These patients have changes both in electroneuromyography and in the above-mentioned
methods for diagnosing small fiber neuropathy. At the same time, in autoimmune cases
with SFN development, neuropathy is most often affects small fibers and very rarely
involves nerves of a larger diameter. Damage to the thin A delta and C-fibers is probably
cytokine-mediated via TNF alpha, IL-2, IL-6, and IL-8, but it has not been fully studied [12].
The application of sensitive diagnostic methods to identify SFN is key to the early diagnosis
of small fiber damage due to metabolic diseases such as identification of small fiber damage
in other neurologic diseases.

2. Etiology and Manifestations of Small Fiber Neuropathy

Five main etiological processes underlie SFN (Table 1) [15,16], although approximately
40% of cases remain idiopathic [15–17]. Previously, it was considered that most cases
of SFN were associated with diabetes mellitus type 1 and 2. However, there is growing
evidence that autoimmune conditions may have a greater impact on SFN development: first,
because small fiber polyneuropathy was described in various autoimmune diseases, such as
Sjogren’s syndrome, celiac disease, and systemic lupus erythematosus [18]; second, in some
types of idiopathic SFN, antibodies to the proteins of the nervous tissue were detected, e.g.,
antibodies to potassium channels or to nicotinic receptors; third, when performing a skin
biopsy, an increase in pro-inflammatory cytokines was described in a length-dependent
manner (e.g., cytokine titers were higher in more distal parts of the body compared to the
more proximal ones); and fourth, patients with this kind of neuropathy described beneficial
effects with the treatment of intravenous immunoglobulins or inhibition of TNF-alpha [12].
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Table 1. The most common causes of small fiber neuropathy [1,3–7].

Causes Diseases

Metabolic

Diabetes mellitus
Impaired glucose tolerance

Vitamin B12 and B6 deficiency
Dyslipidemia

Chronic hypothyroidism
Chronic kidney disease

Infectious

HIV
Hepatitis C

Lyme Disease
Leprosy

Toxic
Alcohol

Antibiotics (metronidazole, linezolid)
Statins

Autoimmune/inflammatory

ASIA-syndrome
Sjogren’s syndrome

Sarcoidosis
Celiac disease

Rheumatoid arthritis
Systemic lupus erythematosus

Amyloidosis

Hereditary

Fabry disease
Tangier’s disease
Friedreich Ataxia

Familial amyloidosis (mutation of transthyretin)
Sodium channels mutations Nav1.8, 1.7

SFN is characterized by chronic burning pain in the distal limbs, which may also
affect the proximal back, chest, and face, and should last more than 6 months [19,20].
Sensory manifestations include hyperalgesia, paresthesia, dysesthesia (itching, tingling, and
stitching sensations), and allodynia (a pain response to a non-painful stimulus) [17,21,22].
Dysautonomia of the exocrine glands (sweat, salivary, and lacrimal), smooth muscle in the
gastrointestinal tract, urinary, and cardiovascular systems [23,24], and altered hyperaemic
and pressure-induced vasodilatation in the skin may contribute to foot ulceration and poor
wound healing [25].

3. Corneal Confocal Microscopy: Discovery and Method

Confocal microscopy (CM) was discovered more than 75 years ago. The first con-
focal system was invented in 1943 and, in 1951, Hiroto Naora published the first article
on CM in the journal of spectrophotometry [26]. The first commercial corneal confocal
microscope (CCM) was a tandem-scanning microscope and was developed in the 1960s
by the Czechoslovak scientist Moymir Petrash. Evolution of the scanning systems [24] in
combination with laser technology [26] enabled the enhancement of image quality. Cur-
rently, there are three different models of CCM: laser scanning CCM, slit-scanning CCM,
and tandem-scanning CCM, differing in light emission, resolution, and magnification [27].
The Heidelberg corneal module (HRT-RCM) is the most widely used CCM and has been
used to quantify small nerve fibers in a range of peripheral and central neurodegenerative
diseases [28].

