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Purpose: Fusional vergence ranges (FVR) quantify the oculomotor system’s ability to overcome heterophoria, playing a critical role
in diagnosis and treatment. This study investigated the effect of prism order on near vertical FVR using the smooth and step methods.
Methods: Normal participants were randomly assigned to either the smooth or step testing method and to Base-Up (BU,
infravergence) first or Base Down (BD, supravergence) first prism type. After an hour, they crossed over to the alternative testing
method and prism-type. The mean of two consecutive measurements of break and recovery values for one eye in each of the 16
experimental conditions were compared using the Friedman test with post-hoc Bonferroni correction, and non-parametric Bland and
Altman analysis.

Results: The mean break/recovery values of 27 participants (mean age: 22.5+2.0, range: 20-29, 20 female) when BU or BD were
measured first were BU: 4.20+1.15%/3.07+1.04* and BD: 4.20+1.21%/3.00£0.96* for step, and BU: 4.31+0.98%/2.97+0.85* and BD:
4.15+1.14%/2.70£0.87* for smooth methods, respectively. When measured second, they were BU: 3.74+1.02%/2.63£0.93* and BD:
3.85+1.09%/2.64+1.06" for step, BU: 3.91+0.99%/2.73+0.93* and BD: 3.81+1.04%/2.541.04" for smooth, respectively. The Friedman
test found a significant effect of prism order on break values of the smooth (p<0.001) and step (p<0.02) methods, and recovery values
of the step method (p<0.005), but post-hoc tests showed no significant differences. Mean differences were below 0.50* indicating
clinical insignificance.

Conclusion: Unlike horizontal FVR, prism order does not affect near vertical FVR using the smooth and step. This simplifies clinical
assessment and suggests that horizontal and vertical fusion systems may be treated as separate entities.

Plain Language Summary: This study examined whether the order in which prisms are presented affects the measurement of near
vertical fusional vergence ranges—a measure of the ability of the eye’s muscles to move in order to avoid double vision. Researchers
tested 27 participants using two methods (smooth and step) and presented the prisms in different orders: Base-Up (BU) first or Base-
Down (BD) first. Findings show that the order of prism presentation did not significantly affect the results, meaning that the
measurements remained consistent regardless of whether BU or BD was tested first. This suggests that, unlike the effect of prism
order on horizontal eye muscle movements, vertical eye muscle movement measurements are not influenced by the sequence in which
tests are conducted. These results are important because they simplify clinical assessments — and clinicians can confidently measure
vertical fusional vergence without worrying about the order of prism presentation. Findings also imply that the systems controlling
horizontal and vertical eye movements may function independently of each other.

Keywords: vertical fusional vergence ranges, vertical fusional amplitudes, vertical fusional reserves, vertical heterophoria, vertical

prism vergence ranges, vertical motor fusion

Introduction
Fusional vergence ranges describe the ability of the reflexive oculomotor components of the visual system to overcome

retinal disparity in order to maintain fusion and avoid diplopia.'* The fusional vergence system should be able to

Clinical Ophthalmology 2024:18 3473-3484 3473
Received: 25 August 2024 © 2024 Gantz et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 8 October 2024
Published: 26 November 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-9604-3528
http://orcid.org/0000-0002-7842-5071
http://orcid.org/0000-0003-2852-4773
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Gantz et al Dove

compensate for the heterophoria in order to allow binocular single vision.> Thus, for exophoria, sufficient convergence
ranges are necessary, whereas for esophoria sufficient divergence ranges are necessary.” When the vergence range is able
to overcome the heterophoria, the heterophoria is considered compensated.” However, when it is unable to overcome the
heterophoria, it is considered decompensated and is associated with symptoms of asthenopia.’®

The fusional vergence range is measured clinically both in the horizontal and vertical directions. Reduced ranges may
indicate underlying vergence dysfunction or an inability to overcome deviations.” These disorders can be accompanied
by symptoms of diplopia, blurred vision, headaches, asthenopia, inability to concentrate during sustained visual tasks,
sleepiness, and loss of place during reading.® Further, fusional vergence ranges can be used to prescribe prisms in the
management of ocular deviations.”

