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Abstract

:

Volumetric display shows promising implications for healthcare related applications as an innovative technology that creates real three-dimensional (3D) image by illuminating points in three-dimensional space to generate volumetric images without image separation. We used eccentric photorefractometry to objectively study ocular performance in a practical environment by evaluating near work-induced refraction shift, accommodative microfluctuations, and pupil size for 38 young adults after viewing anaglyph, and volumetric 3D content for prolonged time. The results of our study demonstrate that participants who performed relative depth estimation task on volumetric 3D content were less likely to experience task-induced myopic refraction shift. For both 3D content types, we observed pupil constriction, that is possibly related to visual fatigue. For anaglyph 3D pupil constriction, onset was observed significantly sooner, compared to volumetric 3D. Overall, sustained work with 3D content, and small disparities or the fully eliminated possibility of accommodation-vergence conflict, not only minimizes near work-induced myopic shift, but also provide beneficial accommodation relaxation that was demonstrated in this study as hypermetropic shift for nearly half of participants.
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1. Introduction


In the last decade, healthcare has experienced and implemented countless technological innovations, including various three-dimensional (3D) imaging techniques. A volumetric display is an innovative technology that creates real 3D image by illuminating points in three-dimensional space to generate volumetric images [1], that can be a valuable tool for healthcare professionals, when the detection of anatomical abnormalities is necessary. Understanding the capability of the human visual system, with respect to medical imaging, is crucial because it is possible to adapt and customize new imaging technologies to access balanced perceptual capacities. The visual system involves eye accommodation (ability to see clear image at various distances), convergence (ability to change position of visual axis to provide fixation of both eyes on the image placed at various distances), and pupil responses when 3D image is analyzed. Eye accommodation, vergence system, and pupil are neurologically linked and called near triad. Therefore, changes in one of these systems will alter and influence the response of another. Both, accommodation and convergence responses increase (and pupil diameter decreases) producing identical depth information if the stimulus approaches the viewer. However, the balanced interaction between near the triad can be interrupted when viewing stereoscopic images, because the real image and eye accommodation stimulus remain on the display surface. While, the convergence distance depends on the perceived depth of the virtual object–in front or behind a display depending on the binocular disparity given to the 3D object [2]. This mismatch between accommodation and convergence is one of the key factors leading to visual fatigue and asthenopic, perceptual, and ophthalmic problems in viewing the conventional stereoscopic displays [3,4]. Significance of this discrepancy grows as the distance between the viewer and a screen decreases [5]. Images produced by volumetric display are considered to be projected in true 3D space since the object possesses three physical dimensions (x, y, and z). Therefore, cues for accommodation and vergence system are consistent ensuring that the conflict between them are theoretically minimized. The aim of this study was to test ocular performance in the practical environment by evaluating the possibility of visual fatigue after prolonged near work, with volumetric 3D image, compared to anaglyph 3D. We focused on near work-induced refraction shift, accommodative microfluctuations, and pupil size as potential objective indicators for visual fatigue in 3D content users. The results are expected to provide objective measurements of reaction of visual system to extended use of 3D content.



1.1. Near Work-Induced Refraction Shifts


Refractive state of the eye characterizes the ability for the optical system to focus light properly to see clear image. Usually this is referred to far vision when eyes are in a relaxed state. For near distances and under normal circumstances, in young eyes, the power of the lens (along with the total eye refraction) will increase involuntarily on a reflex basis, in order to form the image on the retina. Previous studies with 2D stimuli showed that eye accommodation tends to remain in a partially constricted state for a short period of time after prolonged and continuous near work [6,7,8]. This phenomenon is called near work-induced transient myopia (NITM). NITM can be calculated as the post-task minus pre-task refraction state. The pre-task refraction represents baseline refraction in far and the post-task refraction represents the refraction far immediately after the near task [9]. More negative or less positive refraction indicates a myopic shift, and less negative or more positive refraction indicates hypermetropic shift. Myopic refraction shift has been observed for different near work durations, as brief as 10 min and as long as 6 h, while accommodative demands for the experimental conditions varied from 8 D to 2 D [6,10,11]. Previously reported amount of NITM in individuals without vision dysfunctions has been reported from 0.11 D to 0.90 D with a mean of about 0.30 D [6,7,12]. NITM has been mentioned as one of the main environmental factors that play a significant role in the development of late-onset myopia [13,14]. Myopia prevalence has reached epidemic levels in Asia and currently is increasing also in Europe [15,16], In scientific literature, attention and interest towards near work-induced changes in refraction has been decreasing with the time. The reason is partially because a lot has already been discovered and because NITM is a short-term effect. Most of the individuals who experience NITM remain asymptomatic and do not report any subjectively perceivable blur. We would like to take a fresh look at this phenomenon, because right now, the near work content has changed, firstly, from paper to digital format, and secondly, from 2D to 3D format. For conventional near work with 2D content, working distance and thereby accommodation demand is always constant. For virtual 3D, accommodation should be constant. Theoretically, since the demand for convergence is changing, it can influence accommodation response via near triad reflex. A real 3D situation, projected by a volumetric display, is more complex because it contains variable accommodation demands. The question is whether this, constantly changing accommodation demand, could cause visual fatigue or just the opposite—provide accommodation training.




