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Background: The purpose of this study was to evaluate the repeatability of masked Gold-
mann tonometry performed by optometry students on patients with glaucoma.

Methods: Subjects were recruited from among patients scheduled to undergo selective
laser trabeculoplasty at the Rosenberg School of Optometry clinic. Each subject had masked
Goldmann tonometry performed by three examiners at each office visit: two fourth
professional-year optometry interns and an attending optometrist. Each examiner per-
formed three sequential masked tonometry measurements on each eye.

Results: Twenty-eight interns and two optometrists performed masked Goldmann tonome-
try on 12 glaucoma patients. The co-efficient of variation was 9.1 per cent for the right eye
and 12.1 per cent for the left eye for interns compared with 6.4 per cent right eye and
6.6 per cent left eye for optometrists. There was significant interaction between intern and
patient on co-efficient of variation (two-factor analysis of variance, p = 0.005), indicating co-
efficient of variation was influenced by both intern and patient factors. No such interaction
was found for optometrist-performed measurements (p = 0.96). Mean interobserver differ-
ence for interns ranged between 0.9 and 3.1 mmHg, with 95 per cent limits of agreement
that were proportional to mean intraocular pressure. Mean interobserver difference for
optometrists ranged between 0.6 and 1.8 mmHg without proportionality bias. At higher
pressure levels intern measurements became more variable and tended to overestimate
optometrist measurements.

Conclusions: Both intraobserver and interobserver repeatability of masked tonometry was
lower for interns than experienced optometrists. Intern performance differed from optome-
trists in that intern measurements became more variable at higher intraocular pressure
levels and were significantly influenced by patient factors. The present results support the
need for trainee exposure to patients with abnormally elevated intraocular pressure.
Research into factors that influence trainee Goldmann tonometry repeatability is needed.
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Goldmann applanation tonometry is reg-
arded as the gold standard for clinical
assessment of intraocular pressure (1op).
As such, learning how to properly perform
Goldmann tonometry is part of the essential
skill set for trainees in both optometry and
ophthalmology.>® Determining when the
endpoint of Goldmann tonometry has been
achieved is subjective and some judgement
is required. As such, it is expected that a
learning curve is associated with mastering
the procedure, wherein tonometry mea-
surements performed by novice clinicians
are less precise than those performed by
experienced clinicians.

Many researchers have examined the
repeatability of Goldmann tonometry.* "2
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Due to the subjective nature of the measure-
ment, most studies employ a masking proce-
dure that eliminates examiner bias. In
addition, because skill may improve with
experience, most studies have utilised expe-
rienced ophthalmologists. Under such condi-
tions, the intraobserver repeatability of
Goldmann tonometry is reported to be
approximately 2-3 mmHg.*>'® This repre-
sents the expected variation between two
sequential tonometry measurements made
by the same examiner on the same eye of a
given patient.

The mean interobserver reproducibility of
masked Goldmann tonometry performed
by experienced clinicians is reported to be
< 1 mmHg with a 95% confidence interval

(Cl) of £3-4mmHg.>'>'3 This represents
the expected variation between two sequen-
tial measurements made by different exam-
iners on the same eye of a given patient.
The World Glaucoma Association has
reported that under ideal conditions the
intraobserver repeatability of Goldmann
tonometry is 2.5 mmHg and the 95% Cl for
interobserver repeatability is +4 mmHg.®

Little has been published regarding the
repeatability of Goldmann tonometry per-
formed by trainees. The purpose of this
study was to examine the intraobserver
and interobserver repeatability of Gold-
mann tonometry performed by fourth-
year optometry interns on patients with
glaucoma.
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Methods

This study was approved by the Institutional
Review Board of the University of the Incar-
nate Word, and adhered to the tenets of the
Declaration of Helsinki. All data were man-
aged in accordance with the regulations set
forth in the Health Insurance Portability and
Accountability Act. All subjects gave written
informed consent after being informed of
the nature of the study.