Fusional vergence ranges may be measured using a prism bar, rotary prisms or the synoptophore,” "> each of which
examine different aspects of fusion.'*'> The synoptophore, and rotary Risley prisms measure smooth vergence.'®'” The
prism bar measures the step vergence.'®'” Smooth vergences describe a gradual, incrementally progressing step size;
whereas step vergences describe non-gradual progression in the step sizes. The step method is considered to emulate
natural viewing conditions.'® A recent systematic review concluded that the normative values for step vergence testing
vary with age with considerable differences between adults and children.'”

Vergence or prism adaptation describes the change that occurs in vergence eye movements as a result of a retinal
disparity induced by placement of a prism in front of the eye.'” Thus, vergence adaptation from the clinical testing of
fusional vergence ranges could affect subsequent measurements. This has been demonstrated in horizontal fusional
vergence ranges.'©>*?? Divergence ranges have been shown to be significantly reduced when measured after conver-
gence ranges.”” This has been attributed to a strong convergence response, which may continue even after the stimulus is
no longer present.'®?*2! It has also been suggested that the vergence direction that is measured second is biased by the
vergence direction that is measured first.”°

Therefore, it was suggested that the testing paradigm should first measure the direction of vergence that compensates
for the heterophoria finding.*°

Thus, it is possible, similar to its effect on horizontal fusional vergence, the order of prism presentation may influence
the vertical fusional vergence range. A previous study, which reported no significant differences between distance and
near vertical fusional vergence ranges, randomized the direction of prism introduced in front of the eyes during the
measurements.”> However, the effect of prism order on vertical fusional vergence ranges has not been previously
investigated and could have implications on the measured outcomes.

Horizontal fusional vergence ranges are also affected by the testing method (smooth vs step). Mean fusional vergence
ranges measured with prism bar were found to be significantly higher (by 0.60*- 3.8*) than rotary prism ranges.'> The
intrasession variability of the step vergence testing method was found to be significantly higher than the smooth vergence
testing method.”* The effect of testing method on vertical fusional vergence ranges has also not been previously
evaluated.

Therefore, this study examined if the order of prism presentation (Base-Up vs Base-Down) affects vertical fusional
reserves measurement in a particular testing method (smooth or step).

Methods

Participants
Students and staff from Hadassah Academic College were recruited. Exclusion criteria included strabismus, horizontal
fusional ranges that did not meet Sheard’s criteria,?® visual acuity worse than 0.0 logMAR for distance and near, remote
near point of convergence with an accommodative target, or amplitude of accommodation lower than age expected
normative values.’ Stereopsis was measured using the Special Edition Randot Test (Bernell, USA) to ensure a threshold
of 20.

The study conformed to the tenets of the Declaration of Helsinki and was approved by the Hadassah Academic
College internal review board. A statement of informed consent was signed after participants received an oral explanation
about the study.
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All examinations took place in the eye clinics at the Department of Optometry, Hadassah Academic College, with
participants wearing their habitual correction.

Experimental Procedures

Tests were performed by two fourth year optometry students under the supervision of a licensed Israeli Optometrist.
There were two methods of testing fusional vergence reserves: smooth and step. The smooth method was measured using
a phoropter. The step method was measured using a prism bar. For both methods the same visual target (J2 sized letter,
approximately 0.8 in Snellen decimal, 0.73 mm height) was used at a fixed distance of 40 cm verified with a meterstick.
Each method of testing was measured with four prism orders (Base-Up (BU) first or second; measuring infravergence,
Base-Down (BD) first or second; measuring supravergence*®), yielding a total of eight testing conditions, as described in
the flow chart in Figure 1. The prism testing order (Base-Up first or Base-Up second) and testing method (Smooth or
Step) were counterbalanced across participants. The rate of progressing the prisms in the prism bar was approximately 1
prism-diopter per second and was approximately the same for all measurements. Each condition was measured twice in
one randomly determined eye. Therefore, for each participant, the vertical fusional reserves were measured 16 times. As
an example, a participant that was allocated to the Base-Up prism first and the smooth followed by step methods, was
measured as follows: smooth method with Base-Up, followed by smooth method with Base-Down, and then the step
method with Base-Up, followed by the step method with Base-Down. Then, at least one hour later, the same participant
was measured with the step method with Base-Down followed by the step method with Base- Up, and then the smooth
method with Base-Down followed by the smooth method with Base Up. A break of at least ten seconds was given
between each measurement condition. Thus, after the participant above was measured using the smooth method with
Base-Up prism and then with Base-Down prism, at least ten seconds later the same participant was measured using the
step method with the same prism order (Base-Up followed by Base-Down).

