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Précis  Without use of any specialist research software, the subjective estimation of eight bone and 25 

soft-tissue changes from orbital CT scans of patients with thyroid eye disease shows relatively high 26 

intra-observer and inter-observer variability.  27 
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Abstract 28 

Objectives: To assess the reproducibility of subjective interpretation of CT for eight features 29 

associated with thyroid eye disease (TED). 30 

Methods: Patients with confirmed TED had three distinct orbital CT sections presented as 31 

anonymised montages to three masked observers ((#1 orbital radiologist, #2 general radiologist, #3 32 

orbital surgeon). Eight features were graded: Superior orbital fissure (SOF) clarity, degree of orbital 33 

fat prolapse through the SOF, loss of fat space at the apex, muscle enlargement, increase in orbital fat 34 

volume, vascular congestion, superior ophthalmic vein (SOV) size, and lamina papyracea bowing. 35 

Thirty montages were randomly triplicated within the completed image-testing-file. 36 

Results: Each observer provided 3296 assessments of montages from 146 patients (68% female). 37 

Observer #2 had the highest rate of “indeterminate” gradings (13.3%), while #1 had the lowest 38 

(6.7%). For intra-observer agreement, the Kappa statistics were 'substantial' to 'almost perfect' for 39 

apical crowding, muscular enlargement, and medial bowing, whereas orbital fat expansion and 40 

vascular congestion showed only 'slight' to 'moderate' agreement. Excluding SOV size (where 41 

indeterminacy was too great for statistical analysis), there was a wide and statistically-significant 42 

inter-observer variation for the other seven features, with no consistent ranking of observer scores. 43 

Conclusions: subjective interpretation of CT images for TED patients has high variability, 44 

particularly for inter-observer comparisons.  Only the assessment of apical crowding, muscular 45 

enlargement, and bowing of the lamina papyracea showed fairly consistent intra-observer gradings.  46 

The results suggest that variability in interpretation of such images might only be improved with the 47 

use of objective measures applied to the CT images.    48 
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Introduction 49 

 Orbital imaging is frequently used in the diagnosis and management of thyroid eye disease 50 

(TED), particularly for surgical planning, to exclude other pathologies, and for monitoring disease 51 

progression and its complications (such as dysthyroid optic neuropathy; ‘DON’).1 Whereas magnetic 52 

resonance imaging (MRI) might be preferred for assessing tissue oedema (and, by inference, disease 53 

activity), computed X-ray tomography (CT) has distinct advantages due to its ability to clearly image 54 

bone and soft tissue, its rapid acquisition time (effectively eliminating movement artefacts), and its 55 

ready availability and lower cost.1  56 

Early CT investigations showed fusiform enlargement of extraocular muscles, particularly the 57 

inferior and medial recti, to characterise TED.2-6 These changes have later been quantified -- both 58 

linearly and volumetrically -- and include the widely-used ‘Barrett's muscle index’ (the proportion of 59 

orbit occupied by recti), albeit with variability in diagnostic thresholds, sensitivity, and specificity.7-13 60 

Other imaging parameters for assessment of TED severity include fat volume and prolapse through 61 

the superior orbital fissure, apical crowding, osseous morphology, optic nerve size and configuration, 62 

superior ophthalmic vein size, and vascular congestion.8-16 Assessment of these parameters often 63 

requires manual delineation in multiple image-planes, specialist imaging segmentation programmes, 64 

or advanced automated multiparametric analysis -- and these complex methods precludes day-to-day 65 

usage in clinical care. Their use may be further limited by intricate and cumbersome data acquisition, 66 

variation in observer reliability, and complexities of analysis. The few studies that used subjective 67 

methods were limited by relatively small sample sizes, or by scans with relatively low resolution.2-5,8 68 

This study assessed the reproducibility of non-assisted (subjective) image interpretation for 69 

eight commonly-used imaging features associated with TED, the aim being to determine reliability of 70 

clinical assessment and to identify which features (if any) might be regarded as a practical guide for 71 

general radiologists and oculoplastic specialists.  72 

 73 

Methods 74 

Patients with a well-established diagnosis of stable TED (but of variable severity) were 75 

identified from the orbital database at Moorfields Eye Hospital and a cohort with suitable electronic 76 

orbital CT imaging selected; images with previous orbital fracture or surgery were excluded. Three 77 

images were extracted from each scan: (a) an axial section in the plane of the apical optic nerve 78 