Procedures

Subjects were recruited from among patients
scheduled to undergo selective laser trabe-
culoplasty at the Rosenberg School of
Optometry (RSO) clinic. All patients had mild
to moderate glaucoma and had discontinued
all topical glaucoma medications for at least
four weeks prior to being scheduled for
trabeculoplasty. Both eyes of each patient
were included in the study. Seven slitlamp-
mounted Goldmann applanation tonometers
(Haag-Streit, Bern, Switzerland) were utilised
in this study. Each tonometer was calibrated
and maintained in accordance with the rec-
ommendations of the manufacturer.

Each patient participating in this study had
Goldmann tonometry performed by two
fourth-year optometry interns and one
optometrist at each office visit. The interns
employed in this study were those interns
that were assigned to the Glaucoma Service
at the time of the appointment of the
patient. At the time of their participation,
each intern would have experienced a total
of approximately 200 patient encounters,
most involving use of a Goldmann tonome-
ter. No effort was made to randomise or
evenly distribute the number of measure-
ments performed by each intern. Instead,
interns were selected based on convenience.
Because all fourth-year interns rotate
through the RSO Glaucoma Service, our sam-
ple represents a cross-section of the entire
class at this pointin their training.

One of two optometrists (RCT, CEM), each
with over 10 years of experience performing
Goldmann tonometry, performed the third
set of readings. There were four instances
where a second intern was not readily avail-
able to perform tonometry and instead both
optometrists performed measurements on
the same patient. These measurements
were separately analysed.

Following instillation of a commercially pre-
pared topical solution containing benoxinate
hydrochloride 0.4 per cent and fluorescein
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sodium 0.25 per cent, each clinician per-
formed three sequential tonometry measure-
ments on each eye; right eye first, then left
eye (RLRLRL pattern). Prior to each measure-
ment, an investigator set the tonometer dial
to a random position between five and
40 mmHg (determined by lottery) and placed
a mask over the dial. After each measurement
the investigator recorded the measurement
and set the dial to a new random position.
The clinician was blinded to both the initial
dial position and to his measurements. Less
than one minute elapsed between sequential
tonometry measurements. The procedure
was then repeated with the second and third
clinicians. Several minutes (xfive minutes)
elapsed between clinicians. The order of the
clinicians was first intern (INT1), second intern
(INT2), and attending optometrist (AOD).

Statistics

Normality was assessed with the Shapiro-
Wilke test. Mean and standard deviation
(SD) for the three sequential measurements
was calculated across patients for right and
left eyes. Unpaired two-tail t-tests were used
to test for differences between right and left
eyes. Repeat measures two-factor analysis
of variance (ANOVA) with the Bonferroni cor-
rection for multiple comparisons was per-
formed to identify significant differences
between the three sequential measure-
ments and whether the measurements per-
formed by interns or optometrists were
significantly different. Mauchly's test of sphe-
ricity was performed and the Greenhouse-
Geisser correction was applied as needed.

Measurement differences proportional to
their mean is known as heteroscedasticity,
and will distort measures of repeatability.
Heteroscedasticity was assessed by identify-
ing correlation between the difference of the
second (M2) and third (M3) measurements
and their mean using Kendall's tau.'* Logso
transformation of the data was performed for
significant correlations and then reassessed
to confirm that correlations were no longer
significant prior to performing repeatability
analysis.

Both intraoperator and interoperator
repeatability of tonometry measurements
were assessed. For the intraoperator analy-
sis the repeatability of the three sequential
measurements performed by each exam-
iner class (interns and optometrists) was
examined. The co-efficient of variation (COV)
was calculated as the ratio between the SD
of the measurements and their mean. Two-
factor ANOVA was performed on the COV

values using intern as one factor and patient
as the second factor. The intraclass correla-
tion co-efficient (ICC) was calculated using a
two-way mixed effects model for absolute
agreement of single measures (ICC,,). ICC
values = 0.75 represent excellent reliability;
values between 0.40 and 0.74 represent
moderate reliability; and values < 0.40 indi-
cate poor reliability." The repeatability co-
efficient was calculated as 2.77 times the
within-subject SD (ws[SD]) for M2 and M3,
with ws(SD) calculated as follows:

ws(SD):\/%x,/ (M —M3)? [1]

where M2 and M3 are the second and third
tonometry readings of each examiner and n
is the total number of measurement pairs
analysed. M2 and M3 were selected for
analysis because patient anxiety and
tonography are expected to cause a drop in
measured |OP between successive measure-
ments, and this change tends to be greatest
between M1 and M2.'® This approach is
consistent with prior research.'”®