Vertical fusional ranges were measured by increasing the vertical prism power until fusion was interrupted and the
patient reported seeing double (“break” point). Prisms were then reduced until fusion was regained and the patient
reported seeing one object (“recovery” point).” As described above, this procedure was repeated two consecutive times
for each experimental condition (testing method X prism) and the results were averaged for the analysis.

10 sec
Smooth Ste
l break i l
. BD BD
Participant
. 1
Recruitment pn.
Eligibility
Criteria break
BD BD
10 sec
Step break Smooth

Figure | Flow chart of experimental scheme. After consent and verification of inclusion eligibility, participants were allocated to a testing order (Base-Up first or Base-
Down First) and were measured using both methods, in a predetermined order (smooth or step). At least one-hour later on the same day, participants were measured with
the alternate testing order (Base-Down first or Base-Up First) using both methods (step or smooth) in a predetermined order (smooth or step). Each condition was
measured twice and the mean of the two measurements was used in subsequent analyses.
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Statistical Analysis

Break and recovery points were recorded for each condition for each participant. Data were not normally distributed based on
the Shapiro—Wilks test, and the effect of prism order (BU first vs BD first) on vertical fusional ranges measured with two
testing methods (smooth vs step) was assessed using the Friedman test, with Bonferroni-corrected post-hoc comparisons.

2728 were also employed to examine the

Spearman correlation tests and non- parametric Bland and Altman analysis
interchangeability of the prism testing orders (BU first vs BD first). Using the non-parametric Bland and Altman analysis,
an interval range of £1° was employed based on the instrumental error of the step vergence method'” and a previous study.”

All statistical tests were calculated using SPSS statistical package version 24 (SPSS Inc, Chicago, IL, USA). Bland-

Altman plots were created using Excel (Microsoft 365, Redmond, WA, USA).

Sample Size Calculation

Using G*Power software (version 3.1.9.6)*° the minimum sample size required when comparing the same group of
participants for a power (1- B) of 83%, error probability of 5% (a error 0.05) and an effect size (d) of 0.60%, was 27
participants.

This effect size (0.60") was selected as the step size in the vertical prism bar is 0.50%, and this is the minimal
difference which is greater than the vertical prism bar step size. However, this effect size is much lower than previously
reported standard deviations of measured vertical fusional amplitudes, which are greater than 1.00*.>> When an effect
size (d) of 1.00" is calculated, then the power increases to 99%.

Results

Participants

The clinical outcome measures of 27 participants (median age: 22.0 (IQ1: 21.0, 1Q3: 24.0) mean age: 22.5 + 2.0, range:
20.0-29.0 years, 20 female, 7 male) are tabulated in Table 1. All participants had good distance and near acuity, and

normal binocularity.

Table | Clinical Outcome Measures of the 27 Participants. The Means (+stan-
dard Deviations), Medians, Range, and First and Third Quartiles (QI, Q3) for
Each Outcome Measure are Listed in the Rows

Outcome Measure Mean % Stdev Median
Range (Ql, Q3)
Distance Visual Acuity, Both Eyes (logMAR) —0.03 + 0.05 0.0
Range: —0.18-0.00 (0.0, 0.0)
Near Visual Acuity, Both Eyes (logMAR) —0.08 + 0.00 —0.08

Range: —0.08- (-0.08) | (~0.08, —0.08)

Distance heterophoria (A) —0.22 + 0.85 0.00

Range: —4.00-0.00 (0.00, 0.00)

Near heterophoria (A) —1.93 +2.75 0.00

Range: —10.00-0.00 | (0.00, 0.00)