1.2. Accommodative Microfluctuations


The accommodation response is constantly changing during steady fixation. These small temporal variations in the accommodative response are named accommodative microfluctuations. An expected, the amount of accommodative microfluctuations are below 0.50 D [17]. The behavior of accommodative fluctuations is complex and nonlinear in time [18]. The understanding of the role of accommodative microfluctuations is based on the description made by Alpern [19], and later supplemented by many other authors [20,21,22]. It has been proposed that microfluctuations play an important role in the eye accommodation control mechanism. Charman and Heron (2015) stated that it is an even-error cue for the correct direction and magnitude of accommodation stimulus; a fluctuation in one direction would tend to improve an out-of-focus image, while a fluctuation in the opposite direction would degrade the image [17].



Early studies revealed good resistance of accommodation to fatigue [23]. While, accommodative microfluctuations seem to be more easily affected, and have been suggested as one of the contributing factors for Digital Eye Strain (DES) [24]. It has been reported that the mean accommodative response is significantly increased during active cognitive tasks [25]. Accommodative microfluctuations has also been investigated in relation to cognitive demand [26,27]. Several studies [21,28,29] have shown an increase in accommodative microfluctuations with increasing accommodative demand. The magnitude of accommodative fluctuations, expressed as RMS, increases if the pupil size is smaller than 3 mm [30], target luminance is below 0.1 cd/m2 [22,31], and the eye focuses more accurately on targets of wider spectral bandwidth [32]. The numerous studies reported that the variability of accommodation is related to the baseline refractive error. Microfluctuations tend to be larger in myopes than in emmetropes [21,28]. The age dependency shows increased amount of microfluctuations, before the first decade of life [33], and a decreased amount, after age of 40 [34]. In the near triad, convergence makes an impact by stabilizing accommodation response. Therefore, the variability of the accommodation response at near viewing distances is reported to be smaller in binocular conditions compared to monocular conditions [35,36]. Microfluctuations are influenced by the viewing distance showing smaller fluctuations for far distance compared to near distance, where active accommodation focusing occurs [36]. Most of the previously mentioned studies have investigated accommodative microfluctuations for conventional 2D stimuli. Along with advances and the availability of 3D imaging technologies, it is important to understand the influence of new technologies on accommodative microfluctuations. Accommodative microfluctuations have been studied after stereoscopic 3D viewing and no difference were found compared to 2D viewing [37,38]. We would like to expand the knowledge about other 3D types, by analyzing accommodative microfluctuations, after work with volumetric 3D content.