(Figure 1A), (b) a coronal section ~1cm anterior to the Annulus of Zinn (Figure 1B), and (c) an axial 79 

section with the greatest size for the superior orbital fissure (SOF) fat-pad (Figure 1C). For each 80 
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patient, the images were anonymised and assembled onto a single montage within a ‘Master’ image-81 

file, with each ‘three-image’ montage (and, thereby, patient) being assigned a unique number.  82 

An arbitrary selection of 30 montages was triplicated within the Master image-file, with each 83 

of the two copy images being assigned a new, arbitrary and unique number. To create an unstructured 84 

order, the slide-montages were shuffled multiple times within the Master image-file.  Finally, to 85 

reduce possible bias from observer ‘pattern-recognition’ (of repeated images), a number of montages 86 

were ‘side-to-side’ reversed (although retaining the same unique number); naturally, during later 87 

analysis, the gradings for these ‘reversed’ montages were assigned to the appropriate side.    88 

Imaging features and grading 89 

The Master image-file, with anonymously-numbered montages for 146 patients, was 90 

presented to each of three masked observers – an orbital radiologist (KM, >25 years’ experience; 91 

Observer 1), a general radiologist (LAR, >15 years’ experience; Observer 2), and an orbital surgeon 92 

(GER, >30 years’ experience; Observer 3).  93 

Montages were subjectively graded for eight imaging features associated with TED (On-line 94 

material: Table 1).  Six changes were graded as being ‘normal’ (grade 1), or having ‘mild’ (grade 2), 95 

‘moderate’ (grade 3) or ‘marked’ (grade 4) change – namely, (i) loss of soft-tissue clarity at the 96 

superior orbital fissure (SOF) (‘Clarity SOF’); (ii) degree of orbital fat prolapse through the SOF 97 

(‘Bulge SOF’); (iii) loss of fat space at the orbital apex (‘Apex’); (iv) enlargement of extraocular 98 

muscles (EOMs) (‘Muscle’); (v) increase in orbital fat (‘Fat’); and (vi) degree of orbital vascular 99 

congestion (‘Congestion’). The two other features were graded as ‘normal’ (grade 1), ‘mild’ (grade 2) 100 

or ‘moderate/marked’ (grade 3) – namely, (vii) increased size of the superior ophthalmic vein (SOV) 101 

(‘SOV size’) and (viii) bowing of the lamina papyracea (‘Bowing’).  If the observer considered a 102 

feature unquantifiable or ‘indeterminate’, this was designated as ‘grade 5’ [for features (i)-(vi)] or 103 

‘grade 4’ [for features (vii) and (viii)] (On-line material: Table 1). 104 

The study received Institutional Review Board approval (MEH CA#1370) and adhered to the 105 

tenets of the Declaration of Helsinki. 106 

Statistical analysis    107 

For the whole series of 146 montages, the number and proportion of ‘indeterminate’ gradings 108 

assigned by each observer was evaluated. For the 30 triplicated montages, the number rated 109 

‘indeterminate’ (whether once, twice, thrice, or not at all) was tabulated by observer -- with the 110 

distribution of counts being compared across observers by a chi-squared test. For each feature and 111 

each right or left orbit, inter-observer disagreement on the number of montages with indeterminacy 112 

was tallied separately from the number with disagreement between three repeated reviews by the 113 
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same observer (intra-observer disagreement); ‘disagreement’ meant either one or two of the three 114 

scans being rated as ‘indeterminate’. For inter-observer comparison using the whole series of 146 115 

patients, only the first montage was utilised (the second and third montages of the triplicated series 116 

being omitted).  Non-quantifiable scan features rated as ‘indeterminate’ were excluded from further 117 

analyses.  118 

Three measures of reproducibility were estimated for each feature: 119 

(i) Intra-observer reproducibility was estimated by observer, and left/right orbit, using the 30 120 

triplicated montages (that is, on 90 montages) with the percentage agreement and Cohen’s 121 

Kappa statistic.17,18 These estimates required each triplicated assessment to have no cases of 122 

‘indeterminate’ grading for the feature-orbit side under consideration; any montage with even 123 

a single ‘indeterminate’ rating was, therefore, omitted.  124 

The Kappa statistic estimates percentage agreement after adjusting for the agreement 125 

that would be expected by chance.17,18 The Kappa statistic for agreement between all three 126 

observers was calculated as the average of the Kappa statistics for each of the three pair-wise 127 

observer comparisons.  As image-grading is entirely subjective, the Kappa statistic was 128 

weighted such that disagreements between ‘normal’ and ‘mild’, or between ‘moderate’ and 129 