Interoperator reproducibility was assessed
by analysing paired IOP measurements
between interns and between each intern and
the optometrist. In addition, reproducibility
between optometrists in those instances, when
both optometrists participated on the same
patient, was analysed. Systematic bias was
investigated using one-way ANOVA employing
the Bonferroni correction for multiple compari-
sons on the measurements performed by each
examiner. The interoperator ICC,, was calcu-
lated by comparing each of the three sequen-
tial tonometry readings performed by one
examiner with the corresponding measure-
ment performed by another examiner. For
example, the first reading by the first examiner
is compared to the first reading of the second
examiner, and so forth.

The limits of agreement (LOA) is the range
for 95 per cent of paired value differences,
and was calculated as 1.96 times the SD of
the difference values. The LOA for hetero-
scedastic data were transformed back to
their original scale and displayed in the
Bland-Altman plots as a linear function cal-
culated using the method described by

Euser et al.’® as follows:
2x(109-1)
LOA=Z4+————~
07+ 1) [2]

where Z is the mean bias between examiners,
a is 1.96 times the SD of the log-transformed
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n' M1 (SD) mmHg M2 (SD) mmHg
Right
Intern 47 20.04 (4.47) 20.23 (5.31)
Optometrist 30 17.67 (4.36) 17.60 (3.57)
Left
Intern 45 22.82 (8.93) 20.49 (5.44)
Optometrist 29 19.66 (4.85) 19.59 (4.87)

M1: first measurement, M2: second measurement, M3: third measurement.

"Number of examinations.
*Repeat measures analysis of variance.

Table 1. Mean intraocular pressure measurements

values, and x is their mean on the original
scale. COV for log-transformed values is
10%-1.14

Statistical analyses were performed using
SPSS Statistics version 24 (IBM Corp.,
Armonk, NY, USA), Excel 2016 (Microsoft,
Redmond, WA, USA) and Prism 6 (Graphpad
Software Inc, La Jolla, CA, USA).

Results

Over a six-month period, 28 interns (41 per
cent of the entire class) performed one or
more examinations on 12 glaucoma
patients. Both eyes of each patient were
enrolled in the study except in one instance
of a monocular patient who did not have a
left eye. Over the course of the study there
were five protocol breaches wherein one of
the following occurred: (1) no attending
optometrist performed tonometry on the
patient (one occurrence); or (2) both

cov!
Right
Interns 9.1%
Optometrists 6.4%
Left
Interns 12.1%
Optometrists 6.6%

attendings performed tonometry on the
patient (four occurrences). Each of these
breaches are excluded from the main inter-
observer analysis. All tonometry measure-
ments during breach incidents are included
in the intraobserver analysis. The four
occasions when both attendings performed
tonometry on a single patient are analysed
separately to assess interobserver repeat-
ability between optometrists.

Intraobserver repeatability

A total of 77 examinations were performed on
right eyes (OD) and 74 examinations were per-
formed on left eyes (OS) (Table 1). Each exami-
nation consisted of three sequential masked
measurements (M1, M2, M3) (Figure 1).
Repeat measures two-factor ANOVA found no
significant  difference among the three
sequential tonometry readings (OD: p = 0.16;
OS: p = 0.47) or between the intern and
optometrist examiner classes (OD: p = 0.11;
0S: p =0.54).

Repeatability* 1CC (95% CI)°

9.65 mmHg 0.60 (0.45-0.74)
4.32 mmHg 0.77 (0.63-0.88)
10.95 mmHg 0.61 (0.45-0.75)
5.76 mmHg 0.88 (0.78-0.94)

COV: co-efficient of variation, ICC: intraclass correlation co-efficient, 95% Cl: 95% con-

fidence interval.

"Ratio of mean within-examiner standard deviation across three sequential tonome-
try readings to the mean tonometry reading.

¥2.77 times the within-examiner standard deviation for second and third tonometry

readings.

STwo-way mixed effects model for absolute agreement of single measures using

three sequential readings.