CCM generates high-resolution images of the cells and sub-basal nerve plexus in the
cornea [27]. Real-time, in vivo images are obtained without distortion unless there are
pressure lines or fixation artifacts since, unlike skin biopsies, the material does not need to
be fixed (Figure 1).
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Figure 1. Layer-by-layer image of the healthy cornea. (a)—superficial epithelial cells, (b,c)—sub-basal
nerve plexuses, (d,e)—stroma, and (f)—endothelium.

The imaging procedure is relatively simple and the technique can be learnt by investi-
gators without an ophthalmic background with 2–3 days of intensive training. The CCM
procedure includes: (1) preparation of the tip of the camera lens using gel (Viscotears) and
a sterile nozzle (TomoCap); (2) setting the focal plane with the lens focused on the front
cover of the TomoCap; (3) application of the local anaesthetic and lubricant gel on the front
of the eye; (4) moving the TomoCap 5–10 mm away from the eye with the optical axis of
the microscope chamber passing through the center of the anterior pole of the cornea to
capture a central image; (5) moving the camera forward until the TomoCap touches the
cornea and creates a thin gel bridge; and (6) the HRT III laser camera captures optimal
images of the corneal structures using the section mode [29].

Several image analysis software methods have been used to assess the corneal sub-
basal nerve plexus. Corneal nerve fiber density (CNFD) (fibers/mm2), branch density
(CNBD) (branches/mm2), and fiber length (CNFL) (total fiber length mm/mm2) are most
commonly quantified using manual and automated image analysis software [30,31] and a
normative range has been established, taking into account age and gender in a large, healthy
control cohort [32]. Recently, artificial intelligence (AI) -based deep learning algorithms
have been applied to augment corneal nerve analysis and the classification of patients with
and without diabetic neuropathy [33,34].

Corneal confocal microscopy is a simple, reproducible, and precise method, but the
limitations are also presented. First of all, special equipment and trained personnel are
required. However, there is no need for a histological laboratory, which is necessary for a
skin biopsy [35]. Patient images are stored in a digital database and can be interpreted both
automatically and semi-automatically. The semi-automatic method, in general, is more
accurate; however, due to the presence of the human factor, it can also carry errors and
limitations. An important feature in the context of autoimmune neuropathies is the need to
assess the patient’s local immune status. Due to the fact that this method is non-invasive,
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the tissue concentrations of cytokines and other immunological factors cannot be evaluated;
however, it is possible to assess the number and morphology of dendritic cells, which is an
important parameter to investigate in autoimmune conditions.

4. Corneal Confocal Microscopy in Small Fiber Neuropathy

CCM is gaining acceptance in the diagnosis of small fiber neuropathy (Figure 2) [36].
Earlier studies of patients with idiopathic SFN demonstrated decreased corneal nerve fiber
density and increased tortuosity [29,36] with increased dendritic cells, indicating systemic
inflammation [15]. In a recent deep phenotyping study of patients with idiopathic SFN,
whilst abnormalities occurred in the distal intraepidermal nerve fiber density (IENFD)
(60/86, 70%) and neurological examination (53/86, 62%) most frequently reflected small
fiber disease, adding CCM and/or pain-related evoked potentials (PREP) further increased
the identification of patients with small fiber impairment to 47/55 (85%), whilst quantitative
sensory testing (QST), quantitative sudomotor reflex testing (QSART), and proximal IENFD
were of lower impact [15,37].
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Figure 2. The sub-basal nerve plexus in (a)—healthy volunteer with normal nerve fibers, (b)—patient
with diabetic neuropathy with reduced nerve fibers, and (c)—patient with diabetes and Charcot
neuro-osteoarthropathy with a severe loss of nerve fibers.