‘marked’ were considered of less clinical importance than disagreements between ‘mild’ and 130 

‘moderate’ (On-line material: Table 2): This weighting recognizes that a feature read as ‘mild’ 131 

might be ‘normal’, and that one read as ‘moderate’ might be ‘marked -- in other words, that 132 

some harder-to-interpret features might, in fact, be tending towards a binary measure. 133 

Likewise, for features with three possible grades, disagreements between ‘normal’ (Gde.1) 134 

and ‘mild’ (Gde.2) were considered of less clinical importance than disagreements between 135 

‘mild’ (Gde.2) and ‘moderate/marked’ (Gde.3) (On-line material: Table 2). Confidence 136 

intervals for Kappa statistics were calculated through the jack-knife procedure,19 and, 137 

following convention, the Kappa statistic (𝜅) was interpreted as “poor agreement” (for 𝜅 <0), 138 

“slight” (0≤ 𝜅 < 0.2), “fair” (0.2≤ 𝜅 <0.4), “moderate” (0.4≤ 𝜅 <0.6), “substantial” (0.6≤139 

𝜅 <0.8), and “almost perfect” agreement (0.8≤ 𝜅 ≤ 1).20  140 

(ii) Inter-observer reproducibility was analysed using only a single montage (the first) for each of 141 

the 146 patients in the study: for each feature, a mixed model (On-line material: Appendix A) 142 

was fitted to these data, with fixed effects for the side (left/right) and observers, and random 143 

intercepts for each patient. These models allowed for comparisons between ratings given by 144 

different observers to the same montage and side for each feature. 145 
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(iii) Right-left bias for each feature was formally tested from the mixed model fit to assess inter-146 

observer variability (On-line material: Appendix A). A Wald test was applied to the 147 

coefficient of the fixed effect of orbit side and, if significantly different from zero, provided 148 

evidence to suggest a difference in the gradings for right and left orbits.   149 

(iv) An analysis of variance (ANOVA) model with observer, subject, side and observer-subject 150 

interaction terms was used to compare intra-observer and inter-observer variability for each 151 

feature.21,22 For this model, all 30 repeated montages were included, and an ‘indeterminate’ 152 

grading was treated as missing. The ratio of inter-observer to intra-observer variance was 153 

estimated for each feature.  154 

 155 

STATA 18.0 was used to conduct all the analyses and R 4.2.1 was used to produce graphics. 156 

Being a study of the reproducibility of clinical imaging techniques, statistical levels of significance 157 

were not set for this investigation. 158 

 159 

Results 160 

Two-hundred-and-six montages were prepared from 146 patients (99 female; 68%) and, of the 161 

30 triplicated montages, 17 (57%) were from female patients. TED was clinically unilateral in 34/146 162 

(23%) patients, with 14/34 (41%) having DON at the time of imaging; conversely, 112 (77%) had 163 

bilateral TED, with 5/112 (4.5%) having unilateral DON and 51/112 (46%) having bilateral DON. Of 164 

the triplicated montage subset (90 montages in all), 23/90 were randomly reversed in 21/30 patients 165 

(that is, 19 patients had 1/3 scans reversed and 2 patients had 2/3 scans reversed). 166 

Indeterminate ratings 167 

Each observer made 3296 assessments from the Master image-file (‘8 features’ x ‘2 sides’ x 168 

‘206 montages’) and, of the 3296 assessments, the number classed as ‘indeterminate’ varied from 169 

220/3296 (6.7%) for Observer 1, to 439/3296 (13.3%) for Observer 2 (p<0.0001) (Table 3).  170 

For the ‘repeated-test’ scenario, each observer reviewed the 30 triplicated scans for ‘8 171 

features’ on ‘2 sides’; that is, each observer made three repeated judgements on 480 ‘feature-side-172 

montage’ combinations. Most montages were free of indeterminacy, but the proportion of repeated 173 

montages with 0, 1, 2 or 3 repeats classed as ‘indeterminate’ differed significantly by observer 174 

(𝜒6
2=72.5, p<0.001) (Table 3).  175 

When considering ‘indeterminate’ assessments for each of the 8 features, the number of 176 

