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ABSTRACT 41 
 42 
Purpose: To examine agreement among experts in the assessment of corneal subbasal nerve 43 

tortuosity. 44 

Methods: Images of corneal subbasal nerves were obtained from investigators at seven sites 45 

(Auckland, Boston, Linköping, Manchester, Oslo, Rostock, and Sydney) using laser-scanning in vivo 46 

confocal microscopy. A set of 30 images was assembled and ordered by increasing tortuosity by ten 47 

expert graders from the seven sites. In a first experiment, graders assessed tortuosity without a 48 

specific definition and performed grading three times, with at least one week between sessions. In a 49 

second experiment, graders assessed the same image set using four focused tortuosity definitions. 50 

Inter-session and inter-grader repeatability for the experiments were determined using the Spearman 51 

rank correlation. 52 

Results: Expert graders without a specific tortuosity definition had high inter-session (Spearman 53 

correlation coefficient 0.80) but poor inter-grader (0.62) repeatability. Specific definitions improved 54 

inter-grader repeatability to 0.79. In particular, tortuosity defined by frequent small-amplitude 55 

directional changes (short range tortuosity) or by infrequent large-amplitude directional changes 56 

(long range tortuosity), indicated largely independent measures and resulted in improved 57 

repeatability across the graders. A further refinement – grading only the most tortuous nerve in a 58 

given image – improved the average correlation of a given grader’s ordering of images with the group 59 

average to 0.86 – 0.90. 60 

Conclusions:  Definitions of tortuosity specifying short or long-range tortuosity and considering only 61 

the most tortuous nerve in an image improved the agreement in tortuosity grading among a group of 62 

expert observers. These definitions could improve accuracy and consistency in quantifying subbasal 63 

nerve tortuosity in clinical studies.  64 
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Introduction 65 
 66 
Tortuosity is defined by the degree of twistedness of a curved structure. It is a particularly evident 67 

feature of corneal subbasal nerves. Tortuosity is becoming more widely used to quantitatively 68 

describe and/or compare subbasal nerve status in healthy corneas,1-5 in the context of ocular 69 

pathology such as dry eye disease5-7 and keratoconus,4 and in systemic diseases such as diabetes,8-15 70 

rheumatoid arthritis,16 inflammatory polyneuropathy,17 Wilson’s disease,18 and amyotrophic lateral 71 

sclerosis.19 Unfortunately, however, there is no standardized definition for tortuosity, and its 72 

interpretation and quantification can vary, leading to poor reproducibility for this measure.20,21 While 73 

some methods to describe tortuosity are purely quantitative and mathematically-defined,4 others are 74 

semi-quantitative and rely on observer judgment,1 and still others are based on quantitative 75 

descriptions derived from subjective observation.8 The plurality of definitions not only makes it 76 

difficult to compare results across studies, but may also result in overlooking important differences in 77 

nerve morphology by adopting a particular definition. Computation of a single value for tortuosity 78 

may for example mask the complexity of nerve patterns, such that widely differing morphologic 79 

characteristics of nerves could have the same numeric tortuosity value. 80 

As a starting point for developing more standardized and reproducible measures of tortuosity, the 81 

interpretation and perception of nerve tortuosity is important. Human judgement may take into 82 

account nerve architecture and morphologic features that have not yet been explicitly identified or 83 

mathematically defined. Also, an ideal tortuosity grading and quantification scheme should be 84 

consistent with the judgment of those experienced in assessing nerve images and making clinical 85 

decisions. To date, the perception of tortuosity and the level of agreement between expert observers 86 

have not been fully explored.  87 

This study therefore had several aims: 88 

1. to investigate the perception of nerve tortuosity and measure its intra- and inter-observer 89 

agreement across a range of subbasal nerve images from healthy and pathologic corneas, 90 

representing patients and experienced graders from geographically diverse regions; 91 

2. to explore alternative, more focused definitions of tortuosity and determine the agreement of the 92 

perception of these focused definitions among a group of expert graders; and 93 
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3. to provide reference image sets representing ground-truth agreement among experienced 94 

graders – for the future development of new algorithms to measure tortuosity in clinical studies. 95 