Several studies have shown the utility of CCM in both early diagnosis and man-
agement of patients with diabetes. Azmi et al. undertook an oral glucose tolerance test,
evaluation of neuropathic symptoms, skin biopsy to evaluate intraepidermal nerve fibers
density (IENFD), and mean dendrite length (MDL) and CCM to quantify corneal nerve
morphology in 30 subjects with impaired glucose tolerance (IGT) and 17 controls at baseline
and annually over 3 years. Ten participants with IGT who developed type 2 diabetes had a
significantly lower CNFD, CNBD, and CNFL, whilst there was no difference in IENFD or
MDL compared to controls. They also showed a further decrease in CNFL, IENFD, and
MDL over 3 years. The remaining fifteen subjects with impaired glucose tolerance and five
subjects who returned to normal glucose tolerance did not differ significantly in CNFD,
CNBD, CNFL, or IENFD [38]. Differences were revealed between patients with painful and
painless diabetic neuropathy with a lower corneal nerve fiber density (p = 0.005), branch
density (p = 0.03), length (p = 0.01), cold sensation threshold (p < 0.0001), and higher warm
sensation threshold (p = 0.004) [39,40]. For the diagnosis of diabetic neuropathy, CCM, com-
pared to a skin biopsy, has a slightly higher sensitivity (0.77 versus 0.61) and comparable
specificity (0.79 versus 0.80) [14]. CCM has been shown to have good diagnostic utility for
diabetic neuropathy [41] and can predict the development of diabetic neuropathy [42,43].

Corneal nerve loss also occurs in patients with painful sarcoid neuropathy [44], painful
human immunodeficiency virus (HIV) neuropathy [45], chemotherapy-induced peripheral
neuropathy, and fibromyalgia [46].
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There may be a difference in CCM results in patients with autoimmune and metabolic
causes of SFN [47]. Brines M. et al. showed the possibility of differential diagnosis of the
SFN of metabolic (type 2 diabetes mellitus) and autoimmune (sarcoidosis) origin with CM,
where correlation between CCM variables was higher in metabolic disease than it was
for the patients with sarcoidosis [2]. The possibility for utilizing CCM in the differential
diagnosis of SFN is promising, though understudied.

Considering that SFN may have both length-dependent (classical polyneuropathy) and
non-length-dependent (“patchy”) patterns, it is important to perform studies comparing
CCM with other diagnostic techniques, especially skin biopsy and QST in different neu-
ropathies. In patients with sarcoidosis CCM was a more sensitive method which detected
SFN in 45% of patients, while a skin biopsy only identified SFN in 28% of patients [48].
Previously, the same authors compared CCM and quantitative sensory testing (QST) results
in fibromyalgia (FM) patients. Small fiber pathology was detected in the cornea of half of
the patients with FM and four further subtypes were identified based on abnormalities in
CCM and central sensitization [49].

5. Conclusions

Corneal confocal microscopy has a robust evidence base for the assessment of SFN,
especially in diabetic neuropathy [50]. There is an increasing body of data for the utility of
CCM in the assessment of other peripheral and central neurodegenerative diseases with
underlying autoimmune etiologies. It is a non-invasive, reiterative technique with good
reproducibility using manual and automated quantification techniques, enabling rapid
diagnosis. Further studies utilizing CCM are needed to expand the utility of this technique
in the diagnosis of patients with small fiber neuropathy.

Funding: The work was performed with the grant support of the Russian Federation by the Ministry
of Education and Science of Russia, Agreement No. 075-15-2021-1012 dated 29 September 2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brouwer, B.A.; Bakkers, M.; Hoeijmakers, J.G.; Faber, C.G.; Merkies, I.S. Improving assessment in small fiber neuropathy. J.

Peripher. Nerv. Syst. 2015, 20, 333–340. [CrossRef] [PubMed]
2. Brines, M.; Culver, D.A.; Ferdousi, M.; Tannemaat, M.R.; Velzen van, M.; Dahan, A.; Malik, A. Corneal nerve fiber size adds utility

to the diagnosis and assessment of therapeutic response in patients with small fiber neuropathy. Sci. Rep. 2018, 8, 4734. [CrossRef]
3. Hoitsma, E.; Reulen, J.P.; de Baets, M.; Drent, M.; Spaans, F.; Faber, C.G. Small fiber neuropathy: A common and important clinical

disorder. J. Neurol. Sci. 2004, 227, 119–130. [CrossRef]
4. Basantsova, N.Y.; Zinchenko, Y.U.S.; Starshinova, A.A.; Yablonsky, P.K. Features of the diagnosis of small fiber neuropathies in

various diseases (literature review). Pediatrician 2018, 9, 101–110. [CrossRef]
5. Johnson, S.A.; Shouman, K.; Shelly, S.; Sandroni, P.; Berini, S.E.; Dyck, P.J.B.; Hoffman, E.M.; Mandrekar, J.; Niu, Z.; Lamb, C.J.; et al.

