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A B S T R A C T   

Purpose: To investigate the effects of accommodation on the geometrical parameters of human 
lens. 
Methods: Eight databases from inception to November 2023 were used for the literature search: 
CNKI, CBM, VIP, Wan-Fang, PubMed, Web of Science, EMBASE, and the Cochrane Library. The 
Methodological Index for Non-randomized Studies was used to assess the risk of bias. The PRISMA 
were followed and the following outcomes were taken into consideration: lens diameter (LD), lens 
thickness (LT), anterior curvature radius (ACR), posterior curvature radius (PCR), lens center 
position (LCP), and total cross-sectional area (TCSA). This systematic review was registered on an 
international platform for registered systematic reviews and meta-analysis (INPLASY202260085). 
Results: A total of 19 studies were included. LT increased by 0.04 mm/D (18 studies; 95% con-
fidence interval [CI], 0.03–0.06; I2 = 96.6%; P < 0.001). At the same time, LD, ACR, and PCR 
decreased by 0.06 mm/D (6 studies; 95%CI, − 0.07–0.05; I2 = 50.1%; P < 0.001), 0.53 mm/D (8 
studies; 95%CI, − 0.64–0.41; I2 

= 96.5%; P < 0.001), and 0.14 mm/D (9 studies; 95%CI, 
− 0.19–0.09; I2 = 94.7%; P < 0.001) during accommodation, respectively. Moreover, LCP shifted 
forward by 0.01 mm/D (3 studies; 95%CI, − 0.02–0.00; I2 = 0.0%; P < 0.001), and TCSA by 0.58 
mm2/D (2 studies; 95%CI, 0.41–1.57; I2 

= 97.0%; P = 0.457) during accommodation. 
Conclusions: Changes in LT, LD, ACR, PCR and LCP supported Helmholtz’s theory. Different ap-
paratuses or measurement methods influenced the measurement of lens geometrical parameters.   

1. Introduction 

Accommodation is a dynamic process that results in adjustment of the optical apparatus of the human eye [1]. The accommodative 
apparatus adjusts during accommodation to create a sharply focused image. Since Kepler first proposed that accommodation was 
caused by a change in the lens position in 1611 [2], the accommodation mechanism has been further explored [3–12]. Helmholtz’s 
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“lens rebound” hypothesis is the classical and most accepted hypothesis [7]. He posited that during accommodation, the zonular 
relaxes, the lens rebounds elastically, the diameter of the lens equator decreases, the central thickness increases, and the optical power 
increases [7]. However, the “lens rebound” theory is imperfect as it cannot answer the questions about the stability of the lens and 
change in spherical aberration [13–16]. According to Helmholtz’s theory, when the zonules relax, the lens is affected by gravity and 
tends to become unstable. However, physical optics theory states that the closer the object is to the lens, the higher is stability of the 
optical system so that the image can be formed. The lens tends to be spherical due to its elasticity during accommodation, and this 
deformation leads to an increase in the spherical aberration. However, the fact that spherical aberration decreases was confirmed by 
Thomas Young in the 19th century [6]. In 1992, Schachar put forward the hypothesis of “lens stretching,” which explained the issues of 
“lens stability” and “spherical aberration” to some extent [9,13]. Schachar predicated that equatorial zonules are tense during ac-
commodation and pull the lens equator outward, which leads to increase in the lens diameter (LD) [9,13]. This ultimately results in 
increase in the lens thickness (LT). Moreover, the peripheral surface flattens, increasing the optical power and reducing the spherical 
aberration [9,13]. Glasser et al. supported Helmholtz’s theory by measuring the eyes of rhesus monkeys in vivo [17–19]. In addition, 
Glasser et al. reported that the lens center position (LCP) was affected by gravity during accommodation [18]. 

It is well known that the lens is one of the most critical parts of the accommodative apparatus, and revealing its changes during 
accommodation will deepen the understanding of accommodation mechanism. This accommodation mechanism is closely associated 
with the pathogeneses of myopia and presbyopia. Myopia affects nearly one-fourth of the world’s population [20], and presbyopia is a 
problem faced by almost every middle-aged and older person [21]. Hence, exploration of the accommodation mechanism is necessary 
to prevent and treat myopia and presbyopia. However, some geometrical parameters of the lens are controversial. Although the hy-
potheses regarding accommodation mechanism differ [22], they all have one thing in common: the geometrical parameters of the lens 
[that is, LT, LD, LCP, distance between the lens equator and ciliary body, anterior curvature radius (ACR), posterior curvature radius 
(PCR), and total cross-sectional area (TCSA) (Fig. 1)] change during accommodation. Among these, the role of changes in LD, LCP in 
the direction of gravity, and distance between the lens equator and ciliary body remain controversial in the accommodation mech-
anism [9,13,17–19]. 