Near Point of Convergence (cm) Break* 2.11 £2.60 0.00
Range: 0.00-8.00 (0.00, 5.00)
(Continued)
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Table | (Continued).
Outcome Measure Mean % Stdev Median
Range (Ql, Q3)
Near Point of Convergence (cm) Recovery* 6.20 = 1.10 7.00
Range: 5.00-7.00 (5.00, 7.00)
Amplitude of Accommodation (Diopters) 12.66 + 2.42 12.50
Range: 9.00-20.00 (10.50, 14.20)
Stereothreshold (seconds of arc) 20.74 + 3.85 20.00
Range: 20.00—40.00 (20.00, 20.00)
Base |
Distance Break (A) 9.59 £2.26 9.00
Range: 7.00-16.00 (8.00, 10.00)
Distance Recovery (A) 6.44 + .83 6.00
Range: 4.00-12.00 (6.00, 7.00)
Near Blur (A) 16.00 + 4.92 15.50
Range: 10.00-28.00 (12.00, 18.00)
Near Break (A) 21.70 + 3.11 21.00
Range: 18.00-30.00 (19.00, 24.00)
Near Recovery (A) 15.52 + 3.88 14.00
Range: 10.00-24.00 (12.00, 18.00)
Base Out
Distance Blur (A) 16.75 + 4.88 16.00
Range: 10.00-24.00 (12.50, 22.50)
Distance Break (A) 27.56 + 7.05 26.00
Range: 18.00—40.00 (22.00, 30.00)
Distance Recovery (A) 16.70 £ 6.18 16.00
Range: 8.00-34.00 (12.00, 22.00)
Near Blur (A) 21.00 + 6.29 23.00
Range: 10.00-28.00 (16.00-25.00)
Near Break (A) 28.09 + 6.29 29.00
Range: 18.00-38.00 (23.50, 33.75)
Near Recovery (A) 21.59 +8.03 23.00
Range: 10.00-35.00 (12.75, 28.00)
Notes: * All participants had near point of convergence that was to the nose (TTN) except for five.
The values take into account that TTN is equal to “0.00”. Negative values of horizontal heterophoria
indicate the exo direction.” Indicates prism diopters.
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Effect of Prism Order

Break Values

The mean vertical break value (see Table 2) for the step method was 4.20+1.15* when BU was measured first and
4.20+1.21* when BD was measured first. For the smooth method it was 4.31+0.98* when BU was measured first,
and 4.15£1.14% when BD was measured first.

The mean vertical break value for the step method was 3.74 + 1.02* when BU was measured second and 3.85 + 1.09
when BD was measured second. For the smooth method it was 3.91 + 0.99* when BU was measured second, and 3.81 +
1.04* when BD was measured second.

Although the Friedman test applied to the smooth method showed a significant effect of prism order on the break
values (*(3) = 16.26, p< 0.001), the post-hoc analysis (Bonferroni-corrected) did not find significant differences for both
BU-first compared with BU-second (Z=0.87, p=0.08), or BD-first compared with BD-second (Z=—-0.76, p=0.18).

The Friedman test applied to the step method showed a significant effect of prism order on the break values (*(3) =
10.25, p< 0.02). However, the post-hoc analysis (Bonferroni-corrected) did not find significant differences for both BU-
first compared with BU-second (Z=0.74, p=0.21), or BD-first compared with BD-second (Z=—0.63, p=0.43).

Recovery Values

The mean vertical recovery value (see Table 3) for the step method was 3.07 + 1.04* when BU was measured first
and 3.00 + 0.96* when BD was measured first. For the smooth method it was 2.97 + 0.85* when BU was measured
first, and 2.70 + 0.87° when BD was measured first.

Table 2 Vertical Break Measured at Near. The Mean (* SD) and Median (QI, Q3) of the Measurements of the Varying Conditions, and
results of the Friedman Test and Subsequent Post-Hoc Comparisons are Displayed According to the Prism Presentation Order, Prism
Direction (Base Up or Base Down) and Method. The Mean Difference (* SD) for All Conditions is Lower Than Clinically Significant
Differences