Small Fiber Neuropathy Incidence, Prevalence, Longitudinal Impairments, and Disability. Neurology 2021, 97, e2236–e2247.
[CrossRef]

6. Peters, M.J.; Bakkers, M.; Merkies, I.S.; Hoeijmakers, J.G.; van Raak, E.P.; Faber, C.G. Incidence and prevalence of small-fiber
neuropathy: A survey in the Netherlands. Neurology 2013, 81, 1356–1360. [CrossRef]

7. Freeman, R.; Gewandter, J.S.; Faber, C.G.; Gibbons, C.; Haroutounian, S.; Lauria, G.; Levine, T.; Malik, R.A.; Singleton, J.R.;
Smith, A.G.; et al. Idiopathic distal sensory polyneuropathy: ACTTION diagnostic criteria. Neurology 2020, 95, 1005–1014.
[CrossRef] [PubMed]

8. Sun, B.; LiZhi, L.; Liu, L.; Chen, Z.; Ling, L.; Yang, F.; Liu, J.; Liu, H.; Huang, X. SFN-SIQ, SFNSL, and skin biopsy of 55 cases with
small fiber involvement. Int. J. Neurosci. 2018, 128, 442–448. [CrossRef]

9. Provitera, V.; Gibbons, C.H.; Wendelschafer-Crabb, G.; Donadio, V.; Vitale, D.F.; Stancanelli, A.; Caporaso, G.; Liguori, R.;
Wang, N.; Santoro, L.; et al. A multi-center, multinational age- and genderadjusted normative dataset for immunofluorescent
intraepidermal nerve fiber density at the distal leg. Eur. J. Neurol. 2016, 23, 333–338. [CrossRef] [PubMed]

10. Lang, M.; Treister, R.; Oaklande, A.L. Diagnostic value of blood tests for occult causes of initially idiopathic small fiber
polyneuropathy. J. Neurol. 2016, 263, 2515–2527. [CrossRef]

http://doi.org/10.1111/jns.12128
http://www.ncbi.nlm.nih.gov/pubmed/26114213
http://doi.org/10.1038/s41598-018-23107-w
http://doi.org/10.1016/j.jns.2004.08.012
http://doi.org/10.17816/PED96101-110
http://doi.org/10.1212/WNL.0000000000012894
http://doi.org/10.1212/WNL.0b013e3182a8236e
http://doi.org/10.1212/WNL.0000000000010988
http://www.ncbi.nlm.nih.gov/pubmed/33055271
http://doi.org/10.1080/00207454.2017.1398152
http://doi.org/10.1111/ene.12842
http://www.ncbi.nlm.nih.gov/pubmed/26493160
http://doi.org/10.1007/s00415-016-8270-5


Pathophysiology 2022, 29 7

11. Malik, R.A.; Kallinikos, P.; Abbott, C.A.; van Schie, C.H.; Morgan, P.; Efron, N.; Boulton, A.J. Corneal confocal microscopy: A
noninvasive surrogate of nerve fibre damage and repair in diabetic patients. Diabetologia 2003, 46, 683–688. [CrossRef]

12. Terkelsen, A.J.; Karlsson, P.; Lauria, G.; Freeman, R.; Finnerup, N.; Jensen, T.S. The diagnostic challenge of small fibre neuropathy:
Clinical presentations, evaluations, and causes. Lancet Neurol. 2017, 16, 934–944. [CrossRef]

