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Objectives: To investigate the interdisciplinary inter-
observer reproducibility of Hertel-exophthalmometry-
like protrusion measurements on multidetector-row-
computed-tomography- (MDCT-) images of the orbit to
facilitate structured evaluation of the orbit and mid-face.
Methods: Respective reproducibility of base-length
along the interfronto-zygomatic line, right and left
ocular protrusion, and deriving interocular difference
was measured in this retrospective (04/2009-03/2020)
single-centre observational study. MDCT-series and
slice-positions were selected independently, using
picture-archiving-and-communication-system- (PACS-)
tools on tilt-corrected axial MDCT-images (slice-
thickness 0.6-3.0 mm, window/centre 350/50 HU) in 37
selected adult patients (24 female, age 57 + 13 years,
averagezstandard-deviation) with clinical indication for
Hertel-exophthalmometry, by one radiology-attending,
two ophthalmology-attendings, one critical-care-
attending, and one ear-nose-throat-surgery resident,
respectively. Bland-Altman plots and Wilcoxon-matched-
pairs-signed-rank-tests compared interobserver results.

INTRODUCTION

Exophthalmos is a clinical symptom where the globe
protrudes from the eye socket, making it appear to bulge.
This frequent and important symptom in orbital and
oculoplastic surgery consultations may affect one or both
eyes. A wide spectrum of conditions may cause exoph-
thalmos, including inflammatory, vascular, posttraumatic,
or benign or malignant neoplastic diseases.! Measuring the
anterior position of the eyeball relative to the orbital rims
quantifies exophthalmos.>® Hertel-exophthalmometry is a

Results: Mean and median interobserver and intraob-
server (radiology-attending) deviations were within
Tmm of respective averages of base-length (98 £+ 4 mm),
right and left ocular protrusion (21 £ 4mm) and inter-
ocular difference (2 + Tmm). Relative interobserver
deviations were within 2.0% of average (all patients)
for base-length, and 5.0% (>80% of patients) for ocular
protrusion. Pairwise interobserver comparison showed
no significant differences between interocular differ-
ences of protrusion.

Conclusions: Respective measurements of base-length,
ocular protrusion, and deriving interocular difference
show high interdisciplinary interobserver reproduci-
bility in tilt-corrected axial MDCT-images of the orbit or
mid-face.

Advances in knowledge: Hertel-exophthalmometry-
like protrusion measurements did not depend on the
years of experience or the medical subspecialty of the
observer. Measurements are objective, well reproduc-
ible and important for multiple medical disciplines and
should thus be included in pertinent radiology reports.

very common clinical means of measuring exophthalmos.**

Hertel-exophthalmometry establishes the interfronto-
zygomatic line (baseline), determines the distance between
the crests of the lateral orbital rims along the baseline (base-
length) and assesses the respective perpendicular distance
from the baseline to the corneal apex of each eye (ocular
protrusion). An ocular protrusion of 12-21 mm is within
normal limits, with the upper limit of people of African
origin being slightly higher (about 23-24 mm).” In general,
a difference in protrusion between both eyes exceeding
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Reproducibility of exophtalmometry measurements on CT

Figure 1. Axial multiplanar reconstruction, of unenhanced 64-
row multidetector-row-computed-tomography of the orbits
(slice thickness, 3mm). Tilt-correction was deemed unnec-
essary. Two-sided arrow along the interfronto-zygomatic line
demonstrates measurement of base-length. Perpendicular
two-sided arrows show respective measurements of right and
left ocular protrusion.

Sommemmeeealiy

2mm is considered pathologic.® Interobserver reproducibility
for Hertel-exophthalmometry is about 60% within +1 mm’ and
96% within +2mm.® Variation between different Hertel-type
exophthalmometers is about 0.6-2.4 mm, and repeatability with
the same exophthamometer averages at 0.5mm.” Single-mirror
exophthalmometers loose accuracy when assessing ocular
protrusion less than 12 mm or higher than 23 mm, respectively."’

Cross-sectional imaging (computed tomography, CT, or
magnetic-resonance imaging, MRI) is frequently indicated in
patients presenting with exophthalmos, particularly when the
underlying pathology needs to be clarified. Different methods of
measuring exophthalmos on CT-images have been described,'' ™"
with substantial correlation with Hertel-exophthalmometry in
thyroid-associated orbitopathy.'! CT-data-sets from modern
multidetector-row-CT- (MDCT) scanners allow for tilt-corrected
multiplanar image-reconstructions (MPR) which display cross-
sectional anatomy symmetrically for both orbits.