Break Measured First Measured Mean Difference P (Friedman) Post-Hoc
A) Second (A) A)
Step Mean £ SD 420 % I.15 3.74 + 1.02 0.46 + 0.90 22(3) = 10.25, p< BU-first vs
Base Up Medi 400 (3.50, 5.00) | 3.50 (3.0, 4.00 002 BU second:
edian 00 (3.50, 5.00) 50 (3.00, 4.00) 7=0.74, p=0.21
(Ql, Q3)
Range 2.50-7.00 2.00-7.00
Step Mean + SD 420 = 1.21 3.85 £1.09 0.35 £ 0.76 BD-first vs
Base Down Medi 400 (3.50, 4.50) | 4.00 (3.0, 4.50 BD second:
edian .00 (3.50, 4.50) .00 (3.00, 4.50) Z=-0.63, p=0.43
(Ql, Q3)
2.00-7.00 2.50-8.00 Range
Smooth Mean * SD 431 £ 0.99 391 +£0.99 —0.40 + 0.73 ){2(3) = 16.26, p< BU-first vs
Base Up Medi 4.25 (4.00, 5.00 4.00 (3.00, 4.50 000! BU second:
edian .25 (4.00, 5.00) .00 (3.00, 4.50) 7087, p=0.08
(Ql, Q3)
Range 2.00-7.50 2.00-6.50
Smooth Base Mean * SD 4.15 £ I.15 381 + 1.04 0.34 + 0.58 BD-first vs
Down Medi 4.25 (3.25, 4.50 3.50 (3.00, 4.50 BD second:
edian .25 (3.25, 4.50) .50 (3.00, 4.50) Z=076, p=0.18
(Ql, Q3)
Range 2.00-6.50 2.00-7.00

Note: * indicates prism diopters.
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Table 3 Vertical Recovery Values Measured at Near. The Mean (* SD) of the Measurements of the Varying Conditions, and Results of
the Friedman Test and Subsequent Post-Hoc Comparisons are Displayed According to the Prism Presentation Order, Prism Direction
(Base Up or Base Down) and Method. The Mean Difference (+ SD) for All Conditions is Lower Than Clinically Significant Differences

Post-Hoc P (Friedman) | Mean Difference Measured Measured First Recovery
A) Second (A) A)
Step Base Up Mean + SD 3.07 £ 1.04 2.63 £0.93 0.44 + 0.79 x2(3)= 13.34, BU-first vs
_— - S p=0.004 BU second:
ecan ' ' 7=085, p=0.09
(Ql, Q3) (2.50, 3.50) (2.00, 3.00)
Range 1.50-5.50 1.00-5.00
Step Base Down Mean + SD 3.00 £ 0.96 2.65  1.06 0.35 + 0.69 BD-first vs
- - - BD second:
ecan ' ' Z=-0. 74, p=022|
(Ql, Q3) (2.50, 3.50) (2.00, 3.00)
Range 1.50-6.00 1.00-5.50
Smooth Base Up Mean * SD 2.97 + 0.85 2.74 + 0.94 —0.24 + 0.79 x2(3)=6.77, p=0.08
Median 3.00 2.87
(Ql, Q3) (2.50, 3.50) (2.00, 3.50)
Range 1.00-5.50 1.00-5.00
Smooth Base Mean * SD 2.70 + 0.87 2.54 + 1.04 0.16 + 0.95
Down
Median 2.50 2.50
(Ql, Q3) (2.00, 3.25) (2.00, 3.00)
Range 1.00-4.50 1.00-6.00

Note: * indicates prism diopters.

The mean vertical recovery value for the step method was 2.63 + 0.93 * when BU was measured second and 2.65 +
1.06  when BD was measured second. For the smooth method it was 2.74 + 0.93 * when BU was measured second, and
2.54 + 1.04* when BD was measured second.

The Friedman test applied to the smooth method showed no significant effect of prism order on the recovery values
(*(3) = 6.77, p= 0.08). For the step method, the Friedman test showed a significant effect of prism order on the
recovery values (*(3) = 13.34, p= 0.004), without significant differences for both BU-first compared with BU-second
(Z=0.85, p=0.09), and BD-first compared with BD-second (Z=—0. 74, p=0.21) in the post-hoc analysis (Bonferroni-
corrected).

The non-parametric Bland-Altman analysis (Figures 2 and 3, Table 4) demonstrated that the median differences (and
the mean differences) between the prism orders for all conditions was lower than 0.50* with 78% to 93% of the
observations falling within the confidence intervals and clinically acceptable limits of agreement (within +1.00*), though
the confidence intervals were wide.