Starting with a reference set of diverse images and a group of examiners experienced in the 96 

assessment of corneal nerve images, it was hypothesized that a consensus would emerge, that could 97 

eventually lead to standardization in the assessment and quantification of subbasal nerve tortuosity. 98 

 99 

Methods 100 

 101 

Image compilation across centers 102 

 103 

Investigators from seven geographically dispersed clinical research centers (Auckland, Boston, 104 

Linköping, Manchester, Oslo, Rostock, and Sydney) were each asked to contribute six to ten images of 105 

the subbasal nerve plexus depicting various severities of tortuous subbasal nerves (by subjective 106 

assessment). Images were selected from a database at each investigator clinic.  All centers used the 107 

same type of laser-scanning in vivo confocal microscope to acquire the images (Heidelberg Retinal 108 

Tomograph 2/3 with Rostock Corneal Module, HRT-RCM, Heidelberg Engineering, Heidelberg, 109 

Germany), and all images were from patients who had given informed consent at the time of 110 

examination. All images were anonymized at the center of origin by removing identifying patient 111 

information except for age, gender, and disease. As the acquisition of original images from individual 112 

centers was approved by the respective local ethical review committees, occurred with informed 113 

consent, and followed the tenets of the Declaration of Helsinki, no specific further ethical approval 114 

was sought for a retrospective analysis of the resulting compilation of images. From the 67 received 115 

images, a set of 30 images was selected by including high-quality images without tilt (oblique 116 

orientation) and depicting clear, high-contrast subbasal nerves while excluding similar (redundant) 117 

images. The final images represented 30 eyes from 30 subjects with the following conditions: healthy 118 

(10 subjects), dry eye disease (4), post-LASIK (4), diabetes mellitus type 2 (3), diabetes mellitus type 1 119 

(2), keratoconus (2), corneal transplantation (1), contact lens wearer (1), granular dystrophy (1), 120 

autism (1), and untreated gastrointestinal cancer (1). 121 

 122 

 123 
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Experiment 1: Grading of generic tortuosity 124 

 125 

Ten experienced clinical graders from the seven centers were asked to sort the set of 30 images by 126 

arranging them in order of increasing tortuosity. To facilitate this task, a custom-developed image 127 

sorting tool was provided, TorTsorT (available for download at http://bioimlab.dei.unipd.it).  TorTsorT 128 

sequentially displays pairs of images, asking the user to select the more tortuous image. It then 129 

combines all the sorted pairs into a sequence of images by means of the merge-sort algorithm. 130 

Merge-sort is a comparison-based divide and conquer sorting algorithm that ensures the best 131 

average- and worst-case performance. Using this software, each grader provided input to sort the set 132 

of 30 images from lowest to highest tortuosity.  133 

No specific definition of tortuosity or instruction on how to assess tortuosity was provided to the 134 

graders. Graders performed the sorting three times (sessions) on the same image set. Sessions were 135 

separated in time by at least one week, with images to be analyzed at a given session provided to the 136 

centers with one-week delays after being randomly renamed, so as to minimize any memory effect. 137 

Besides the sorting of images, graders were also asked to note any difficulties or comments they had 138 

while performing the sorting during the multiple sessions. 139 

 140 

Experiment 2: Grading by specific definitions of tortuosity 141 

 142 

Based on grader comments in the first experiment and inspection of the images which had the 143 

greatest average differences in position in the ordered list by the various graders, some specific 144 

definitions of tortuosity were provided to the graders. Four different definitions of tortuosity were 145 

proposed, abbreviated T1 - T4: 146 

 147 
T1: a measure of short-range changes in direction, considering an average of all nerves in the image 148 
T2: a measure of short-range changes in direction, considering only the nerve with maximum 149 
tortuosity 150 
T3: a measure of long-range changes in direction, considering an average of all nerves in the image 151 
T4: a measure of long-range changes in direction, considering only the nerve with maximum 152 
tortuosity 153 
 154 