Table 2. Intraobserver repeatability of Goldmann tonometry
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M3 (SD) mmHg p-value
18.74 (4.45) 0.03
17.93 (3.81) 0.77
21.38 (7.64) 0.06
19.62 (6.01) 0.99

Heteroscedasticity was not significant for
either eye for each examiner class. Therefore,
log transformation was not carried out for
assessment of within-examiner repeatability.

The COV values indicate that the disper-
sion of tonometry measurements per-
formed by interns is 50 to 100 per cent
greater than readings performed by optom-
etrists (Table 2). Two-factor ANOVA with one
factor being examiner (with 28 levels) and
the second factor being patient (with
12 levels) found significant interaction
between examiner and patient on COV
(p = 0.005) (Figure 2). This suggests that the
intraobserver repeatability of any given
intern is influenced by both the intern's
innate variability and variability introduced
by the patient, with some patients generat-
ing more variable readings than others. No
such interaction between examiner and
patient was found for measurements per-
formed by optometrists (p = 0.96). Hence
the influence of patient-related factors on
intraobserver repeatability wanes as the
examiner becomes more experienced.

The within-examiner difference between
M2 and M3 plotted against their mean is
presented in Figure 3. The LOA between
M2 and M3 were approximately twice
as broad for intern measurements com-
pared with those performed by optome-
trists. Interestingly, agreement between
M2 and M3 was significantly related to
the level of IOP for both examiner classes
for left eyes only (intern: p = 0.003,
R? = 18.3 per cent; attending: p = 0.04,
R% = 15.4 per cent).

Interobserver reproducibility

A total of 35 sets of tonometry measure-
ments (18 OD, 17 OS) were available for
analysis, wherein two interns and one
optometrist  each  performed three

Clinical and Experimental Optometry 2020

3



Repeatability of intern tonometry Trevino, Majcher, Sponsel et al.

50

w B
o o

I0P (mmHg)
S

M1 M2 M3 M1 M2 M3
oD (O1]

-
o

o

Figure 1. Box plots of Goldmann tonome-
try measurements performed by interns.
The box represents the median and
interquartile range for each of the three
sequential tonometry measurements
performed on each eye. The whiskers
represent the fifth and 95th percentiles
with outliers individually plotted. M1:
first measurement, M2: second measure-
ment, M3: third measurement, OD:
right eye, OS: left eye, IOP: intraocular
pressure.

sequential tonometry measurements. There
was a downward trend in mean IOP across
examiners which achieved statistical signifi-
cance for right eyes only (OD: p = 0.004, OS:
p =0.12; Table S1; Figure S1).

All interobserver reproducibility analyses
were carried out on log-transformed values
because of significant heteroscedasticity
between the first and second interns
(INT1-INT2) and between the first intern and
the attending optometrist (INT1-AOD) for
both right and left eyes. The correlation
between the second intern and the optome-
trist (INT2-AOD) approached significance for
the right eye (p = 0.06) and was not signifi-
cant for the left eye (p = 0.23).

The difference between paired tonometry
readings for INT1 and INT2 are plotted against
their mean in Figure 4A and D. The slope of the
regression line of these data points was not sig-
nificantly different from zero, indicating that
mean bias between interns was constant across
the range of IOPs encountered in this study. The
slope of the LOA indicates that the range within
which 95 per cent of paired readings are
expected to differ is equivalent to approximately
80 per cent of the mean IOP right eye and
100 per cent of the mean IOP left eye (Table 3).

Intern-optometrist bias was substantially
greater for INT1 than INT2 for both left and
right eyes (Table 3, Figure S2). This is attrib-
utable to a tonography effect, which gener-
ated a downward trend in mean IOP across
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Figure 2. Scatter plot of Goldmann tonometry co-efficient of variation (COV) by intern
and patient. Interns and patients are sorted by mean COV. Each datapoint represents
the COV for three sequential tonometry measurements performed by an intern on a
patient. The data set is divided into tertiles. Note that variance is not evenly distrib-
uted across study participants (interns and patients). Rather, there are those partici-
pants that tend to generate high variance (third COV tertile) while others are
associated with low variance (first COV tertile). There is significant interaction
(p = 0.005) between intern and patient indicating that both intern- and patient-
specific factors govern tonometry repeatability. For example, patient 6 generates less
variance when tonometry is performed by a low variance intern, but more variance
when examined by a high variance intern. Similarly, intern 2 generates less variance
when examining low variance patients than when examining high variance patients.