13. Kalteniece, A.; Ferdousi, M.; Azmi, S.; Mubita, W.M.; Marshall, A.; Lauria, G.; Faber, C.G.; Soran, H.; Malik, R.A. Corneal confocal
microscopy detects small nerve fbre damage in patients with painful diabetic neuropathy. Sci. Rep. 2020, 10, 3371. [CrossRef]
[PubMed]

14. Alam, U.; Jeziorska, M.; Petropoulos, I.N.; Asghar, O.; Fadavi, H.; Ponirakis, G.; Marshall, A.; Tavakoli, M.; Boulton, A.J.M.;
Efron, N.; et al. Diagnostic utility of corneal confocal microscopy and intra-epidermal nerve fibre density in diabetic neuropathy.
PLoS ONE 2017, 12, e0180175. [CrossRef]

15. Moulton, E.A.; Borsook, D. C-Fiber Assays in the Cornea vs. Skin. Brain Sci. 2019, 9, 320. [CrossRef]
16. Bucher, F.; Schneider, C.; Blau, T.; Cursiefen, C.; Fink, G.R.; Lehmann, H.C.; Heindl, L.M. Small-Fiber Neuropathy Is Associated

With Corneal Nerve and Dendritic Cell Alterations: An In Vivo Confocal Microscopy Study. Cornea 2015, 34, 1114–1119. [CrossRef]
17. Varela, N.; Chorny, A.; Gonzalez-Rey, E.; Delgado, M. Tuning inflammation with anti-inflammatory neuropeptides. Expert Opin.

Biol. Ther. 2007, 7, 461–478. [CrossRef]
18. Lauria, G.; Merkies, I.S.G.; Faber, C.G. Small fiber neuropathy. Curr. Opin. Neur. 2012, 25, 542–549. [CrossRef] [PubMed]
19. Sene, D. Small fiber neuropathy: Diagnosis, causes and treatment. Jt. Bone Spine 2018, 85, 553–559. [CrossRef]
20. Farhad, K.; Traub, R.; Ruzhansky, K.M.; Brannagan, T.H. Causes of neuropathy in patients referred as “idiopathic neuropathy”.

Muscle Nerve 2016, 53, 856–861. [CrossRef] [PubMed]
21. Devigili, G.; Tugnoli, V.; Penza, P.; Camozzi, F.; Lombardi, R.; Melli, G.; Broglio, L.; Granieri, E.; Lauria, G. The diagnostic criteria

for small fibre neuropathy: From symptoms to neuropathology. Brain 2008, 131, 1912–1925. [CrossRef]
22. Lefaucheur, J.-P.; Wahab, A.; Planté-Bordeneuve, V.; Sène, D.; Ménard-Lefaucheur, I.; Rouie, D.; Tebbal, D.; Salhi, H.; Créange, A.;

Zouari, H.; et al. Diagnosis of small fiber neuropathy: A comparative study of five neurophysiological tests. Neurophysiol. Clin.
2015, 45, 445–455. [CrossRef] [PubMed]

23. Gemignani, F.; Brindani, F.; Vitetta, F.; Marbini, A.; Calzetti, S. Restless legs syndrome in diabetic neuropathy: A frequent
manifestation of small fiber neuropathy. J. Peripher. Nerv. Syst. 2007, 12, 50–53. [CrossRef] [PubMed]

24. Sène, D.; Cacoub, P.; Authier, F.-J.; Haroche, J.; Créange, A.; Saadoun, D.; Amoura, Z.; Guillausseau, P.-J.; Lefaucheur, J.-P. Small
fibre neuropathy: Diagnostic approach and therapeutic issues, and its association with primary Sjögren’s syndrome. Med. Baltim.
2013, 92, 10–18. [CrossRef] [PubMed]

25. Fromy, B.; Lingueglia, E.; Sigaudo-Roussel, D.; Saumet, J.L.; Lazdunski, M. Asic3 is a neuronal mechanosensor for pressure-
induced vasodilation that protects against pressure ulcers. Nat. Med. 2012, 18, 1205–1207. [CrossRef]

26. Grundmann, A. Microspectrophotometry of the cell within the range of the visible spectrum. Dtsch. Med. J. 1963, 88, 98–103.
[CrossRef]

27. Egger, M.D.; Petran, M. New Reflected-Light Microscope for Viewing Unstained Brain and Ganglion Cells. Science 1967,
157, 305–307. [CrossRef]

28. Masters, B.R. Confocal Microscopy and Multiphoton Excitation Microscopy: The Genesis of Live Cell Imaging; SPIE Press: Washington,
DC, USA, 2006; p. 234.