1.3. Pupil Size


The function of the pupil is to control the amount of light entering the eye. Pupillary diameter is controlled by two muscles: M. sphincter pupillae contracts the pupil, which is primarily under the control of the parasympathetic nervous system; M. dilatator pupillae dilates the pupil, which is primarily under the control of the sympathetic nervous system. The nervous system continuously alters pupil diameter for optimal visual performance [39]. Pupillary response represents the balance of autonomous nervous activity. Pupil size reflects mental activity, as well as the whole body condition, including excitement, tiredness, sleepiness, and fatigue [4]. Pupil size measurements and light reflex examinations play an important role in a clinical setting, because it can help to diagnose many ocular, neurological, and intracranial pathologies in a non-invasive way [40]. Pupil measurements have been one of the methods for general fatigue evaluation, since the early 60’s, and have been around mostly because of its relatively inexpensive and non-invasive measurement techniques, compared to other psychological methods (EEG, fMRI, MEG) [41]. Today pupillometry is widely used among neuroscience and psychological research groups to study not only fatigue, but fundamental cognitive mechanisms, memory load, attention, emotions. Pupil size is considered an important factor in visual discomfort because of its active role in oculomotor balance via reflex of near triad [42]. The previous analysis of pupil size and virtual 3D content showed that accommodative pupil constriction is more affected by depth fixation in the real world than in the virtual 3D condition [43]. We will use pupil size changes as an indirect indicator of possible fatigue to see if there is a relationship with subjectively perceived task difficulty, during work with 3D content.





2. Materials and Methods


2.1. Participants


The study included 38 young adults (Caucasians, mean age 24 ± 3 years). They all were emmetropic (spherical equivalent −0.50 D to +0.50 D with acceptable physiological astigmatism at less than −0.75 D). The inclusion criteria were visual acuity 20/25 or better in each eye at distance and near, no strabismus, no pharmacological agents used within last month, and stereoacuity of 80 s of arc or better (Titmus test). Participants were randomized into two groups: The first group (Volumetric 3D group, 19 participants) performed relative distance estimation task presented on volumetric display; the second group performed the same task adapted for the conventional computer display using anaglyph technique (Anaglyph 3D group, 19 participants). There was no statistically significant difference between the groups based on age, stereoacuity, baseline refraction, and baseline pupil size (see Table 1). All participants provided written informed consent. The study was approved by the University of Latvia ethics committee and was performed in accordance with the Declaration of Helsinki.




2.2. Instrumentation and Stimuli


We used an eccentric infrared photorefractor PowerRef 3 (Plusoptix GmbH, Nuremberg, Germany), based on dynamic photosciascopy principle, that uses infrared video technique with bright pupil analysis. This is improved version of PowerRef II that was widely used in vision research [28,44,45,46], but had several limitations. PowerRef II system did not provide individual calibration, measured refraction was more hypermetropic (mean ± SD; 0.59 ± 0.42 D), and data was not measured at the device manual specified frequency of 25 Hz [47]. Its successor PowerRef 3 provides continuous stream of data at higher frequency (binocular, 50 Hz). Therefore, PowerRef 3 is potentially more appropriate for eye accommodation studies, but it still might require calibration for accurate estimation of refraction, if individuals from other ethnicities than Caucasians are tested [48]. Technical measurement range limitations for PowerRef 3 is 4.0 to 8.0 mm with 0.1 mm step for pupil size and +5.00 D to −7.00 D with 0.01 D step for eye refraction and accommodation measurements. This device provides quantitative, objective, non-invasive and repeatable measurements of eye accommodation, pupil, and basic gaze measurements.



The stimulus we used for relative depth estimation task was four circles (diameter of each circle: 0.5°; line width: 20% of size) where one of them appeared closer. All participants performed a four-alternative forced-choice psychophysical procedure. The task was to distinguish between four circles and to find the target circle that appeared closer (stereoscopic crossed disparity effect). The answer was given by pressing the appropriate arrow button on the keyboard (left, right, up, or down). The stimulus size was adapted for each segment’s depth in volumetric 3D and for various viewing distances in anaglyph 3D conditions. Thus, the angular size of each circle was constant to limit monocular clues and minimize size effect. In three sessions, different distances between stimuli (1.9°, 3.8°, and 7.6°) were used to increase the task difficult. Before each stimulus, a fixation cross (size: 0.5°) was demonstrated for 1 s in the center of the screen and participants were asked to maintain their gaze on the fixation cross.