Discussion

This is the first study to examine the effect of prism-type (BU or BD) presentation on the near vertical fusional vergence
ranges using the step and smooth methods. Findings show that for both smooth and step vertical fusional vergence
measurements, the prism presentation order does not significantly affect the results. These results indicate that, in contrast

with earlier reports pertaining to horizontal fusional vergence ranges,'*%!

the order of prism presentation does not
influence the clinical outcome when measuring vertical fusional vergence ranges. The mean differences for all prism

orders for both step and smooth methods were smaller than 0.50, which is lower than the minimal step size in the
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Figure 2 Bland and Altman plots assessing the interchangeability between the prism presentation order for break point values of infravergence (BU, graphs on the left) and
supravergence (BD, graphs on the right) measured using the smooth (panels A and B) and step methods (panels C and D). Each data point represents one participant. The
diameter of the data points represents the number of participants with identical measurement values (several overlapping participants). All values are in prisms diopters (A).
The mean difference is represented by a dotted line, confidence intervals are represented by solid lines, and the clinical limits of agreement (+ 2.00) are represented by
dashed lines.

vertical prism bar, lower than the examiner’s resolution,'” and clinically insignificant.'”** These findings also suggest
that clinicians can measure vertical fusional vergence ranges without concern for the order of prism presentation, which
simplifies the assessment process.

The relationship between horizontal and vertical fusional vergence ranges is equivocal. Based on the finding that only
horizontal but not vertical vergence adaptation is reduced in individuals with convergence insufficiency, Braudaset et al*’
concluded that horizontal and vertical vergences are independent mechanisms. In addition, Ulyat et al** did not find
correlations between the horizontal and vertical fusional ranges at 33 cm and at 6 meters. Further, Stevenson et al*' found
that vertical fusional ranges were not influenced by the instruction to “track” or “fixate” but these instructions
dramatically affected the horizontal fusional ranges. Finally, during lexical processing, the horizontal vergence system
was found to be automatically activated, whereas the vertical vergence system was not activated. The horizontal and
vertical vergence systems were also not found to be correlated, indicating independent mechanisms.*

Conversely to these findings, horizontal vergence position of the eyes has been shown to affect the vertical fusional
vergence ranges.>> Specifically, vertical fusional ranges are greater when the eyes are converged at the beginning of the
examination, indicating an interaction between the horizontal and vertical vergence systems. Additionally, induced
vertical divergence reduces the horizontal fusional vergence range.>* Finally, horizontal vergence training also improves
the vertical vergence ranges by a mean value of 0.58"**

Previous studies examining the effect of prism order on horizontal fusional vergence ranges, report that the prism type
04 20

can induce changes ranging between 0.5 and 6*.'® In the present study, differences in the vertical fusional vergence

ranges obtained with varying prism orders were all lower than 0.50°.
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Figure 3 Bland and Altman plots assessing the interchangeability between the prism presentation order for recovery point values of infravergence (BU, graphs on the left)
and supravergence (BD, graphs on the right) measured using the smooth (panels A and B) and step methods (panels C and D). Each data point represents one participant.
The diameter of the data points represents the number of participants with identical measurement values (several overlapping participants).All values are in prisms diopters
(A). The mean difference is represented by a dotted line, confidence intervals are represented by solid lines, and the clinical limits of agreement (+ 2.00“) are represented by
dashed lines. In cases of overlapping values of confidence intervals and clinical limits of agreement (panels B and C), only one solid line is shown.

The findings of the present study align with those suggesting that the horizontal and vertical fusional vergence
systems function as independent mechanisms.’?**°>! Thus, based on the findings reported herein, clinicians may
consider diagnosing horizontal and vertical vergence disorders as distinct conditions, each potentially exhibiting unique
characteristics and responses to therapeutic interventions.

Limitations of the Study

Vertical vergence amplitudes can be improved with practice.'® In the present investigation, each testing condition was
measured two consecutive times. Therefore, it is possible that the findings of this study were impacted by a training
effect. Further, in the clinical setting, patients are only measured once. To address this, the same analysis was applied to
the initial (first) measurement for each experimental condition, and the findings did not change. Specifically, the
Friedman test examining the effect of prism order on the break values for the step method did not find a significant
effect (4*(3) = 4.70, p=0.19). When applied to the smooth method there was a significant difference (*(3) = 14.37,
p=0.002), but post-hoc analysis (Bonferroni-corrected) did not show significant differences for both BU-first compared
with BU-second (Z=0.65, p=0.39), or BD-first compared with BD-second (Z=0.79, p=0.14). The Friedman test examin-
ing the effect of prism order on the recovery values was not significant for either the smooth (y*(3) = 5.50, p=0.14) or
step methods (y*(3) = 4.99, p=0.17). Further, all differences were less than 0.50* which is clinically insignificant and
lower than the examiner’s resolution.'”**