6 
 

These short- and long-range definitions are illustrated in Figure 1. The ten graders were then asked to 155 

sort again the same 30 image set from Experiment 1 in order of increasing tortuosity, using each of 156 

the four definitions T1 – T4.  157 

 158 

 159 
Figure 1. Schematic illustration of the more focused tortuosity definitions used in Experiment 2. Short-160 
range directional changes were often small-amplitude and high frequency (short periodicity) while 161 
long-range directional changes tended to be large-amplitude and lower frequency (long periodicity). 162 
 163 
Consensus rank 164 
 165 
In order to express an overall or average image ordering, e.g., to derive the ground truth assessment 166 
to compare with and to enable comparison between graders and/or tortuosity definitions, we defined 167 
the consensus rank, which is the equivalent for ordered lists of the average for numerical quantities. 168 
For a given set of ordered lists of images, the consensus rank was determined as follows: each image 169 
was given a score represented by its average position (rank) in the ordered lists; the consensus rank 170 
was obtained by ordering the images by these scores. 171 
In experiment 1, to assess inter-grader agreement, the Spearman rank correlation coefficient was 172 
calculated between the ordered list of images from a given grader at a given session and the 173 
consensus rank (see below) of all other graders for that session (excluding the grader in question). To 174 
assess intra-grader agreement across sessions, the Spearman correlation was performed between 175 
pairs of image lists ordered by a given grader at the different sessions (i.e., session 1 vs. 2, 2 vs. 3, and 176 
1 vs. 3). The average Spearman correlation coefficient with the consensus rank for all graders was 177 
then computed for each session (CRS1-3) and the three ranks were then averaged across the three 178 
sessions to represent an average consensus rank of images across all graders and sessions (CRS). 179 
In experiment 2, to assess the agreement of individual grader orderings with the consensus rank, for 180 
each tortuosity definition T1 – T4, the Spearman correlation between each grader’s ordering and the 181 
consensus rank of that tortuosity definition was computed, and this value was averaged across all 182 
graders for each definition (CRT1-4). To compare the correlation between different definitions of 183 
tortuosity (i.e., no specific definition in Experiment 1 and the various definitions in Experiment 2), 184 
Spearman correlations among the consensus ranks CRT1-4 and CRS1-3 were computed. 185 
 186 
 187 
 188 
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Results 189 
 190 
Experiment 1: Grading of generic tortuosity 191 
 192 
All ten graders completed sorting for all three sessions, resulting in a complete data set that was 193 

compiled for analysis. The correlation of the sorted list provided by each grader with the consensus 194 

rank of all ten graders for a given session is given in Table 1. The range in correlation coefficients was 195 

0.43 – 0.73, with an overall mean correlation of 0.62 across all graders and sessions. Images from the 196 

data set with the lowest and highest perceived tortuosity are given in Figure 2. 197 

 198 
 Graders

1 2 3 4 5 6 7 8 9 10 mean
Session 1 0.71 0.69 0.63 0.71 0.60 0.73 0.70 0.59 0.63 0.60 0.66
Session 2 0.71 0.63 0.73 0.66 0.46 0.68 0.71 0.50 0.68 0.58 0.63
Session 3 0.62 0.54 0.65 0.62 0.45 0.64 0.59 0.52 0.53 0.43 0.56

0.68 0.62 0.67 0.66 0.50 0.69 0.67 0.54 0.61 0.54 0.62
 199 
Table 1: Spearman rank correlation coefficients for each grader and each session. Lighter/darker 200 
shading is associated with higher/lower correlation. 201 
 202 
 203 

 204 
Figure 2. Images with the lowest (A, B) and highest (C, D) tortuosity on average, from the 30-image 205 
data set, as graded subjectively by ten expert graders in experiment 1. All images, 400 × 400µm. 206 
 207 
To investigate intra-grader repeatability across sessions, the correlation between each grader’s 208 

orderings across the different sessions was computed (Table 2), along with the average repeatability. 209 

Repeatability across sessions ranged from 0.51 – 0.89, with an overall repeatability of 0.80 across all 210 

graders. One grader, however, had a poor repeatability (mean intra-grader correlation of 0.51). 211 