2.2.1. Volumetric 3D Imaging


For real voxel-based 3D system, the stimuli were presented on a multi-planar volumetric display, consisting of 20 polymer-dispersed liquid crystal screens 39.5 cm wide and 29.5 cm tall. The distance between the two sequential screens was 5.04 mm, the width of each screen was 1.1 mm. X, Y, Z resolution was 1024 × 768 pixels per layer providing a volumetric resolution of 15 million voxel, with a refresh rate of 60 Hz. We divided our stimulus presentation blocks in four depth segments starting from front of the screen I, II, III, and IV. Thus, each segment consisted of 5 screen planes. Volumetric display was always at constant 45 cm distance (see Figure 1) measured from the front plate of the volumetric display to the frontal part of the eyes. If the stimuli were presented on the more distant screens, the stimulus appeared farther away.




2.2.2. Anaglyph 3D Imaging


We used the anaglyph technique (also called binocular stereoscopic 3D method) for virtual pixel-based 3D system. The stimuli were presented on a LED-Lit Dell™ UltraSharp U2312HM display (width 53 cm, height 30 cm, resolution 1920 × 1080 px, refresh rate 76 Hz). We used stereopsis the from binocular disparity, where depth cue was created by presenting different images for each eye with the classical stereoscopic 3D imaging method—the anaglyph technique. Passive stereo glasses were used with chromatically opposite colored red-cyan filters that allowed each eye to perceive only those parts of the image that was permeated by the filter. This allows slightly different images to be presented to the left and right eye. For anaglyph technique, we adjusted display distance according to expected stimulus appearance in the middle plane of each segment in volumetric display: Segment I (plane 3) = 46.22 cm, segment II (plane 8) = 49.29 cm, segment III (plane 13) = 52.36 cm, segment IV (plane 18) = 55.43 cm. Experimental setup for anaglyph technique was made as equal as possible to volumetric imaging, but there were few limitations that are described further in the Discussion.





2.3. Experimental Procedure


The whole experiment was performed in a dark room (4 lx, Konica Minolta T-10). All participants were adapted to the dark for five minutes prior to work with the displays. Chin and forehead rest was used to stabilize and control head movements. Baseline far and near refraction state, and pupil size, were registered in 3 repeated measurements (10 s each) before starting the work with volumetric 3D or anaglyph 3D, and after approximately 10 min long Session 1, Session 2, and Session 3. The participants were instructed to look at the center of the Maltese cross (size 2°, distance 5 m for far and 20 cm for near) and keep it clear during measurements. After completing the whole procedure (all sessions), participants were asked to rest in a dark room and avoid any near work for 5 min. Then post-task measurement of refraction and pupil size (only at far distance) was taken. Each session consisted of stimuli presentation in four depth segments (for volumetric 3D: planes 3, 8, 13, and 18; for anaglyph 3D adjusted distances: 46.22, 49.29, 52.36, and 55.43 cm). The distance between stimuli (four circles) was 1.9° for all depth segments in Session 1, 3.8° in Session 2, and 7.6° in Session 3. There were no breaks between the three sessions, only two 10 s measurements after each session. The task difficulty was evaluated subjectively with 5-point Likert scale after work with each display segments. The evaluation results were averaged separately for Session 1, Session 2, and Session 3.




2.4. Data Analysis


Data were filtered offline to remove measurement artifacts associated with blinks. The blinks were removed automatically from the data, using the Microsoft Excel macro procedure, described previously by Horwood and Riddell (2008). In that study, the data correction considered both data during blink and recovery from the blink (0.2 s) [49]. After eliminating blinks, we had 480 ± 20 data points for each measurement. The number and length of fixation breaks over the measurement was not analyzed.



Equation (1) was used to calculate the amount of refraction shift,


  Refraction   shift   =   Refraction   after   session   ( n )   −   Baseline   refraction  



(1)




where n is the mean far refraction value in each session (Session 1, Session 2, Session 3) or post-task measurement.



The magnitude of the accommodative microfluctuations was expressed as a root mean square (RMS) deviation calculated from Equation (2),


  RMS   deviation   =      1 n    ∑   i   =   1  n    (  x i  −  x ¯  )  2     



(2)




where n is the number of refraction values measured during 10 s, xi is each individual refraction value and   x ¯   is the mean refraction value.



The pupil size was characterized as the horizontal pupil diameter for each participant and described as a mean value from the right and the left eye.