‘within observer’ disagreements across the 30 ‘repeated-test’ sequences varied between nil (for most 177 

measures) and 11/30 (37%); all three observers showed intra-observer disagreements whilst assessing 178 
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SOV size (between 3.3% and 37%) (Table 3). With the exception of SOV size, there was generally a 179 

good inter-observer agreement when judging indeterminacy in the series of 146 single montages 180 

(Table 3). When considering the complete series of 206 montages, SOV size was regarded as 181 

‘indeterminate’ in 49%, 98% and 79% of 412 judgements (Observers 1, 2 and 3, respectively). 182 

Intra-observer variation 183 

Figure 2A shows the Kappa statistics and percentages of intra-observer variation, classified by 184 

feature, observer and side; due to a high rate of indeterminacy, the results for SOV size cannot be 185 

interpreted: Observer 1 had ‘moderate’ agreement (or better) across repeated testing for all features, 186 

Observer 3 had ‘fair’ to ‘substantial’ agreement for all features, and Observer 2 had more varied 187 

levels of agreement (Figure 2A). All three observers had ‘substantial’ to ‘almost perfect’ agreement 188 

for apical crowding (‘Apex’), ‘substantial’ for muscular enlargement (‘Muscle’), ‘moderate’ to 189 

‘substantial’ for SOF clarity, SOF bulging and bowing of the lamina papyracea (‘Clarity SOF’, 190 

‘Bulge SOF’ & ‘Bowing’). Agreement was ‘moderate’ for vascular congestion (‘Congestion’) and 191 

between ‘slight’ and ‘moderate’ for degree of orbital fat expansion (‘Fat’) (Figure 2A).  192 

Inter-observer variation 193 

The model fitted to assess inter-observer variation (On-line material: Appendix A) provided 194 

an estimate of the mean inter-observer difference for each feature (Table 4) (Figure 2B). Inter-195 

observer differences for all features except SOV size (with its high indeterminacy) showed high 196 

statistical significance and no consistent ranking of observer scores across each feature. While the 197 

average differences between grades for some observers and features is less than 0.5 (e.g. between 198 

observers 1 and 2 for ‘Clarity SOF’ the average difference is -0.22), for others the average differences 199 

are larger than an integer (e.g. for ‘Fat’, the average difference between observers 1 and 2 is -1.37). 200 

Figures 3A and 3B show the Kappa statistics and percentages of inter-observer agreement overall and 201 

pairwise, classified by feature and side. 202 

Right-left bias 203 

Estimated from the mixed model fit to assess inter-observer variation (On-line material: 204 

Appendix A), the differences between right and left orbits are very small, and just reach 5% 205 

significance (with no adjustment for multiple testing) for ‘Bulge SOF’ and ‘Bowing’ (Table 4) 206 

(Figure 2B).  207 

Comparison of intra-observer and inter-observer variation 208 

Table 5 shows, for each feature, the intra- and inter-observer variation from the ANOVA 209 

model; due to indeterminacy in the triplicated montages, the model could not be fitted for ‘SOV size’. 210 

Except for bulging of the SOF (‘Bulge SOF’), intra-observer variation for all features explains less 211 
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than a half of the variation in gradings attributable to inter-observer variation. For all seven measures, 212 

the variability between observers is greater than the variability within observers. The model residuals 213 

were checked using quantile-quantile plots for approximate normality and there was no evidence of 214 

major violations.  215 

 216 

Discussion 217 

Subjective assessment of CT in a clinical setting is both practical and rapid, especially as 218 

imaging is routinely used by oculoplastic physicians to assess the presence and severity of TED, and 219 

to evaluate optic nerve jeopardy.  220 

This study investigated variation in the subjective interpretation of CT images for eight 221 

imaging features associated with TED, it therefore questioning the widely-held view that there is 222 

relatively little ambiguity in interpreting commonly-used TED imaging features. Whilst comparison 223 

of the reproducibility of CT imaging with measures of TED activity (and with normal orbits) would 224 

be of interest, it was outside the limitations of this large study.  The results reveal considerable 225 

variation in assessment of all such features, with SOV size, orbital vascular congestion, and 226 

expansion of orbital fat showing the greatest variation (and therefore least reliability for clinical 227 

usage). Assessing size of the SOV from the single montages was often not possible and, as such, had 228 

the highest rate of ‘indeterminacy’; whilst use of single montages was an unforeseen limitation with 229 