 212 

 213 

 214 
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 215 

Graders Sessions  
1 vs 2 2 vs 3 3 vs 1 mean 

1 0.80 0.82 0.88 0.83 
2 0.93 0.88 0.87 0.89 
3 0.77 0.83 0.73 0.77 
4 0.78 0.68 0.75 0.74 
5 0.79 0.83 0.72 0.78 
6 0.96 0.95 0.95 0.95 
7 0.90 0.88 0.85 0.88 
8 0.79 0.84 0.86 0.83 
9 0.73 0.52 0.29 0.51 

10 0.76 0.75 0.59 0.70 
mean 0.80 

 216 
Table 2: Spearman’s rank correlation coefficients between orderings provided by the same grader in 217 
different sessions. Lighter/darker shading is associated with higher/lower correlation. 218 
 219 
Without a specific definition of tortuosity, several graders noted difficulties in assessing and 220 

comparing nerves with numerous small-amplitude directional changes versus nerves with few large-221 

amplitude directional changes. Another difficulty noted was whether to consider the average 222 

tortuosity of nerves in a given image or to consider the nerve with the maximum tortuosity. These 223 

difficulties were partially evident when examining the images that had the largest average sorting 224 

error across the ten observers (Figure 3). This average sorting error has been derived as the absolute 225 

difference in a grader’s rank of an image relative to the consensus rank, averaged across all graders. 226 

Nerves in these images clearly adopted non-linear paths, often with few but large-scale changes in 227 

direction and without a clear ‘start’ or ‘end’ point.  228 

 229 

 230 
Figure 3. Images with the greatest sorting error among observers. The root mean squared error in the 231 
rank of an image from the consensus rank across all graders for that image was 12, 10, 7, 7, and 7 232 
positions for images A-E, respectively (from a list with 30 possible positions corresponding to the 30-233 
image set). All images, 400 × 400µm. 234 
 235 
 236 
 237 
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Experiment 2: Grading by specific definitions of tortuosity 238 
 239 
For each of the four definitions of tortuosity, T1 – T4, all graders completed grading of the image set. 240 

Agreement between each grader’s sorted list and the consensus rank for a specific tortuosity 241 

definition was assessed by the Spearman rank correlation coefficient, and is given in Table 3. 242 

 243 
 Graders

1 2 3 4 5 6 7 8 9 10 mean
T1 0.62 0.21 0.68 0.56 0.59 0.71 0.55 0.67 0.60 0.60 0.58
T2 0.70 0.31 0.70 0.70 0.65 0.70 0.64 0.69 0.61 0.00 0.57
T3 0.63 0.60 0.65 0.63 0.56 0.65 0.64 0.23 0.60 0.01 0.52
T4 0.74 0.77 0.77 0.76 0.68 0.73 0.74 0.32 0.75 0.70 0.70

 244 
Table 3: Spearman rank correlation coefficient for each grader and tortuosity definition. 245 
Lighter/darker shade is associated with higher/lower correlation. 246 
 247 
Very low correlations (<0.35) were achieved by three graders for two tortuosity definitions each. It 248 

was deemed likely that these graders misunderstood the instructions or confused the definitions of 249 

tortuosity. Across the remaining seven graders, minimum correlation was 0.55, although this value 250 

was based on inclusion of the grading results from the three graders with low correlation in 251 

computing the consensus rank. To overcome this limitation, it was decided to consider the very poor 252 

correlations (from graders 2, 8, and 10) as outliers and exclude their grading results from the analysis. 253 

The resulting correlations, using only data from seven graders, are given in Table 4. In this case, the 254 

range of correlation was 0.60 – 0.84, with a mean correlation across all seven graders of 0.66 – 0.70, 255 

depending on tortuosity definition. Interestingly, for all seven graders, T2 had a higher degree of 256 

correlation with the group average than T1, and similarly T4 had a higher degree of correlation 257 

compared to T3. T2 and T4 represented tortuosity definitions considering only the most tortuous 258 

nerve in the image. 259 

 260 
 Graders  

1 3 4 5 6 7 9 mean
T1 0.67 0.71 0.62 0.63 0.74 0.60 0.66 0.66
T2 0.81 0.84 0.83 0.78 0.84 0.76 0.72 0.80
T3 0.78 0.81 0.77 0.67 0.81 0.76 0.74 0.76
T4 0.80 0.81 0.82 0.72 0.79 0.79 0.78 0.79