29. Wang, E.F.; Misra, S.L.; Patel, D.V. In Vivo Confocal Microscopy of the Human Cornea in the Assessment of Peripheral Neuropathy
and Systemic Diseases. Biomed Res. Int. 2015, 2015, 951081. [CrossRef]

30. Dabbah, M.A.; Graham, J.; Petropoulos, I.N.; Tavakoli, M.; Malik, R.A. Automatic analysis of diabetic peripheral neuropathy
using multi-scale quantitative morphology of nerve fibres in corneal confocal microscopy imaging. Med. Image Anal. 2011,
15, 738–747. [CrossRef]

31. Chen, X.; Graham, J.; Dabbah, M.A.; Petropoulos, I.N.; Tavakoli, M.; Malik, R.A. An Automatic Tool for Quantification of Nerve
Fibers in Corneal Confocal Microscopy Images. IEEE Trans. Biomed. Eng. 2017, 64, 786–794. [CrossRef]

32. Tavakoli, M.; Ferdousi, M.; Petropoulos, I.N.; Morris, J.; Pritchard, N.; Zhivov, A.; Ziegler, D.; Pacaud, D.; Romanchuk, K.;
Perkins, B.A.; et al. Normative values for corneal nerve morphology assessed using corneal confocal microscopy: A multinational
normative data set. Diabetes Care 2015, 38, 838–843. [CrossRef]

33. Williams, B.M.; Borroni, D.; Liu, R.; Zhao, Y.; Zhang, J.; Lim, J.; Ma, B.; Romano, V.; Qi, H.; Ferdousi, M.; et al. An artificial
intelligence-based deep learning algorithm for the diagnosis of diabetic neuropathy using corneal confocal microscopy: A
development and validation study. Diabetologia 2020, 63, 419–430. [CrossRef]

34. Salahouddin, T.; Petropoulos, I.N.; Ferdousi, M.; Ponirakis, G.; Asghar, O.; Alam, U.; Kamran, S.; Mahfoud, Z.R.; Efron,
N.; Malik, R.A.; et al. Artificial Intelligence-Based Classification of Diabetic Peripheral Neuropathy From Corneal Confocal
Microscopy Images. Diabetes Care 2021, 44, e151–e153. [CrossRef]

35. Cazzato, D.; Lauria, G. Small fiber neuropathy. Curr. Opin. Neur. 2017, 30, 490–499. [CrossRef]
36. Gemignani, F.; Ferrari, G.; Vitetta, F.; Giovanelli, M.; Macaluso, C.; Marbini, A. Non-length-dependent small fibre neuropathy.

Confocal microscopy study of the corneal innervation. J. Neurol. Neurosurg. Psychiatry 2010, 81, 731–733. [CrossRef] [PubMed]
37. Egenolf, N.; Zu Altenschildesche, C.M.; Kreß, L.; Eggermann, K.; Namer, B.; Gross, F.; Klitsch, A.; Malzacher, T.; Kampik, D.;

Malik, R.A.; et al. Diagnosing small fiber neuropathy in clinical practice: A deep phenotyping study. Ther. Adv. Neurol. Disord.
2021, 14, 17562864211004318. [CrossRef] [PubMed]