When comparing the BU-first vs BU-second and BD-first vs BD-second for both the step and smooth methods,
post-hoc tests showed insignificant differences despite the initial Friedman test demonstrating statistical significance.
This discrepancy may indicate that the post-hoc tests lack power.*>*® However, even if a significant statistical
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Table 4 Correlation and Non-Parametric Bland and Altman Analysis Assessing the Interchangeability Between the Prism Presentation
Order for Infravergence (BU) and Supravergence (BD) Measured Using the Smooth and Step Methods. The Columns Depict Median
Differences, Upper and Lower Confidence Intervals Calculated Based on the Quartiles, the Percentage of Observations Falling Within
the Calculated Confidence Intervals, and the Clinically Acceptable Limits (£ 2%)."7

Condition Correlation Non-Parametric Bland and Altmann Analysis
rs P Median Upper Limit Lower Limit % %
Confidence Confidence Observations within observations
Interval Interval confidence interval within (£1%)

Break Point- Step Method

BU First vs BU Second | 0.66 | <0.0001 0.50 1.50 —1.00 100 78

BD First vs BD Second | 0.78 | <0.0001 0.50 1.50 —1.00 100 93

Recovery Point- Step Method

BU First vs BU Second | 0.68 | <0.0001 0.50 1.50 —1.00 100 85

BD First vs BD Second | 0.77 | <0.0001 0.50 1.50 -1.00 100 93

Break Point- Smooth Method

BU First vs BU Second | 0.72 | <0.0001 0.50 1.50 —-1.02 89 85

BD First vs BD Second | 0.86 | <0.0001 0.30 1.50 —-0.58 100 89

Recovery Point- Smooth Method

BU First vs BU Second | 0.6l 0.001 0.30 1.50 -1.35 100 89

BD First vs BD Second | 0.51 0.006 0.00 1.33 —1.55 96 85

Notes: * indicates prism diopters, r; represents the correlation coefficient.

difference had been detected, the mean difference between the BU-first and BU-second, as well as the BD-first and
BD-second for both methods was less than 0.50“ which is clinically insignificant and lower than the examiner’s
resolution.' ">

The findings of this study were obtained at a testing distance of 40cm. Vertical fusion ranges have been reported to
vary with testing distance.”> Therefore, it is possible that our findings are only applicable to near testing distances and
cannot be generalized to other test distances which should be examined in further research studies.

Horizontal fusional vergence ranges are affected by target size.>’ This study examined a J2 sized target. Therefore, the
reported findings are relevant for the target sizes that were examined. Future studies can examine the effects of target size
on the measurements.

The present study examined the vertical fusional ranges subjectively, as is common in clinical practice. Future studies
can compare these findings to those obtained with objective means of measurement, as reported by others for horizontal
vergence ranges.>®

Although it is possible to induce undesired vertical prism through an unintended tilt of a large value of horizontal
prism when measured using a prism bar,*' the values of the vertical fusional range are much lower and presumably did
not introduce unintended horizontal deviations.

It is possible that the participant’s responses are affected by the previously tested method and prism. However, this is unlikely
given that vergence adaptation typically requires several minutes and not seconds.** In addition, in the present study, there were at
least 10 seconds between the testing methods. Further, these conditions are similar to the standard testing conditions in the
optometric clinic. Under the standard circumstances, fusional vergence testing is typically part of a full battery of testing. This

testing battery may include heterophoria measurements, horizontal fusional vergence measurements, fixation disparity, etc.
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which employ prisms. These tests could also potentially affect the vertical fusion ranges. Therefore, the present study resembles
standard clinical testing conditions.

Finally, the conclusions of this study are applicable only to populations with characteristics similar to those of the
cohort examined.

Conclusions

The order of prism presentation does not affect near vertical fusional vergence reserves using the smooth and step
methods in young adults. Therefore, clinicians may choose their preferred method and prism presentation order to
examine patients in the clinic.
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