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Corneal Confocal Microscopy:
Ready for Prime Time?



Corneal Confocal Microscopy

• Rapid (5 min)

• Non-invasive (in vivo)

• Reiterative 

• Images Corneal Nerves.



Derived from the Ophthalmic 
division of the Trigeminal nerve.

Skin 200 nociceptors/mm2.

Cornea most dense innervation in 
body 7000 nociceptors/mm2.

Corneal Nerves



Corneal Nerves



CCM (6 images/patient) 

CNFD (no./mm2) + TC (Red)

CNFL (mm/mm2) (Red + Blue)

CNBD (no./mm2) (Green)

CCMetrics®, M. A. Dabbah, University of

Manchester, Imaging Science and

Biomedical Engineering, School of Cancer

and Enabling Sciences.

Corneal Nerve Quantification

Malik et al. Diabetologia 2003; 46: 683-688 
Kallinikos et al. IOVS 2004; 45: 418-422



Automated Analysis (CCMetrics/ACCMetrics)

Dabbah et al. Med Image Anal. 2011; 15:738-47

Dabbah et al. Med Image Comput Assist Interv. 2010;13: 300-7

30 min

25 sec



FDA End Point?

1. Biomarker: a physical sign or laboratory measurement 
that occurs in association with a pathological process 
and has diagnostic or prognostic utility.

2. Clinical endpoint: A clinically meaningful measure of 
how a patient feels, functions or survives.

3. Surrogate Endpoint: Biomarker intended to substitute 
for a clinical endpoint and is expected to predict the 
effect of therapeutic intervention.



JDRF Innovative grant

$53K 



N=1680 (DPN-559, no DPN-592, Controls 529)

Jiang et al. BJO 2015 in Press

CNFD

CNBD

CNFL

C v DPN P<0.00001

DPN v no-DPN, P<0.00001

C v no-DPN P<0.02

C v DPN P<0.00001

DPN v no-DPN, P<0.0001

C v no-DPN P<0.02

C v DPN P<0.00001

DPN v no-DPN, P<0.00001

C v no-DPN P<0.004

Jiang et al Br J Ophthalmol. 2016;100:9-14.



Tavakoli et al Diabetes Care 2015; 38: 838-43

N=343



Brines et al Sci Reports 2018; 8: 4734 



Perkins et al.  Diabetologia  2018



Chen et al.  Diabetes Care 2015; 38: 1138-44
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ACNFD, AUC=0.80

MCNFD, AUC=0.82

IENFD,   AUC=0.66

CCM v IENFD

Sensitivity Specificity

CNFD 0.79 0.71

IENFD 0.53 0.77



Alam et al PLoS One 2017; 12: e0180175.



Kalteniece et al. Sci Rep 2018; 8: 3283 



FDA End Point?

1. Biomarker: a physical sign or laboratory measurement 
that occurs in association with a pathological process 
and has diagnostic or prognostic utility.

2. Clinical endpoint: A clinically meaningful measure of 
how a patient feels, functions or survives.

3. Surrogate Endpoint: Biomarker intended to substitute 
for a clinical endpoint and is expected to predict the 
effect of therapeutic intervention.



16 (18%) 
neuropathy*

74 (82%)
no neuropathy*

90 re-examined
After 47 ± 3 months

*Neuropathy Diagnosis
Toronto criteria:
(1) Abnornal nerve conduction
AND
(2) A symptoma or signb of neuropathy
a. DNSS ≥ 1 out of 4
b. NDS ≥ 3 out of 10

55 had neuropathy*

not enrolled  
101 had no neuropathy*

enrolled 

156 recruited
Type 1 Diabetes

Baseline Examination
Demographic & life-style measures
Blood biochemistry & metabolic measures
Neuropathy measures
Ophthalmic measures

Pritchard et al. Diabetes Care 2015; 38: 671-5  



Baseline 
Characteristic

No DPN DPN p

Retinopathy status 
(ETDRS)

16±9 26±16 0.008

Corneal nerve fiber 
length (mm/mm2)

16.2±3.5 14.0±4.1 0.041

Pritchard et al. Diabetes Care 2015; 38: 671-5  



Lovblom et al. Can J Diab 2015; 39: 390-97

65 Type 1DM

No DSP

54 (83%) No DSP

11 (17%) DSP

3.5 ± 0.9 yrs 

*Neuropathy Diagnosis
Toronto criteria:
(1)Abnormal nerve conduction
AND
(2) A symptoma or signb of 
neuropathy
a.DNSS ≥ 1 out of 4
b. NDS ≥ 3 out of 10



FDA End Point?

1. Biomarker: a physical sign or laboratory measurement 
that occurs in association with a pathological process 
and has diagnostic or prognostic utility.

2. Clinical endpoint: A clinically meaningful measure of 
how a patient feels, functions or survives.

3. Surrogate Endpoint: Biomarker intended to substitute 
for a clinical endpoint and is expected to predict the 
effect of therapeutic intervention.