http://doi.org/10.1007/s00125-003-1086-8
http://doi.org/10.1016/S1474-4422(17)30329-0
http://doi.org/10.1038/s41598-020-60422-7
http://www.ncbi.nlm.nih.gov/pubmed/32099076
http://doi.org/10.1371/journal.pone.0180175
http://doi.org/10.3390/brainsci9110320
http://doi.org/10.1097/ICO.0000000000000535
http://doi.org/10.1517/14712598.7.4.461
http://doi.org/10.1097/WCO.0b013e32835804c5
http://www.ncbi.nlm.nih.gov/pubmed/22941266
http://doi.org/10.1016/j.jbspin.2017.11.002
http://doi.org/10.1002/mus.24969
http://www.ncbi.nlm.nih.gov/pubmed/26561790
http://doi.org/10.1093/brain/awn093
http://doi.org/10.1016/j.neucli.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26596193
http://doi.org/10.1111/j.1529-8027.2007.00116.x
http://www.ncbi.nlm.nih.gov/pubmed/17374101
http://doi.org/10.1097/MD.0000000000000005
http://www.ncbi.nlm.nih.gov/pubmed/23982054
http://doi.org/10.1038/nm.2844
http://doi.org/10.1055/s-0028-1111924
http://doi.org/10.1126/science.157.3786.305
http://doi.org/10.1155/2015/951081
http://doi.org/10.1016/j.media.2011.05.016
http://doi.org/10.1109/TBME.2016.2573642
http://doi.org/10.2337/dc14-2311
http://doi.org/10.1007/s00125-019-05023-4
http://doi.org/10.2337/dc20-2012
http://doi.org/10.1097/WCO.0000000000000472
http://doi.org/10.1136/jnnp.2009.177303
http://www.ncbi.nlm.nih.gov/pubmed/20581138
http://doi.org/10.1177/17562864211004318
http://www.ncbi.nlm.nih.gov/pubmed/34335876


Pathophysiology 2022, 29 8

38. Azmi, S.; Ferdousi, M.; Petropoulos, I.N.; Ponirakis, G.; Alam, U.; Fadavi, H.; Asghar, O.; Marshall, A.; Atkinson, A.J.;
Jones, W.; et al. Corneal Confocal Microscopy Identifies Small-Fiber Neuropathy in Subjects With Impaired Glucose Tolerance
Who Develop Type 2 Diabetes. Diabetes Care 2015, 38, 1502–1508. [CrossRef]

39. Ferdousi, M.; Azmi, S.; Kalteniece, A.; Petropoulos, I.N.; Ponirakis, G.; Asghar, O.; Alam, U.; Marshall, A.; Boulton, A.J.M.;
Efron, N.; et al. Greater small nerve fibre damage in the skin and cornea of type 1 diabetic patients with painful compared to
painless diabetic neuropathy. Eur. J. Neurol. 2021, 28, 1745–1751. [CrossRef]

40. Kalteniece, A.; Ferdousi, M.; Azmi, S.; Khan, S.U.; Worthington, A.; Marshall, A.; Faber, C.G.; Lauria, G.; Boulton, A.J.M.;
Soran, H.; et al. Corneal nerve loss is related to the severity of painful diabetic neuropathy. Eur. J. Neurol. 2021, 27. [CrossRef]

41. Culver, D.A.; Dahan, A.; Bajorunas, D.; Jeziorska, M.; van Velzen, M.; Aarts, L.P.H.J.; Tavee, J.; Tannemaat, M.R.; Dunne, A.N.;
Kirk, R.I.; et al. Cibinetide Improves Corneal Nerve Fiber Abundance in Patients With Sarcoidosis-Associated Small Nerve Fiber
Loss and Neuropathic Pain. Investig. Ophthalmol. Vis. Sci. 2017, 58, BIO52–BIO60. [CrossRef] [PubMed]

42. Kemp, H.I.; Petropoulos, I.N.; Rice, A.S.C.; Vollert, J.; Maier, C.; Strum, D.; Schargus, M.; Peto, T.; Hau, S.; Chopra, R.; et al.
Use of Corneal Confocal Microscopy to Evaluate Small Nerve Fibers in Patients With Human Immunodeficiency Virus. JAMA
Ophthalmol. 2017, 135, 795–800. [CrossRef]