examiners (Figure S1). No trend favouring
INT1 or INT2 was found in other measures
of repeatability, such as ICC and COV. The
difference in paired tonometry readings
between each intern and the optometrist
are plotted against their mean in Figure 4B-
F. The slope of the regression line of these
data points was not significantly different
from zero for the right eye but was for the
left eye, indicating that for left eyes only,
mean bias between the intern and the
optometrist was not constant across the

range of I0Ps encountered in this study. For
both interns, the measurements of the
interns tended to be less than that of the
optometrists’ measurements at low |OPs
and greater than that of the optometrists at
high IOPs for left eyes only.
Between-observer repeatability of the
optometrists was analysed using the four
instances where a protocol breach
resulted in the two optometrists per-
forming tonometry on the same patient.
These data provide a context for intern

© 2020 Optometry Australia
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Figure 3. Bland-Altman plots of intraobserver Goldmann tonometry measurements.
A: Right eye measurements performed by interns. B: Right eye measurements per-
formed by optometrists. C: Left eye measurements performed by interns. D: Left eye
measurements performed by optometrists. The solid lines in C and D are where linear
regression of the data points yield a line in which the slope is significantly different
from zero. M2: second measurement, M3: third measurement.
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performance. The data were not signifi-
cantly heteroscedastic, therefore log
transformation was not performed.
Repeatability statistics are reported in
Table S2 and the Bland-Altman plots are
presented in Figure S3. The slope of the
regression line of these data points was
not significantly different from zero.

Discussion

This study documents that masked tonometry
performed by fourth professional-year optom-
etry interns on glaucoma patients was approxi-
mately twice as variable as measurements
performed by experienced optometrists.
Because tonometer masking may have a detri-
mental effect on repeatability,>?° it would be
appropriate to interpret the repeatability
values reported herein as ‘worst case’ values.

Intraobserver repeatability

Prior studies reporting the intraobserver
repeatability co-efficient for masked Gold-
mann tonometry performed by experienced
clinicians have reported values ranging
between 2.2 and 2.9 mmHg.*>'® This is

INT2 vs AOD

C

30
=)
&
£
E
a
s
<C
N
'—
z

30

0 10 20 30 40

n

INT2 - AOD (mmHg)

0 10 20 30 40
AVERAGE (mmHg)

Figure 4. Bland-Altman plots of interobserver Goldmann tonometry measurements. A: Right eye measurements performed by
intern 1 and intern 2. B: Right eye measurements performed by intern 1 and optometrist. C: Right eye measurements performed
by intern 2 and optometrist. D: Left eye measurements performed by intern 1 and intern 2. E: Left eye measurements performed
by intern 1 and optometrist. F: Left eye measurements performed by intern 2 and optometrist. The solid lines in E and F are
where linear regression of the data points yield a line in which the slope is significantly different from zero. INT1: first intern,
INT2: second intern, AOD: attending optometrist.
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substantially more repeatable than interns
or optometrists in this study. While lack of
experience may account for the higher vari-
ability of interns, the research protocol may
have affected the performance of optome-
trists. They were the last of three examiners
to perform tonometry on each patient, and
the quality of the tear film, integrity of the
corneal epithelium and patient co-operation
may all have been suboptimal at that point.

Prior studies reporting the intraobserver
COV for masked Goldmann tonometry per-
formed by experienced clinicians have
reported values ranging between 3.1 and 9.7
per cent.'™'? These values compare
favourably to the results for both interns
(9.1-12.1 per cent) and optometrists (6.4-6.6
per cent) in the current study. Finally, studies
reporting intraobserver ICC values for masked
Goldmann tonometry performed by experi-
enced clinicians have reported values ranging
between 0.79 and 0.99.""'? Intern perfor-
mance fell well below this range (0.60-0.61)
while it was consistent with that of the optom-
etrists (0.77-0.88).