our assessment of this feature, use of the whole image sequence during normal clinical practice might 230 

actually allow assessment of SOV size. The study also examined whether grading (quantitation) of 231 

each imaging feature was observer-dependent and/or side-dependent – the latter being an estimate of 232 

any inherent bias of laterality within the scanner or observer. Observer 2 (a general radiologist) had 233 

more ‘indeterminate’ assessments as compared to Observers 1 (an orbital radiologist) and 3 (an 234 

orbital surgeon). A mixed model, fitted to assess inter-observer variability, did not show any 235 

significant bias of laterality. 236 

Comparing variances for subjective clinical assessment of the eight imaging features revealed 237 

greater variability between observers than within observers. Intra-observer agreement was 238 

'substantial' to 'almost perfect' for gradings of apical crowding, muscular enlargement, and medial 239 

wall bowing (Figure 2A). In contrast, orbital fat expansion and vascular congestion showed only 240 

'slight' to 'moderate' agreement. 241 

Several studies, utilizing research devices and software, have reported the assessment of 242 

apical crowding, or muscle and/or fat volumes in TED. With specialist imaging software, a study of 243 

60 TED patients found over 90% concordance for measures of muscle diameter and apical 244 
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crowding.16  With interclass correlation coefficients (ICCs) from 0.81 to 0.99, other automated or 245 

semi-automated studies also report high inter-observer and intra-observer reliability – this indicating 246 

high reproducibility for assisted techniques.11, 13, 23-25  Likewise, quantitative bone angle 247 

measurements in TED show excellent interobserver reliability (ICC 0.87 to 0.97) and very good 248 

intra-observer reliability (ICC 0.84 to 0.98).11  Whilst a few studies have assessed fat prolapse 249 

through the SOF in TED, none appear to have evaluated the clarity of the SOF on imaging – with the 250 

latter possibly having a significant impact on the assessment of fat prolapse.  Birchall and colleagues 251 

reported intracranial fat herniation ranging from 2 to 4 mm in 50 TED patients, with excellent inter-252 

observer agreement (K = 0.96),14 while Cheng et al.16 found over 90% concordance, and Chan et al.11 253 

reported “high reliability”. 254 

In summary, our investigation highlights the high variability in subjective interpretation of CT 255 

images for TED patients. Based on intra-observer variation, the study offers a clinically-useful 256 

ranking of the eight features, with substantial intra-observer consistency for estimates of apical 257 

crowding, muscular enlargement, and bowing of the lamina papyracea, whilst expansion of orbital fat 258 

and orbital vascular congestion showed significant variability. Future research might focus on 259 

determining whether variation in clinical image-interpretation applied to patients with active and 260 

inactive disease (or to normal patients), on improving the reproducibility through standardised 261 

assessment, and on the training of assessors (both in radiology and oculoplastics).  Incorporating 262 

Artificial Intelligence algorithms might also enhance diagnostic consistency of TED imaging.26 263 

 264 
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Legends 323 

Figure 1  324 

Representative CT imaging sections for assessment of thyroid eye disease. (A) Axial section in the 325 

plane of the apical optic nerve, (B) coronal section approximately 1 cm anterior to the Annulus of 326 

Zinn, and (C) axial section at level of the greatest size for the superior orbital fissure fat-pad. 327 

 328 

Figure 2  329 

(A) Kappa statistics for intra-observer agreement, classified by radiological feature and left/right 330 

orbit.  (B) Mean ratings for eight radiological features across all 206 assessments (116 single and 30 331 

triplicated montages), classified by imaging feature, observer and side (with 95% confidence 332 

intervals). 333 

  “Poor” agreement on Cohen-Kappa convention is denoted by “-“, “Slight” by “+/-“, “Fair” by 334 

“+”, “Moderate” by “++”, “Substantial” by “+++” and “Almost perfect” by “++++”.  “NA” denotes 335 

“not applicable” (where too many image-gradings were classed as ‘indeterminate’) and “%” denotes 336 

the percent absolute agreement. 337 

 338 

Figure 3  339 

(A) Kappa statistics for inter-observer agreement, by feature and left/right orbits.  (B) Kappa 340 

statistics for pair-wise inter-observer agreement, classified by feature; for this analysis the two orbits 341 

are assumed independent and analysed together.  “NA” denotes “not applicable”, where too many 342 

montages were graded as ‘indeterminate’. 343 