 261 
Table 4: Spearman rank correlation coefficient for each grader and tortuosity definition based on 262 
seven graders. 263 
 264 



10 
 

To graphically represent the degree of variability in image grading among the seven graders for the 265 

four tortuosity definitions, the error in image rank for each image and grader was plotted versus the 266 

consensus rank, ranked from lowest to highest average tortuosity, (i.e., image 1 had lowest average 267 

tortuosity and image 30 had the highest, for a particular tortuosity definition). These graphical 268 

representations are given in Figure 4.  269 

 270 

 271 
 272 
Figure 4. Distribution of grading error for seven observers for images ordered by increasing tortuosity, 273 
based on four different tortuosity definitions T1 – T4. For each image number on the x-axis, seven 274 
black dots indicate the error in ranking of that image by each observer for the given tortuosity 275 
definition (relative to the consensus rank for that particular image and definition). Dashed lines are 276 
indicated at an error level of ±10 image positions in the ranking to facilitate comparisons between the 277 
various definitions. 278 
 279 
Several features became apparent when comparing the resulting distributions. The distributions 280 

confirmed that T2 and T4 had fewer outliers and better overall agreement among graders (lower 281 
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overall error) than T1 and T3, respectively. In addition, images with the lowest tortuosity and the 282 

highest tortuosity had better inter-observer agreement than images with a moderate level of 283 

tortuosity. The definitions T2 and T4 also appeared to improve the agreement in images with a 284 

moderate to high level of tortuosity, compared to T1 and T3 definitions. To numerically assess the 285 

level of agreement across the different tortuosity definitions, the consensus ranks (i.e., average 286 

ranked list of images across all seven observers) were determined and the average correlation with 287 

the consensus rank across the seven observers was computed, for each definition (Table 5). 288 

 289 
Experiment 1 Experiment 2 

CRS 0.78 CRT1 0.80 
    CRT2 0.86 
    CRT3 0.89 
    CRT4 0.90 

 290 
Table 5: Average Spearman rank correlation coefficients between graders and the consensus rank for 291 
the generic tortuosity assessment in Experiment 1 (CRS, average correlation across all three sessions) 292 
and for each specific tortuosity definition in Experiment 2 (CRT, average correlation of graders with 293 
the consensus rank, for a specific tortuosity definition). 294 

 295 
Observing Table 5, it is evident that a lower error for T2 and T4 noted in Table 4 and Figure 4 296 

correspond to a higher overall inter-observer agreement for CRT2 and CRT4 relative to CRT1 and 297 

CRT3, respectively. In other words, assessing only the nerve with the highest tortuosity in the image 298 

improved the average inter-observer agreement with the consensus rank. Moreover, the focused 299 

definitions of tortuosity in Experiment 2 all had better inter-observer agreement compared to the 300 

subjective tortuosity assessment in Experiment 1. The consensus rank images for T2 and T4 definitions 301 

are shown in Figure 5. Finally, to assess the level of overlap in the generic and specific tortuosity 302 

definitions in terms of grader perceptions, Spearman correlations between all pairs of consensus rank 303 

image sets CRT1 – 4 and CRS1 – 3 were performed (Table 6). 304 

 305 
CRS1 CRS2 CRS3 CRT1 CRT2 CRT3 CRT 4 

CRS1 1.00 0.93 0.93 0.50 0.51 0.91 0.89 
CRS2 0.93 1.00 0.94 0.54 0.56 0.86 0.85 
CRS3 0.93 0.94 1.00 0.63 0.66 0.86 0.87 
CRT1 0.50 0.54 0.63 1.00 0.94 0.27 0.31 
CRT2 0.51 0.56 0.66 0.94 1.00 0.35 0.40 
CRT3 0.91 0.86 0.86 0.27 0.35 1.00 0.97 
CRT4 0.89 0.85 0.87 0.31 0.40 0.97 1.00 

 306 
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Table 6. Spearman rank correlation between pairs of consensus ranks in Experiments 1 and 2. CRS, 307 
average correlation of graders with consensus rank for a specific session. CRT, average correlation of 308 
graders with consensus rank for a specific tortuosity definition. 309 
 310 
The consensus ranks CRS1 – 3 were highly correlated with each other (correlation coefficient 0.93 – 311 