Statistical Analysis


The statistical analysis was performed using R Statistical Software version 3.5.1. (Foundation for Statistical Computing, Vienna, Austria). A shift in accommodative microfluctuations and pupil size was evaluated using three-way mixed design ANOVA, based on within-subjects factors distance (near and far) and session (baseline, Session 1, Session 2, and Session 3), and between-subjects factor 3D type (anaglyph and volumetric). The normal distribution of the variables was tested using visual histogram and probability graphs. A two-way mixed design ANOVA (factors session and 3D type) was applied to compare the baseline and post-task measurements. Mauchly’s test of sphericity was conducted for the within-subjects factors and Greenhouse-Geisser correction was used for the degrees of freedom where the sphericity assumption was violated. Post hoc Bonferroni adjusted pairwise comparison t-tests were performed for closer analysis of interactions. One-way ANOVA analysis was performed to analyze the refraction shift in Session 1, Session 2, and Session 3. The chi-squared test of association was used to evaluate refraction shift type distribution. The statistical significance was set at p < 0.05.






3. Results


3.1. Near Work-Induced Refraction Shifts


One-way repeated measures ANOVA demonstrated that the differences between refraction shifts after Session 1, Session 2, and Session 3 were not statistically significant (F2,150 = 0.32, p = 0.73). Therefore, we used the mean refraction shift that was calculated from all three sessions (task shift). Post-task refraction shift was analyzed separately. Three categories for refraction shift analysis were identified: myopic shift (≤−0.05 D), hypermetropic shift (≥0.05 D), and clinically non-significant shift (>−0.05 D and <0.05 D) which was removed from the analysis. Figure 2 shows an example of 10 s measurement data where accommodation microfluctuations are well seen and an example of myopic 0.36 D post task refraction shift is observed.



We analyzed the percentage of eyes experiencing the specific refraction shift type, to understand the distribution of changes, as well as the mean amount of the changes, in order to estimate the size of the effect (except for clinically non-significant shifts) in each category. First, we were interested in whether the refraction shift type distribution was different for volumetric 3D and anaglyph 3D (see Table 2). We performed a two-way Chi-square test of association between the variables screen type (volumetric or anaglyph) and refraction shift type (myopic or hypermetropic) for each of the three conditions (baseline, task shift, and post-task shift). The results show that task shift compared to post task shift were more hypermetropic for volumetric 3D and more myopic shifts along with less hypermetropic shifts occurred for anaglyph 3D (χ21, N = 54 = 5.47, p = 0.02). There was no statistically significant association for distribution between screen type and shift type in other combinations: task shift versus baseline (χ21, N = 59 = 0.14, p = 0.71) and post-task versus baseline (χ21, N = 58 = 1.07, p = 0.30). The distribution of clinically non-significant shifts for volumetric 3D and anaglyph 3D were 24% and 21% for task shift and 21% and 27% for post task shift.



Secondly, we were interested in whether the mean values of the refraction shift (baseline versus task) differ between the groups of volumetric 3D and anaglyph 3D and between the refraction shift direction. The average amount of the hypermetropic shift was +0.22 ± 0.14 D for volumetric 3D and +0.22 ± 0.15 D for anaglyph 3D. The average amount of myopic shift was −0.19 ± 0.17 D for volumetric 3D and −0.16 ± 0.06 D for anaglyph 3D. Two-way ANOVA analysis for the difference between the absolute values of each three conditions (baseline, task, post-task) revealed neither, 3D type nor refraction shift amount, as statistically significant factor (3D type: Baseline versus task: F1,56 = 0.102, p = 0.75; task versus post-task: F1,51 = 0.827, p = 0.37; baseline vs. post-task: F1,55 = 0.155, p = 0.67); task type: baseline versus task: F1,56 = 1.275, p = 0.26; task versus post-task: F1,51 = 0.161, p = 0.690; baseline vs. post-task: F1,55 = 0.504, p = 0.48).




3.2. Accommodative Microfluctuations


The mean RMS values (±SD) of steady state accommodation response, at near and far distance for volumetric 3D and anaglyph 3D group, is shown in Table 3. Three-way mixed design ANOVA was performed to compare RMS values (factors session, 3D type, and distance). We did not observe the significant difference in accommodative microfluctuations after work with volumetric 3D or anaglyph 3D (F1,74 = 0.05, p = 0.82). Microfluctuations remained constant during all sessions (F2.67,196.7 = 2.02, p = 0.12) for both conditions and were significantly larger at near distance (5.00 D accommodation demand), compared to far distance (0.00 D accommodative demand) (F1,74 = 128.0, p < 0.001).