While numerous studies have investigated
the repeatability of Goldmann tonometry,
this is the first to involve optometry interns.
One published study has evaluated the
repeatability of masked Goldmann tonome-
try performed by a single medical student.®
The repeatability co-efficient for their student
(2.2 mmHg) is on the low end of published
values and is superior to the performance of
the interns in the present study (9.7-
11.0 mmHg). This difference is possibly
related to differences in randomisation of
the dial starting position. Tonnu et al.® set

the dial to a random starting position
between five and 10 mmHg, while the
i
Right
INT1-INT2 54
INT1-AOD 54
INT2-AOD 54
Left
INT1-INT2 51
INT1-AOD 51
INT2-AOD 51

Mean bias (mmHg)

present study set the dial to a random
starting position between five and 40 mmHg.

There was a surprising difference in
intraobserver repeatability on right and left
eyes. There was a trend of lower repeatabil-
ity for left eye compared to right eye mea-
surements for both examiner classes. For
example, intern COV was 9.1 per cent OD
and 12.1 per cent OS (Table 2). A similar but
smaller interocular difference was recorded
by optometrists. Because a RLRLRL measure-
ment pattern was followed, it seems unlikely
that the sequence of measurements intro-
duced any systematic bias. This difference
may be attributable to hand and/or eye
dominance of the examiner. For example,
there may be greater precision when the
adjustment is made with the dominant
rather than the nondominant hand. The
authors are not aware of any prior published
reports describing interocular differences of
Goldmann tonometry repeatability.?’

The current study found that Goldmann
tonometry performed by interns s
influenced both by intrinsic and extrinsic fac-
tors, indicating that intern performance may
vary from patient to patient. The authors
believe this finding has important clinical and
educational implications, as discussed below.

Interobserver reproducibility

The tonography effect resulted in a down-
ward trend in mean IOP across examiners,
and hence greater mean intern-optometrist
bias for INT1 compared with INT2. Other
measures of reproducibility (95% LOA, ICC
COV) did not favour one intern over the
other (Table 3). Hence, intern reproducibility
can be analysed independent of intern
sequence.

95% LOA (mmHg)

2.25 +0.39-Z
3.11 +0.44-Z
0.89 + 0.40-Z
1.18 +0.51.Z
2.75 +0.41.Z
1.57 + 0.46-Z

Prior studies have reported the mean inter-
observer difference of masked Goldmann
tonometry performed by experienced clini-
cians to range between 0.5 to 0.8 mmHg with
a 95% Cl of £3.0-4.0 mmHg.>"'>"3 The current
study found that interobserver differences
involving interns were significantly related to
IOP level, whereas differences between the
optometrists were not significantly hetero-
scedastic. Significant heteroscedasticity of
interobserver masked Goldmann tonometry
has not been previously reported and may
represent a feature of novice performance.

There was a pattern of interns under-
estimating the measurements of optome-
trists at low pressures and over-estimating
them at high pressures, but only for mea-
surements performed on left eyes. An oppo-
site pattern of bias was reported Tonnu
et al® wherein tonometry was first per-
formed by a medical student and then by
an experienced clinician. Only one eye of
each patient was examined by Tonnu et al.2
so it is not possible to determine if this
effect was influenced by laterality in their
study. The intraobserver findings reported
herein revealed lower repeatability of mea-
surements performed on left eyes, so the
observed proportionality bias may reflect a
pattern of lower precision of measurements
performed on left eyes.

Educational considerations

The present study found that two sequential
Goldmann tonometry measurements by the
same intern on the same eye of a given
patient will vary by up to 10 mmHg. When an
intern and optometrist both perform tonom-
etry on the same patient, the reading of the
intern will fall within 4 mmHg of that of the

ICC (95% CI)* cov
0.57 (0.30-0.74) 48%
0.45 (0.12-0.67) 57%
0.64 (0.45-0.77) 49%
0.58 (0.37-0.74) 67%
0.62 (0.36-0.78) 52%
0.58 (0.37-0.74) 59%

AOD: attending optometrist, Cl: confidence interval for ICC, COV: co-efficient of variation, ICC: intraclass correlation co-efficient, INT1:
first intern, INT2: second intern, LOA: limits of agreement, Z: mean intraocular pressure.

"Number of paired comparisons.