Measuring exophthalmos on MDCT-images of the orbits or
mid-face and including results in pertinent radiology reports
may be clinically meaningful if such measurements are repro-
ducible within narrow margins between physicians in different
subspecialties, including, e.g., radiology and neuroradiology,
ophthalmology, ear-nose-throat-surgery (ENT), maxillo-facial
surgery, neurosurgery or critical care.

This retrospective interdisciplinary interobserver study inves-
tigated the reproducibility of base-length and ocular protru-
sion on tilt-corrected axial MDCT-images of the orbits and of
deriving interocular difference.

METHODS AND MATERIALS
The manuscript structure followed the STROBE statement.'*

Study design

The institutional ethics-committee for studies involving human
participants decided that this retrospective single-centre obser-
vational study in selected patients did not require ethical advice
and waived individual patient-consent (vote No. 20-633 KB).
However, all patients provided written informed consent for
MDCT-work-up.

Setting and participants

The hospital information-system (HIS) was searched in April
2020, for complete records of adult patients presenting with
exophthalmos to the orbital/oculoplastic-surgery section of the
institutional tertiary-care eye-hospital who subsequently under-
went both MDCT of the orbits and Hertel-exophthalmometry
within the institution between April 2009, and March 2020. In this
study, Hertel-exophthalmometry, performed between eight days
and one year of MDCT without interval surgery, solely served
as a retrospective inclusion criterion indicating that exophthal-
mometry had been necessary for clinical patient-care and had
been technically successful. The latter suggested that MDCT-
based exophthalmometry was possible. However, due to inter-
individual time differences between Hertel-exophthalmometry
and MDCT, and interval conservative therapy in some patients,
respective results were not compared.

Variables

Base-length, respective right and left ocular protrusion on axial
MDCT-images, and deriving interocular difference of protru-
sion were dependent variables whose outcomes were continuous
positive rational numbers with “mm” as unit of measurement.
Individual independent observers represented the independent
variable. Independent selection of CT-series and axial CT-image-
level by each observer were effect-modifiers.

Data sources and measurements

The orbital MDCT-examination closest in time to HIS-
documented Hertel-exophthalmometry was retrieved for
each patient from the institutional picture-archiving-and-
communication system (PACS, Syngo, Siemens Healthineers).
Diagnostic 16-row- or 64-row-MDCT-scans (Optima 660 or
Discovery 750, GE Healthcare, or Mx8000 IDT or Brilliance 64,
Philips Medical Systems, or Somatom Scope, Siemens Health-
ineers) had been performed supine, head on a cranial-CT
head-rest, and eyes looking straight-forward into the gantry if
possible, collimation 0.625mm, 120KVp, and dose-modulation
as appropriate. Intravenous contrast media were administered
in body-weight-adapted standard-doses, followed by 60ml
of normal saline solution, for imaging in the venous phase,
approximately 60s after commencing contrast-media injec-
tion. Unenhanced MDCT was performed instead for suspected
dysthyroid optic neuropathy in six patients, and in two patients
who reported previous severe reaction to intravenous contrast
media. MPR in the axial, coronal, and sagittal planes were based
on primary reconstructions with a slice-thickness of 0.625mm,
and tilt-corrected when necessary to the interfronto-zygomatic
line connecting the rostral fronto-zygomatic sutures, with fields-
of-view adapted to the respective morphological dimensions of
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Table 1. Respective patient-population average-values and mean, median, minimum, and maximum absolute interobserver deviations of base-length, right and left ocular

Interocular difference of
protrusion (absolute, mm)
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protrusion, and interocular difference of protrusion on axial CT-images of the orbit (n

Standard-deviation of mean deviation of

observers

95% limits of agreement *

Median deviation from mean of observers

Minimum deviation from mean of observers

Maximum deviation from mean of observers

Values are rounded to the next full millimetre except for 95% limits of agreement.

? 95% limits of agreement were calculated as #1.96*standard-deviation of mean deviation of observers.
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the orbits and mid-face, and reconstruction slice thicknesses of
0.6-3.0 mm, respectively.