3.3. Pupil Size


The three-way mixed design ANOVA analysis (factors session, 3D type and distance) shows considerable change in pupil size for the main factors distance and session, allowing to state that pupil size was smaller for near distance (F1,38 = 4.7, p = 0.036) and decreased with sessions (F3,114 = 40.7, p < 0.001). For further analysis, the only pupil size at far distance is analyzed and presented in Figure 3 for all sessions in anaglyph 3D and volumetric 3D groups. There was no difference between baseline far pupil size in two groups—volumetric 3D and anaglyph 3D (F1,38 = 1.85, p = 0.18). Interaction effect between 3D type and session was significant (F3,114 = 17.50, p < 0.001). Closer analysis of this interaction between session and 3D type by post hoc Bonferroni adjusted pairwise comparisons demonstrates that sessions have different effects depending on the display type used. For the volumetric 3D, the significant difference is revealed only between baseline and Session 3 (p = 0.003). For the anaglyph 3D, there is a significant difference in the pupil size in all sessions compared to baseline: Session 1 (p < 0.001), Session 2 (p < 0.001), and Session 3 (p < 0.001). This demonstrates that the pupil size changes will appear at the later stages working with volumetric 3D, compared to anaglyph 3D, where changes are observed already at the beginning of the work.



Finally, we were interested in the difference between the baseline pupil measurement and post-task pupil measurement in the far. Two-way mixed design ANOVA, with factors session and 3D type, was performed. We found that the session was a significant factor (F3.01,117.5 = 29.9, p < 0.001), as well as the interaction factor between session and 3D type (F3.01,117.5 = 13.91, p < 0.001). We explored the interaction more closely to analyze whether the pupil size returned to baseline measurement at 5 min post-task. The Bonferroni corrected the pairwise difference test between baseline. The post-task measurement were statistically significant for both volumetric 3D (p = 0.003) and anaglyph 3D (p = 0.003). The pupil becomes smaller after viewing 3D content and this effect remains, at least, 5 min after the end of the near task, regardless of the method used to present 3D image.



Two-way mixed design ANOVA (factors session and 3D type) for subjective task difficulty evaluation revealed a significant increase in the subjective difficulty evaluation over sessions (F1.5,57 = 104.5, p < 0.001). Post hoc Bonferroni corrected pairwise t-test comparison between sessions revealed that all the pairwise differences between sessions were statistically significant (p < 0.001). Our results show an association between pupil size decrease and increase in subjective task difficulty that can be correspondingly attributed to increased fatigue along with decrease in pupil size with sessions.





4. Discussion


Our findings suggest that sustained work with 3D content with small disparities (Anaglyph 3D task) or with fully eliminated possibility of accommodation-vergence conflict (Volumetric 3D task) can not only minimize near work-induced myopic shift, but also provide beneficial accommodation relaxation via hypermetropic shift for nearly half of participants. One of the explanations could be related to the fact that our participants were all emmetropic, while NITM is more likely to affect people with myopic baseline refraction [6]. Ciuffreda and Wallis (1998) previously compared comparison to only 33% of emmetropes, and 11% of hypermetropes experienced NITM after short period of sustained near work. [10]. Another factor that could have stimulated hypermetropic shift is specific volumetric 3D content, which requires a focus on different display segments, providing a range of accommodative demands, that were not constant like for regular near work. Thus, visual systems when using volumetric display works similar (changing accommodative response) to natural viewing conditions. To the extent of our knowledge, this is the first study that demonstrates hypermetropic shift after 3D content near work. Further work needs to be done to estimate whether real voxel-based 3D content can provide beneficial accommodation relaxation training.



Furthermore, this study demonstrated that accommodative microfluctuations were not statistically different in both groups and did not change during the task. Other studies in similar experimental conditions have found results that support this conclusion [37,38]. We observed increased accommodative microfluctuations at closer viewing distance (compared to far) for both 3D type groups. This result is in agreement with previous studies that have also found greater microfluctuations at near compared to far distances [17,21,28].