Tavakoli et al Exp Neurol 2010; 223: 245-50



Tavakoli et al. Muscle and Nerve 2015; 53: 363-70 

Autonomic Neuropathy

AUC Sensitivity Specificity

NFD 0.915 86% 78%

NFL 0.907 86% 78%

NBD 0.889 100% 56%



Javed  et al 2018

P=0.004

P=0.05

P=0.0001



Parameters Control (n=50) Painless (n=50) Painful (n=41)

CNFD (no./mm2) 37.0±6.3 26.2±8.02* 20.2±10.7#

CNBD (no./mm2) 87.1±34.4 58.1±30.5* 46.4±32.5

CNFL (mm/mm2) 26.06±5.2 19.8±5.6* 15.7±7.8#

Painful v Painless DPN

P<0.001

P<0.05

Ferdousi et al 2018 Under Review



Chemotherapy Induced Peripheral Neuropathy

P=0.003

P<0.0001

Ferdousi et al. PLoS One. 2015; 10: e0139394 



CIDP(n=82)/MGUSN (n=12)/MMN (n=6)

Stettner M et al. Ann Clin Transl Neurol 2015; 3: 88-100

P=0.001 P=0.001 P=0.001

P=0.01 P=0.001



Kemp et al JAMA Ophthalmol 2017

P=0.001

P=0.03

P=0.001



Friedreich’s Ataxia

Petropoulos et al 2018

GAA triplet repeats 

in the FXN gene

Correlates with CCM



Other Peripheral Neuropathies

ISFN

Tavakoli et al. Exp Neurol. 2010;223(1):245-50.

Bucher et al. Cornea. 2015;34:1114-9.

Gemignani et al. J Neurol Neurosurg 

Psychiatry. 2010; 81:731-3.

HSAN/CMT!A

Mimura et al.Curr Eye Res. 2008;33: 940-5.

Tavakoli et al. Muscle & Nerve 2012; 46: 698-704.

Fabry’s Disease

Tavakoli et al. Muscle Nerve. 2009;40(6):976-84.

CIPN

Ferdousi et al. PLoS One. 2015; 10: e0139394

Camagnolo et al. J Peripher Nerv Syst. 2013; 3:269-71.

Ferrari et al Arch Neurol. 2010 Mar;67(3):364-5.

CIDP/MGUSN/MMN

Stettner M et al. Ann Clin Transl Neurol 2015; 3: 88-100

Schnieder et al. J Peripher Nerv Syst. 2014; 19:322-7

Lalive et al Arch Neurol. 2009; 66: 403-5..

NGFB mutation

Perini et al J Neurophysiol. 2016;116:425-30.

Migraine 

Kinard et al Headache. 2015;5:543-9.

HIV neuropathy

Kemp et al Acta Ophthalmol 2017

Amyloid Neuropathy

Sturm et al. Case Rep Neurol. 2016;8: 134-9.

Rousseau et al. JAMA Ophthalmol. 2016; 134:983-9

Keratoconus

Bitirgen et al. Int J Ophthalmol. 2015;8:534-9.

Graves Disease
Kokabyoglu et al. Cornea. 2015l ;34:745-9. 

Wilsons Disease

Sturniolo et al IOVS. 2015; 56:1390-5

Fibromyalgia

Ramirez et al. Sem Arth Rheum. 2015;45: 214-9.

Oudejans et al. Sci Rep. 2016; 6: 23573.



FDA End Point?

1. Biomarker: a physical sign or laboratory measurement 
that occurs in association with a pathological process 
and has diagnostic or prognostic utility.

2. Clinical endpoint: A clinically meaningful measure of 
how a patient feels, functions or survives.

3. Surrogate Endpoint: Biomarker intended to substitute 
for a clinical endpoint and is expected to predict the 
effect of therapeutic intervention.



Simultaneous Pancreas & Kidney 
Transplantation

Mehra et al. Diabetes Care 2007; 30: 2608-12 
Tavakoli et al. Diabetes 2013; 62: 254-60



P=0.01 P=0.001

Post SPK Transplantation-3 yrs

Azmi et al 2018

P=0.01



P=0.04 P=0.02 P=0.05

Skin Biopsy/Symptoms/Neurophysiology



ARA 290 is engineered from EPOs structure

 Designed to selectively interact with the Innate Repair Receptor

 Blocks the pro-inflammatory response and activates the body’s natural repair system

 Does not interact with other receptors

 Safe, with none of the thrombotic effects observed with EPO 

Repair

Inflammation

Tissue injury
Innate Repair Receptor 

(Master Regulator)

ARA 290



Brines et al. Mol Med. 2015; 20: 658-66

Brines et al Sci Reports 2018; 8: 4734 

Pre-treatment C Post-treatment CNormal control A



Culver et al. IOVS 2017; 58: B1O52-60 





Lewis et al Neurology 2017; 88: 2294-2301



Bariatric Surgery

Adam et al Lancet D&E Under review



8 Interventional Studies



FDA End Point?

1. Biomarker: a physical sign or laboratory measurement 
that occurs in association with a pathological process 
and has diagnostic or prognostic utility.

2. Clinical endpoint: A clinically meaningful measure of 
how a patient feels, functions or survives.

3. Surrogate Endpoint: Biomarker intended to substitute 
for a clinical endpoint and is expected to predict the 
effect of therapeutic intervention.



HRT III with RCM

Argentina 

Australia 15

Austria 45

Brazil 2

Bulgaria 1

Canada 8

Chile 2

China 166

Cuba

Denmark 5

Ecuador 1

Finland 2

France 20

GB 12

Germany 21

Greece 2

Hungary 2

India 10

Iran 3

Iraq 5

Italy 28

Japan 15

Korea 1

Kuwait 1

Latvia 2

Malaysia 2

Mexico 5

Netherlands 8

Oman 1

Pakistan 3

Philippines

Poland 7

Portugal 3

Romania 4

Saudi Arabia 9

Serbia

Slovenia 2

South Africa 2

Spain 11

Sweden 8

Switzerland 4

Syrian Arab Republic 1

Taiwan, R.O.C. 4

Thailand 5

Turkey 20

UAE 2

Uruguay 1

USA 82

Venezuela 9

Total 562

HRTIII CCM=562

HRTIII = 2100
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