Independent observers included one radiology-attending
specializing in head-and-neck imaging with 18 years of post-
fellowship work-experience, two ophthalmology-attendings
specializing in orbital/oculoplastic surgery with five and six
years of post-fellowship work-experience, one critical-care-
attending with six years of post-fellowship work-experience,
and one second-year ENT-resident, respectively. The radiology
attending repeated measurements after three weeks. Observers
individually selected the axial MDCT-series that displayed the
orbits most symmetrically, and the individual MDCT-image
in that series which best bisected both ocular lenses and came
closest to the equators of both eyeballs. The selected MDCT-
image was displayed in soft-tissue window (W350/C50 HU) on
a 21-inch 5K-monitor licensed for medical image interpretation.
Applying measurement-tools provided by PACS, base-length
was measured along the baseline, between the crests of the right
and left bony lateral orbital rims, and respective protrusion of
each eye was determined as the distance from the baseline to the
corneal apex along a perpendicular line (Figure 1), per Figure 1
(A) in.!' Submillimetre results were rounded mathematically to
the next full millimetre.

Bias

Separation of HIS-searches and extraction of clinical data
from blinded review of and measurements on MDCT-images
precluded bias of MDCT-results. Each observer independently
reviewed the orbital MDCT-scans of all selected patients in indi-
vidualized order, per ascending random numbers as generated
individually by MS-Excel (Microsoft Corporation), to avoid
potential bias from learning-effects.

Study size

The study population included thirty-seven patients. Among
forty-seven patients appearing eligible, ten were subsequently
excluded because they were underage (two), had out-of-range
time-intervals between MDCT and Hertel-exophthalmometry
(one), did not have dedicated MDCT of the orbits (six), or had
incomplete data sets, because Hertel-exophthalmometry had
failed (one).

Quantitative variables and statistical methods

Each observer entered respective MDCT-series and MDCT-
image-level, and measurements of base-length and right and left
ocular protrusion for each patient into a standardized MS-Excel-
worksheet, with patient-names and dates-of-birth replaced by
identifying numbers, ages, and genders for study purposes. The
radiology attending performed measurements twice, with an
interval of 21 days, for analysis of intraobserver repeatability.
Raw data were collated in another MS-Excel-worksheet for anal-
ysis. Respective interobserver average-values and mean, median,
minimum, and maximum absolute and relative (percent) devia-
tions of base-length, right and left ocular protrusion, interocular
difference of protrusion, and CT-image-level were calculated and
displayed in tables and Bland-Altman plots. Pairwise compar-
ison between and within observers of deriving differences of
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Table 2. Mean relative interobserver deviation from individual patient average-measurements of base-length and right and left
ocular protrusion on axial CT-Images of the orbit (n = 37 patients; m = 5 independent observers)

Mean relative interobserver deviation from Base-length Right ocular protrusion | Left ocular protrusion
individual patient average-measurement (No. of patients) (No. of patients) (No. of patients)
<1.0% 31 0 1

1.0-1.9% 6 10 10

2.0-2.9% 0 12 7

3.0-5.0% 0 9 12

>5.0% 0 6 7

protrusion in two-tailed Wilcoxon-matched-pairs-signed-rank-
tests, and of rates and proportions in chi-square-tests yielded
significant differences for p < 0.05."

RESULTS

Participants

Twenty-four patients were females and thirteen males. Age
was 57 + 13 years (averagetstandard deviation, median, 57,
range, 25-84). Median time between MDCT and Hertel-
exophthalmometry was 23 days (range, 8-281). Final clinical
diagnosis was benign neoplasia in six, malignancy in thirteen,
inflammatory disease in fourteen and other in four (excluding
facial trauma).

Main results
Table 1 displays respective patient-population average-values
and interobserver deviations between measurements. Mean and

median deviations were within 1 mm of each, and 95%-limits
of agreement were about 2mm for each, interobserver average-
measurements of base-length, right and left ocular protrusion
and interocular difference of protrusion. Relative deviation was
within 2.0% of average-measurements for base-length in all
patients, and within 5.0% in more than 80% of patients for ocular
protrusion, without statistically significant differences between
right and left eyes (chi-square = 0), respectively (Tables 1 and 2,
Figure 2; see Supplementary Tables 1-4 for respective raw data).
Pairwise comparison between observers yielded no significant
differences between respective calculated interocular differences
of protrusion (Table 3).