0.94), indicating very good reproducibility of generic tortuosity assessment between sessions. The 312 

correlation between generic assessment CRS1 – 3 and CRT1 – 2 (short range tortuosity) was relatively 313 

weak (0.50 – 0.66), whereas CRS1 – 3 correlated strongly (0.86 – 0.91) with CRT3 – 4 (long range 314 

tortuosity). For the specific definitions, CRT1 – 2 were highly correlated with each other (0.94) and 315 

similarly for CRT3 – 4 (0.97). Interestingly, however, correlation between perceptions of short and 316 

long range tortuosity were very weak (0.27 – 0.40). 317 

 318 

 319 
 320 
Figure 5. Images sorted by the T2 consensus rank, upper panels (increasing tortuosity from top left to 321 
bottom right), and images sorted by the T4 consensus rank, lower panels (increasing tortuosity from 322 
top left to bottom right). The positions of the images are substantially different depending on the 323 
tortuosity definition used. All images, 400 × 400µm. 324 
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Discussion 325 
 326 
Increased tortuosity in peripheral nerves such as those of the corneal subbasal nerve plexus, may 327 

reflect pathophysiologic processes in the body that may otherwise be difficult to assess. The cornea in 328 

particular presents an ideal location for non-invasive, two-dimensional imaging of a nerve plexus 329 

within which morphologic parameters such as tortuosity can be assessed. Other techniques of 330 

peripheral nerve examination such as skin biopsies22 do not present a two-dimensional view and are 331 

therefore less amenable for investigation of long-range tortuous nerve paths. Nevertheless, despite 332 

the ease of imaging the corneal subbasal nerve plexus, standard definitions of tortuosity are lacking. 333 

Several distinct methods to quantify subbasal nerve tortuosity have been described.1,4,8,15 One widely 334 

adopted method, first published by Oliveira-Soto and Efron,1 involves a subjective, semi-quantitative 335 

grading of tortuosity on a grading scale from 0 (no tortuosity) to 4 (maximum tortuosity), exemplified 336 

by representative images containing relatively few nerves. Using this method, where the observer 337 

considers both frequency and amplitude of directional changes, a normal, healthy cornea had 338 

subbasal nerves with an average tortuosity grade of 1.2. Although the scale is simple to implement, 339 

differences in interpretation have led to variability in tortuosity values for even healthy subject groups 340 

(for example, see the comparison in Ref. 2). Although the scale has been widely used, no information 341 

is available concerning agreement between expert observers, and the scale itself was developed 342 

based only on subbasal nerves in healthy corneas. 343 

In another common method, first described by Kallinikos et al.8, a numerical tortuosity coefficient was 344 

computed based on the number and frequency of directional changes derived from first and second 345 

derivatives of nerve paths. Whereas the strengths of this method are its precise mathematical 346 

definition, reproducibility, and objectivity, it is nevertheless difficult for an observer to intuitively 347 

relate the numeric coefficient to the level of tortuosity in a given image due to the use of different 348 

scaling factors. Moreover, this nerve fiber tortuosity coefficient has been shown to be highly variable 349 

in patients with diabetic neuropathy such that it has been shown to be increased, decreased and 350 

indeed unchanged compared to control subjects.10,12,20  351 

Scarpa et al.4 developed an alternative mathematical description of tortuosity by taking into account 352 

the number of changes in the curvature of a nerve combined with the amplitude of these changes. 353 
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The measure also included an empirical weighting function to boost the average tortuosity of nerves 354 

in an image with one or a few very tortuous nerves. The strength of this technique is the combination 355 

of an objective mathematical description with perceptions of a human observer. A weakness, 356 

however, is that algorithm parameters were empirically derived based on one image set analyzed by a 357 

single observer. Moreover, no information about the perception of multiple observers or inter-358 

observer variation was given. 359 

Recently, another completely automated algorithm for tortuosity quantification was described by 360 