*Two-way mixed effects model for absolute agreement of single measures.

Table 3. Interobserver repeatability of Goldmann tonometry
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optometrist when mean [OP is 10 mmHg
and be within 8 mmHg when mean IOP is
20 mmHg. These findings have potentially
important patient care ramifications.

Preceptor verification of tonometry mea-
surements on patients with elevated IOP is
warranted, while pressure measurements
within the normal range are more trustwor-
thy. When learning to perform the proce-
dure, trainees need exposure to glaucoma
patients with abnormal 10Ps to facilitate the
transfer of technical skills to a clinical set-
ting.>> While intern exposure to patients
with abnormal IOP requires greater over-
sight, it provides interns with experience
necessary to master this important skill.

A right/left laterality difference in mea-
surement repeatability was found for both
interns and experienced practitioners,
suggesting a poorer prognosis for remedia-
tion of this phenomena through educational
interventions.

Examiner- and patient-specific factors
independently contributed to measurement
repeatability for interns, but not for optome-
trists. This suggests that with experience cli-
nicians learn how to cope with patient
factors that adversely impact repeatability.
The authors are unaware of any prior
research that has attempted to identify such
factors. The present study found that
interns perform more poorly on patients
with  abnormally elevated 10P. Prior
research has identified many factors that
influence Goldmann tonometry precision,'®
including some that may pose a greater
challenge to the novice, such as minimising
patient anxiety. Educational interventions
would benefit from the identification of
those factors that pose the greatest chal-
lenge to trainees.

The present study has limitations that may
influence interpretation of its findings. First,
there was a large turnover of both interns
and patients over the course of the study
with some interns performing more mea-
surements than others and some patients
participating more than others. This makes
interpretation of intern-patient interactions
difficult. Second, many tonometry measure-
ments were performed on each eye within a
relatively short period of time. This intro-
duced a tonography effect and may have
adversely impacted the reliability of later
measurements. Third, the large range for
tonometer dial randomisation may have
adversely  impacted repeatability by
prolonging each tonometry measurement.
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The present study also has important
strengths that should be taken into consid-
eration. A relatively large number of mea-
surements were collected over a wide range
of pressures on patients with established
glaucoma, enhancing the ability to evaluate
intern performance on such patients. In
addition, the study enabled the evaluation
of the relative performance of interns and
clinicians under identical experimental con-
ditions thereby revealing the influence of
experience.

In summary, intraobserver and inter-
observer repeatability of masked Goldmann
tonometry performed by interns was
approximately twice as variable as experi-
enced optometrists. For both examiner clas-
ses, the repeatability of measurements
performed on right eyes was greater than
measurements performed on left eyes.
Intern measurements became more vari-
able at higher pressure levels. In addition,
intraobserver repeatability was influenced
both by intern and patient-related factors.
Studies with larger numbers of interns and
patients are needed to confirm our findings
and to identify those factors that adversely
influence repeatability. Training strategies
could then be developed addressing those
factors.
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Supporting information

Additional supporting information may be
found in the online version of this article at
the publisher's website:

Table S1. Mean (SD) intraocular pressure by
examiner.

Table S2. Interobserver repeatability of
Goldmann  tonometry  performed by
optometrists.

Figure S1. Mean intraocular pressure

recorded by each of three sequential
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examiners. Error bars represent standard
deviation. INT1: first intern, INT2: second
intern, AOD: attending optometrist, OD:
right eye, OS: left eye, IOP: intraocular
pressure.

Figure S2. Scatter plots of Goldmann tonome-
try measurements performed by interns and
attending optometrists. Points that lie on the
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diagonal line represent identical readings by
both clinicians. A: Agreement between first
intern and optometrist for measurements on
right eyes. B: Agreement between first intern
and optometrist for measurements on left
eyes. C: Agreement between second intern
and optometrist for measurements on right
eyes. D: Agreement between second intern

and optometrist for measurements on left
eyes. INT1: first intern, INT2: second intern,
AOD: attending optometrist.

Figure S3. Bland-Altman plots of Goldmann
tonometry measurements performed by
attending optometrists. A: Right eye; B: left
eye. AOD1: optometrist 1, AOD2: optome-
trist 2.
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