Intra-observer repeatability of measurements after three weeks
by the radiology attending yielded the same MDCT-series in
31/37 patients (84%) and slice selection within one level in all.
Intra-observer differences between measurements were 1 mm or

Figure 2. Respective Bland-Altman plots show interdisciplinary interobserver agreement with upper and lower limits of agree-
ment (dark grey horizontal lines) among five independent observers (O1, diamonds; O2, squares; O3, triangles; O4, cross-marks;
O5, circles). Measurements include base-length (a, upper left panel), interocular difference of protrusion (b, upper right panel),
right ocular protrusion (c, lower left panel) and left ocular protrusion (d, lower right panel) in 37 patients. Unit of measurement is

Tmm in each panel.
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Table 3. Pairwise comparison between five independent observers (O1 to O5) of respective calculated interocular differences of
protrusion on axial MDCT-images of the orbit (n = 37 patients). Two-tailed Wilcoxon-matched-pairs-signed-ranks-test with critical

values for alpha-error <5%.

No. of No. of Rank Negative Positive Critical Statistically significant
Test ties ranks sum ranks (sum) | ranks (sum) value differences
O1 versus 02 17 20 210 89 121 52 no
O1 versus O3 12 25 325 172.5 152.5 89 no
O1 versus O4 16 21 231 104 127 58 no
O1 versus O5 14 23 276 86.5 189.5 73 no
02 versus O3 16 21 231 138.5 92.5 58 no
02 versus O4 14 23 176 148 128 73 no
02 versus O5 9 28 406 173 233 116 no
O3 versus O4 8 29 435 200.5 234.5 126 no
O3 versus O5 8 29 435 148 287 126 no
04 versus O5 13 24 300 109 191 81 no
Figure 3. Tilt-corrected multiplanar reconstructions of ties; 147; 170; p<0.05). All other differences were 2 mm. Resulting

contrast-enhanced 64-row multidetector-row-computed-
tomography of the orbits are orientated along the interfronto-
zygomatic reference line as displayed by PACS (arrows in a,
coronal reconstruction, and b, axial reconstruction; slice thick-
ness, 2mm).

,‘ " .‘
L2V DN

Figure 4. Tilt-corrected multiplanar reconstructions of
contrast-enhanced 64-row multidetector-row-computed-
tomography of the orbits are orientated along the interfronto-
zygomatic reference line (slice thickness, 2.5mm). A
contrast-enhancing orbital mass displaces the left eyeball
(arrow in a, coronal reconstruction), impeding exact meas-
urement of left ocular protrusion on the axial reconstruction
(b). This patient was excluded from the study because of
incomplete data sets, i.e., Hertel-exophthalmometry had been
attempted but failed.

less in 36/37 patients for base-length (97%; 1 tie; test statistic,
295; critical value, 182; not statistically significant, ns). Repeat
measurements of ocular protrusion were statistically shorter
for both eyes. Differences were 1 mm or less in 35/37 right eyes
(95%; 0 ties; 210.5; 221; p<0.05), and in 33/37 left eyes (89%; 4

inter-ocular difference of protrusion was 1 mm or less in 36/37
patients (97%; 1 tie; 303.5; 182; ns), the one greater difference
being 3 mm.

Other analyses

The five independent observers decided on the same axial
MDCT-series in 14/37 patients (38%), on two different MDCT-
series in 19 (51%), and on more than two in 4 (11%). Among 185
individual series selections, 164 (89%) matched for at least two
observers, with 157/164 individual slice-selections (96%) being
within one slice-level (average slice thickness, 2.2 + 0.8 mm) of
one another.

Tilt-corrected axial MDCT-images were generated in 16
patients (43%) and had been deemed unnecessary in 21 (57%)
(Figure 3). Among 185 individual observations, the five inde-
pendent observers reported technically symmetrical display of
both orbits in the selected axial MDCT-series in 172 (93%), and
called asymmetry in 13 (7%), including calls by one observer
in nine patients and by two observers in two. Displacement of
one eyeball was noted in eight patients (two cranial, six caudal).
These patients were included in the analysis, because Hertel-
exophthalmometry had been technically successful. However,
Figure 4 shows displacement of one eyeball deemed too severe
for meaningful exophthalmometry; this patient was excluded
from the study because Hertel-exophthalmometry had failed.