To the best of our knowledge, no meta-analysis related to changes in the geometrical parameters of the lens during accommodation 
has been published. We calculated the changes in the most common geometrical parameters of the lens during accommodation by 
performing a meta-analysis of the available data, such as LT, LD, ACR, PCR, LCP, and TCSA. Unfortunately, some controversial 
geometrical parameters were difficult to analyze because of the few numbers of studies that were included or even due to lack of 
relevant studies. 

2. Methods 

This systematic review and meta-analysis protocol was prospectively registered on the international platform of registered sys-
tematic reviews and meta-analysis protocols (INPLASY) as INPLASY202260085. 

2.1. Literature search 

Two researchers (GZ and JJ) independently searched each database according to the search rules. A systematic electronic literature 
search of the following databases was conducted: PubMed, Cochrane Library, Web of Science, and EMBASE in English and CNKI 
(http://www-cnki-net-s.vpn.uestc.edu.cn:8118/), Wan-Fang (http://www-wanfangdata-com-cn-s.vpn.uestc.edu.cn:8118/index. 

Fig. 1. Schematic of lens parameters. Lens thickness (LT), measured from the anterior to posterior lens poles; lens diameter (LD), equatorial 
diameter of the lens; lens center position (LCP), measured from the anterior pole of the cornea to the center of the lens; anterior curvature radius 
(ACR), posterior curvature radius (PCR), and total cross-sectional area (TCSA) were automatically calculated using the instrument’s built-in soft-
ware; the red dot represents the midpoint of the equatorial diameter of the lens; the blue dot represents the midpoint of the anterior and posterior 
poles of the lens. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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html), VIP (http://qikan.cqvip.com/) and Chinese Biomedical Literature Service System (http://www.sinomed.ac.cn/index.jsp) in 
Chinese (up to November 2023). The search strategy is presented in Appendix Text 1. 

2.2. Inclusion and exclusion criteria 

The inclusion criteria were as follows: (1) Randomized controlled trials or non-randomized controlled trial (nRCTs), (2) Trials 
including human participants aged 18–50 years, (3) Intervention: any measures that could cause accommodation, and (4) Outcome 
measurements: mean change per diopter in LT, LD, ACR, PCR, TCSA, and LCP. For studies with different degrees of accommodation, we 
only used the maximum degree of accommodation value for the analysis. 

The exclusion criteria were as follows: (1) Articles with repeated publications or no full text, and (2) Reviews, comments, letters, 
animal experiments, case reports, conferences, or meta-analyses. 

2.3. Literature screening and data extraction 

(1) The retrieved literature was imported into Endnote software, and duplicate literature was deleted. (2) Literature that did not 
meet the requirements was deleted by screening the titles, abstracts, and full texts by two researchers in accordance with the inclusion 
and exclusion criteria. (3) Data was extracted (authors, publication year, study type, sample size, age, refractive status, type of 
apparatus, baseline conditions, interventions, and outcome indicators). The data were integrated and cross-checked after extraction by 
two researchers. Any disagreement was resolved by a third reviewer reevaluating the article (CQ). The final result was determined by a 
third reviewer. 

2.4. Quality assessment 

All studies included in this meta-analysis were nRCTs; therefore, the methodological quality of each included study was assessed 
using Methodological Index for Non-randomized Studies (MINORS) [23]. The twelve parameters of the MINORS are listed in 
Appendix Table 1. 

2.5. Statistical analysis 

Forest and funnel plots were drawn using STATA 15.0 software. Weighted mean difference (WMD) and its 95% confidence interval 
(CI) were used to estimate the measurement data. P < 0.05 indicated significant difference and vice versa. 

Heterogeneity test criteria: I2 ≤50% and P > 0.10 indicated that the heterogeneity was not significant and the fixed-effect model 
was used to combine the effect size; I2 >50% and P ≤ 0.10 indicated that the heterogeneity was considerable, and random-effect model 
combined the effect size. 

Sensitivity analysis: When there was considerable heterogeneity, it was necessary to explore the sources of heterogeneity through 
sensitivity analysis. Moreover, verification of stability and reliability of the results of this meta-analysis was also required. 