Ziegler et al.15 in a population of healthy subjects and patients newly diagnosed with diabetes. The 361 

measure, called CNFTo, quantified ‘total absolute nerve fiber curvature’.15 Although its precise 362 

definition was unclear, it did not differ between diabetic patients and control subjects, and the 363 

numeric value was difficult to interpret with respect to nerve morphology. 364 

Likely due to differences in interpretation and implementation of the above tortuosity measures, 365 

quantifying subbasal nerve tortuosity in different pathologies has led to conflicting results. For 366 

example, using the same method of Oliveira-Soto and Efron1, significantly increased subbasal nerve 367 

tortuosity was reported in both Sjögren’s and non-Sjögren associated dry eye in one study,5 while 368 

another study showed no difference in tortuosity between healthy and dry eye subjects.6 Sampling 369 

limitations and differences in study populations, however, cannot be ruled out. Likewise, a recent 370 

meta-analysis of corneal nerve assessment in patients with diabetic peripheral neuropathy concluded 371 

there was no difference in nerve tortuosity between healthy or neuropathy patients or in diabetics 372 

with or without peripheral neuropathy.23 The meta-analysis also highlighted conflicting results in the 373 

examined studies and a lack of standardization. 374 

In order to improve the reproducibility of nerve tortuosity as a parameter describing subbasal nerves, 375 

the present study sought to compare the clinical perception of tortuosity among a group of expert 376 

graders. Without a specific tortuosity definition, generic grading of tortuosity was repeatable by a 377 

given grader across 3 sessions (average correlation coefficient of 0.80) but the correlation among 378 

different graders was low to moderate (average 0.62).  The grading exercise resulted in identification 379 

of two subtypes of tortuosity, describing either short-range, small amplitude or long-range, large 380 

amplitude directional changes in the nerves. These specific definitions improved the inter-grader 381 
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agreement compared to generic grading (from 0.62 to 0.79). The short-range and long-range 382 

tortuosity measures were poorly correlated with each other, suggesting that these are two distinct 383 

and independent measures of tortuosity that are clearly distinguishable by expert graders. The 384 

average correlation of a given grader with the consensus rank for the specific tortuosity definitions 385 

rose to 0.86 – 0.90, when only the nerve with the maximum tortuosity in an image was considered. 386 

The exclusion of additional information from other nerves in the image did not appear to affect the 387 

inter-grader agreement, since the correlation between using all or only the maximum tortuosity nerve 388 

was very high (0.94 – 0.97). This method therefore provides a robust means to assess a specific type 389 

of tortuosity with high reproducibility and ease and speed of implementation (since only the most 390 

tortuous nerve per image is assessed). This reproducibility is essential for comparing the results of 391 

studies conducted in different centers. Moreover, a reproducible measure of tortuosity could also aid 392 

in the possible normalization of subbasal nerve density measurements.24 It is also interesting to note 393 

that the specific tortuosity definitions in this study are largely independent of prior tortuosity 394 

parameters. For example, the correlation between the consensus rank for T2 (CRT2) and the 395 

tortuosity coefficient reported by Kallinikos et al.8 is 0.24. 396 

The set of 30 “consensus rank”-ordered subbasal nerve images based on short and long-range 397 

tortuosity definitions is shown in Figure 5, and can be downloaded at http://bioimlab.dei.unipd.it .  It 398 

is envisioned that these ordered image sets, representing a wide selection of tortuous nerves from 399 

various pathologies and firmly based on a consensus between expert graders, will be used by 400 

researchers to develop algorithms to quantify short and long-range tortuosity. This in turn can lead to 401 

objective, reproducible and expert-validated automated means to assess the two distinct types of 402 

nerve tortuosity in future studies. 403 

While this study focused on perception and definitions of tortuosity, reproducibility in tortuosity 404 

analysis can be subject to sampling bias regardless of the definition used. Further efforts are required 405 

to develop a standardized sampling strategy taking into consideration the sampling area, number of 406 

distinct images to use, averaging, location of images, whorl region, etc.   407 

Although it remains to be seen how short-range and long-range tortuosity parameters are related to 408 

subbasal nerves in healthy and pathologic corneas, it is hypothesized that one or both of these 409 



16 
 

distinct parameters may better describe the morphology of the nerves (and may better correlate to 410 

disease) than the single tortuosity parameters used today.  411 

 412 
  413 
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