DISCUSSION

Key results

Interdisciplinary interobserver reproducibility and intraob-
server repeatability of measurements of exophthalmos, including
base-length, right and left ocular protrusion, and calculated
interocular difference of protrusion, on tilt-corrected axial
MDCT-images of the orbits and mid-face were high in this
study. Hertel-exophthalmometry-like protrusion measure-
ments on tilt-corrected axial MDCT-images did not depend on
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the medical subspecialty or the years of work-experience of the
assessing physician.

Limitations

The retrospective, single-centre design, the criteria of patient-
selection, and the small number of patients may limit gener-
alisability. However, there is no conceivable advantage of a
prospective study assessing the interobserver reproducibility of
quantitative measurements on MDCT-images. Various poten-
tial effect-modifiers were considered. Institutional MDCT-
examinations represented five different MDCT-scanners of two
different scanner-generations and three different manufacturers.
Each observer individually selected respective axial MDCT-
series and MDCT-images to perform requested measurements.
Individual MDCT-series had different slice-thicknesses and were
individually tilt-corrected. The five independent observers repre-
sented four different clinical subspecialties involved with the eval-
uation of cerebral and orbital cross-sectional imaging in routine
practice, and a vast spectrum of work-experience, respectively.
Retrospective selection of patients who had institutional Hertel-
exophthalmometry generated a study-population uniformly
characterized by the clinically conceived need for exophthal-
mometry and proved that exophthalmometry was technically
successful. Among the neoplastic orbital lesions in this study,
two-thirds were malignant and one-third benign, a proportion
previously encountered in a review of orbital tumours."

Interpretation

Within their limitations, study results suggest that Hertel-
exophthalmometry-like measurements of exophthalmos on tilt-
corrected MDCT-images of the orbits and mid-face are highly
precise and reproducible between independent observers repre-
senting different medical subspecialties and years of clinical
expertise, and highly repeatable for an experienced radiologist.
In a previous study of Hertel-exophthalmometry in 70 Chinese
adults, Lam and co-workers'® demonstrated high intraobserver
and acceptable interobserver agreement, the latter showing wider
95% limits of agreement than our study results. While different
studies''”!® report substantial-to-high correlation between
Hertel-exophthalmometry and different methods of CT-exoph-
thalmometry, Nkenke and co-workers" report differences in
patients with zygomatic fractures, finding CT more clinically
reliable. Reliability of Hertel-exophthalmometry can be chal-
lenged for both patient-related reasons, such as, e.g., facial frac-
tures, severe upper eyelid swelling, eyelid ptosis, vertical deviation
of the globe, and poor compliance, and observer-related reasons,
such as, e.g, inter- and intraobserver variability of measure-
ments, and dependency on clinical experience.*’''* Different
researchers agree that CT should not be applied interchangeably
with Hertel-exophthalmometry.'"'>17

Exophthalmos can be measured in different ways on CT-im-
ages.!! Technically, the method applied here comes close to
Hertel-exophthalmometry, because it first establishes a baseline
touching the lateral orbital rims tangentially, which is superim-
posed on the selected axial CT-image, and then measures ocular
protrusion along a line perpendicular to the baseline, which

crosses the ocular lens at its centre and extends to the corneal
apex of the eyeball. Tilt-corrected MPR could be the reason
why the five independent observers found most axial MDCT-
series selected depicting the orbits and mid-face with technical
symmetry. Recent research suggests that MDCT-measurements
are significantly more consistent with Hertel-exophthalmometry
when based on three-dimensional MPR applying anatomical
landmarks, i.e. applying tilt-correction, than when conventional
two-dimensional MDCT-reconstructions are used."’

Generalisability

This retrospective single-centre observational cohort-study
showed high interdisciplinary interobserver reproducibility and
intraobserver repeatability of Hertel-exophthalmometry-like
measurements of base-length and ocular protrusion on tilt-
corrected axial MPR-MDCT-images of the orbit and midface.
It derives that the multiplanar reconstruction of MDCT-images
covering the orbits should consider anatomical landmarks
to allow for precise and reproducible measurements in and
comparison between individual eyes, and that radiology reports
on MDCT-examinations of the orbit or midface should include
respective measurements of base-length and protrusion of each
eye.

Integrity of research and reporting

Ethical standards:

The institutional ethics-committee for studies involving human
participants decided that this retrospective single-centre obser-
vational study did not require ethical advice and waived indi-
vidual patient-consent (vote No. 20-633KB). The study has
therefore been performed in accordance with the ethical stan-
dards laid down in the 1964 Declaration of Helsinki and its later
amendments.
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