Subgroup analysis: When sufficient data were available, different subgroup categories were formed according to “apparatus.” The 
meta-analysis results for each subgroup category were analyzed to explore whether relevant factors or characteristics affected the 
results. 

Table 1 
Results of the meta-analysis of the effects of accommodation on geometrical parameters of the crystalline lens in humans.  

Group Subgroup (apparatus) Studies (n) Heterogeneity test Effect model Results of meta-analysis 

I2 (%) P value MD (95% CI) P value 

LT  18 96.60 0.000 Random 0.04 (0.03, 0.06) <0.001  
OCT and IOL Master 12 86.30 0.000 Random 0.04 (0.02, 0.05) <0.001  
MRI 5 88.10 0.000 Random 0.06 (0.04, 0.08) <0.001  
A-scan ultrasonography 1 0.00 N/A Random 0.05 (0.05, 0.05) <0.001 

LD  6 50.10 0.075 Random − 0.06 (− 0.07, − 0.05) <0.001  
MRI 4 12.10 0.332 Random − 0.07 (− 0.08, − 0.05) <0.001  
A-scan ultrasonography 1 0.00 N/A Random − 0.05 (− 0.06, − 0.04) <0.001  
OCT 1 0.00 N/A Random − 0.08 (− 0.12, − 0.05) <0.001 

ACR  8 96.50 0.000 Random − 0.53 (− 0.64, − 0.41) <0.001  
OCT and IOL Master 7 96.70 0.000 Random − 0.58 (− 0.71, − 0.45) <0.001  
MRI 1 0.00 N/A Random − 0.25 (− 0.31, − 0.19) <0.001 

PCR  9 94.70 0.000 Random − 0.14 (− 0.19, − 0.09) <0.001  
OCT and IOL Master 7 95.80 0.000 Random − 0.16 (− 0.23, − 0.08) <0.001  
MRI 2 0.00 0.648 Random − 0.09 (− 0.12, − 0.07) <0.001 

LCP  3 0.00 1.000 Fixed − 0.01 (-0.02, − 0.00) <0.001 
TCSA  2 97.00 0.000 Random 0.58 (− 0.41, 1.57) >0.05 

ACR, anterior curvature radius; LCP, lens center position; LD, lens diameter; LT, lens thickness; MRI, magnetic resonance imaging; N/A, not available; 
OCT, optical coherence tomography; PCR, posterior curvature radius; TCSA, total cross-sectional area. 
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When the number of studies included was ≥10, the symmetry of the visual funnel plot was used to test publication bias. The 
abscissa of the graph was the effect value, namely the WMD, and the ordinate was the sample size. Symmetry of distribution of points 
on the funnel plot suggested a lower possibility of publication bias; otherwise, it indicated a particular publication bias. When the 
number of studies included in each outcome measurement ranged between 2 and 10, publication bias could not be accurately eval-
uated using funnel plot. Therefore, STATA 15.0 software was used to assess the publication bias through Begger’s test. P > 0.05 
indicated that there was no publication bias. Publication bias could not be evaluated when the number of included articles was ≤ 2. 

3. Results 

3.1. Literature results 

Database searches yielded 6110 potentially relevant entries. After removing 596 duplicate publications, 5514 articles remained. 
Among the 5514 articles that qualified for title and abstract review, 5435 were excluded because of their apparent irrelevance (i.e., 
reviews, comments, case reports, animal experiments, and inconsistency with content or intervention). In addition, the full texts of 17 
articles could not be obtained, or the authors could not be contacted. In total, 62 articles were assessed for full-text review. Of these, 43 
were excluded because no data were available. Thus, 19 articles met the inclusion criteria and were included in this meta-analysis. The 
search process is illustrated in Fig. 2. 

The 19 studies included in this meta-analysis were nRCTs without a control group; therefore, the quality of the literature was 
evaluated only according to the first eight items of the MINORS evaluation items. According to the MINORS, studies with a score of 0–8 
were of low quality, 9–16 were of medium quality, and 17–24 were of high quality. Studies with scores <12 were excluded from the 
meta-analysis. The scores of the 19 studies included in this meta-analysis ranged between 14 and 16, all of which were of medium 
quality (Appendix Table 2). The overall quality of the studies was acceptable. 