43. Burgess, J.; Ferdousi, M.; Gosal, D.; Boon, C.; Matsumoto, K.; Marshall, A.; Mak, T.; Marshall, A.; Frank, B.; Malik, R.A.; et al.
Chemotherapy-Induced Peripheral Neuropathy: Epidemiology, Pathomechanisms and Treatment. Oncol. Ther. 2021, 9, 385–450.
[CrossRef] [PubMed]

44. Evdokimov, D.; Frank, J.; Klitsch, A.; Unterecker, S.; Warrings, B.; Serra, J.; Papagianni, A.; Saffer, N.; Meyer Zu Altenschildesche,
C.; Kampik, D.; et al. Reduction of skin innervation is associated with a severe fibromyalgia phenotype. Ann. Neurol. 2019,
86, 504–516. [CrossRef]

45. Ferdousi, M.; Kalteniece, A.; Azmi, S.; Petropoulos, I.N.; Ponirakis, G.; Alam, U.; Asghar, O.; Marshall, A.; Fullwood, C.;
Jeziorska, M.; et al. Diagnosis of Neuropathy and Risk Factors for Corneal Nerve Loss in Type 1 and Type 2 Diabetes: A Corneal
Confocal Microscopy Study. Diabetes Care 2021, 44, 150–156. [CrossRef] [PubMed]

46. Perkins, B.A.; Lovblom, L.E.; Lewis, E.J.H.; Bril, V.; Ferdousi, M.; Orszag, A.; Edwards, K.; Pritchard, N.; Russell, A.;
Dehghani, C.; et al. Corneal Confocal Microscopy Predicts the Development of Diabetic Neuropathy: A Longitudinal Diag-
nostic Multinational Consortium Study. Diabetes Care 2021, 44, 2107–2114. [CrossRef]

47. Gad, H.; Petropoulos, I.N.; Khan, A.; Ponirakis, G.; MacDonald, R.; Alam, U.; Malik, R.A. Corneal confocal microscopy for
the diagnosis of diabetic peripheral neuropathy: A systematic review and meta-analysis. J. Diabetes Investig. 2021, 6, 567–570.
[CrossRef]

48. Oudejans, L.C.; Niesters, M.; Brines, M.; Dahan, A.; van Velzen, M. Quantification of small fiber pathology in patients with
sarcoidosis and chronic pain using cornea confocal microscopy and skin biopsies. J. Pain Res. 2017, 10, 2057–2065. [CrossRef]

49. Oudejans, L.; He, X.; Niesters, M.; Dahan, A.; Brines, M.; van Velzen, M. Cornea nerve fiber quantification and construction of
phenotypes in patients with fibromyalgia. Sci. Rep. 2016, 6, 23573. [CrossRef] [PubMed]

50. Petropoulos, I.N.; Ponirakis, G.; Khan, A.; Gad, H.; Almuhannadi, H.; Brines, M.; Cerami, A.; Malik, R.A. Corneal confocal
microscopy: Ready for prime time. Clin. Exp. Optom. 2020, 103, 265–277. [CrossRef]

http://doi.org/10.2337/dc14-2733
http://doi.org/10.1111/ene.14757
http://doi.org/10.1111/ene.15129
http://doi.org/10.1167/iovs.16-21291
http://www.ncbi.nlm.nih.gov/pubmed/28475703
http://doi.org/10.1001/jamaophthalmol.2017.1703
http://doi.org/10.1007/s40487-021-00168-y
http://www.ncbi.nlm.nih.gov/pubmed/34655433
http://doi.org/10.1002/ana.25565
http://doi.org/10.2337/dc20-1482
http://www.ncbi.nlm.nih.gov/pubmed/33144353
http://doi.org/10.2337/dc21-0476
http://doi.org/10.1111/jdi.13643
http://doi.org/10.2147/JPR.S142683
http://doi.org/10.1038/srep23573
http://www.ncbi.nlm.nih.gov/pubmed/27006259
http://doi.org/10.1111/cxo.12887

	Introduction 
	Etiology and Manifestations of Small Fiber Neuropathy 
	Corneal Confocal Microscopy: Discovery and Method 
	Corneal Confocal Microscopy in Small Fiber Neuropathy 
	Conclusions 
	References