The pattern of pupil size changes was similar after work with volumetric and anaglyph 3D task. However, interaction analysis revealed that sessions have different effects on pupil size depending on the 3D type used. Significant change in pupil size was observed only after Session 3 compared to the baseline if volumetric 3D was used. Whereas, pupil size decreased after Session 1 and constantly decreased during all following sessions where anaglyph 3D was used. These changes can be interpreted as an objective sign of fatigue after sustained near work. Pupillometry is considered a challenging method for vision science research, because the pupil is very easily influenced by external stimuli, such as sensorial and emotional conditions that can be hard to control by the participants. It is still widely used because of easy, relatively cheap access and objectivity. Oyamada et al. (2007) measured changes in amplitude and velocity of the pupillary light reflex as dynamic parameters to evaluate visual fatigue [50]. Another well-presented change in pupil diameter is related to cognitive demands, where it is generally accepted that pupil dilates with increasing required cognitive effort. Therefore, pupil dilation can be used as an indirect index of effort in cognitive control tasks, as pupil dilation closely responds to changes in task demands, and in some cases, predict improved task performance [51]. There was no specific cognitive demand required for performing relative depth estimation task used in our study. A recent study [40] collected static and dynamic pupillometry data of healthy individuals, where they observed that pupil contraction amplitude is smaller with a smaller baseline diameter. Therefore, it could be beneficial to present changes in pupil size as a percentage of the baseline pupil diameter, instead of changes in milimeters.



There is a variety of intra-subject, task and environment condition related issues that have influence on overall visual performance. The limitations in our study, relevant to task (visual stimulus) and room environment, will be discussed further. The display parameters and stimulus size calculations were made as equal as possible for both displays, but there were few technical limitations that prevented them from equally matched visual information, viewed on anaglyph 3D and volumetric 3D. First, it was not possible to provide an equal stimulus color and brightness because we had to use chromatically opposite colored circles to produce stereo images by anaglyph technique, while the white circles were used in a volumetric display. The resolution of volumetric display was relatively lower, as well as brightness and contrast. For comparable pupil size evaluations, it was crucial to correct for differences between the brightness of both displays. Therefore, we asked participants who were tasked with anaglyph technique to subjectively adjust the brightness of both displays (volumetric display was the reference) prior the experiment for equal brightness. Room lighting as environment related limitation must be mentioned for this and other studies, where eccentric photorefraction technique is used, because eye accommodation response provides that its best performance is in good lighting environment [52]. In order to provide pupil size above 4 mm so the eccentric photorefractor would be able to make reliable measurements, our experiment was conducted in low light level (4 lux at the eye plane, 10× more at stimulus plane). Low lighting conditions are recommended also for work with volumetric display, because the brightness of projector is relatively low, and the best image contrast is achieved in low lighting conditions.



There are several methods available for refraction shift, microfluctuations, and pupil size data analysis. Accommodative microfluctuations expressed as RMS value has been used in several studies [31,33,53]. The main advantage of this technique is its easy interpretation because it provides a single number that indicates the average amount of fluctuations in a specified time interval. The accuracy of the result is affected only by the number of samples measured on the signal that was very high in our 10 s interval. The main disadvantage and limitation of this data analysis technique is the fact that it does not provide information about the evolution of the response spectrum over time, and the shape of the spectrum of the signal [54].




5. Conclusions


This study has demonstrated that 3D task, performed on the volumetric display created fewer undesirable effects related to visual fatigue, compared to standard display: Less myopic refraction shift, no changes in accommodative microfluctuations, during the task, as well as delayed onset in pupil constriction. It appears that performing 3D task on the volumetric display is much closer to the true depth perception compared to anaglyph 3D created on standard monitors.
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Figure 1. Setup of volumetric display and PowerRef 3 system. 
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Figure 2. An example (22-year-old participant, Anaglyph 3D group) of actual recordings of baseline far refraction and post-task refraction. The green solid line corresponds to the refraction status and microfluctuations at baseline status, measured before the task. The green dashed line represents refraction status and microfluctuations, measured 5 min after completion of all tasks (duration 30 min). Changes in refraction shift after 30 min anaglyph 3D near work can be observed along with microfluctuations during steady fixation. 
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Figure 3. Box plots represents the mean values 