3.2. Effect of accommodation on LT 

Eighteen studies [24–41] reported the effect of accommodation on LT. The 18 included studies were tested for heterogeneity (I2 =

96.6%, P < 0.1), which revealed significant heterogeneity in the included studies (Appendix Fig. 1). Sensitivity analysis showed that 
none of the articles significantly interfered with this meta-analysis (Appendix Fig. 2). Therefore, the random-effects model was used to 
combine effect sizes, which showed that LT increased by 0.04 mm/D during accommodation (95% CI, 0.03–0.06, z = 6.865, P < 0.001) 
(Appendix Fig. 3). 

The 18 articles were divided into three subgroups according to the “apparatus” for analysis (Fig. 3A). The results showed 

Fig. 2. Flowchart depicting literature screening.  

G. Zhang et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e29298

5

considerable heterogeneity among the three subgroups. The effect size in optical coherence tomography (OCT) and intraocular lens 
(IOL) Master subgroup [24–27,30–35,40,41] reached 0.04 (95% CI, 0.02–0.05; z = 5.434; P < 0.001), which meant that LT increased 
during accommodation when measured with OCT or IOL Master. There was considerable heterogeneity in the magnetic resonance 
imaging (MRI) subgroup [28,36–39], and the effect size reached 0.06 (95% CI, 0.04–0.08; z = 4.958; P < 0.001), which meant that LT 
increased during accommodation when measured with MRI. Although A-scan ultrasonography subgroup [29] was included in only one 
study, from a numerical point of view, LT also increased during accommodation. In general, the different measurement equipment 
demonstrated differences in measuring LT, in which the values measured by OCT or IOL Master were the smallest, and the values 
measured by MRI were the largest. 

Based on the above analysis, it can be inferred that the LT increased during accommodation. 

3.3. Effect of accommodation on LD 

Six studies [28,36,37,39,40,42] reported the effects of accommodation on LD. The heterogeneity test (I2 = 50.1%, and P < 0.1) 
showed significant heterogeneity among the selected studies (Appendix Fig. 4). 

To ensure the accuracy and stability of the meta-analysis, we continued to perform a sensitivity analysis, and the results showed 

Fig. 3. Forest plots of the effects of accommodation on geometrical parameters of the human lens. MRI, magnetic resonance imaging; OCT, optical 
coherence tomography. 
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that none of the articles significantly interfered with the meta-analysis (Appendix Fig. 5). Therefore, a random-effects model was used 
to combine effect sizes, which showed that LD decreased by 0.06 mm/D during accommodation (95% CI, − 0.07–0.05, z = − 9.585, P <
0.001) (Fig. 3B). 

The six articles were divided into three subgroups according to “apparatus” for analysis (Fig. 3B). The results showed significant 
heterogeneity among the three subgroups. There was insignificant heterogeneity in the MRI subgroup [28,37,39] (I2 = 12.1%, P >
0.1), and the effect size reached − 0.07 (95% CI, − 0.08–0.05; z = − 9.829; P < 0.001), which meant that LD decreased during ac-
commodation when measured with MRI. Although A-scan ultrasonography [42] and OCT subgroups [40] were included in only one 
study, from a numerical perspective, LD also decreased during accommodation. 

Based on the above analysis, it can be concluded that LD decreased during accommodation. 

Fig. 4. Funnel plots of the effect of accommodation on geometrical parameters of the human lens.  
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3.4. Effect of accommodation on ACR of the lens 

Eight studies [25,27,30,32,34,35,37,40] reported the impact of accommodation on ACR, and the results suggested significant 
heterogeneity among the studies (I2 = 96.5%, P < 0.1) (Appendix Fig. 6). 

To ensure the accuracy and stability of the meta-analysis, we continued to perform sensitivity analysis, and the results showed that 
none of the articles significantly interfered with the meta-analysis (Appendix Fig. 7). Therefore, a random-effects model was used to 
combine the effect sizes, which showed that ACR decreased by 0.53 mm/D during accommodation. (95% CI, − 0.64–0.41, z = − 9.103, 
P < 0.001) (Appendix Fig. 8). 

Subgroup analysis of the eight studies based on “apparatus” showed significant heterogeneity within the OCT ang IOL Master 
subgroup [25,27,30,32,34,35,40] (I2 = 96.7%, P < 0.1), and the effect size reached − 0.58 (95% CI, − 0.71–0.45) and was statistically 
significant (z = − 8.671, P < 0.001). Although MRI subgroup [37] was included in only one study, from a numerical point of view, the 
ACR also decreased during accommodation (Fig. 3C). 

3.5. Effect of accommodation on PCR of the lens 

Nine studies [25,27,30,32,34–37,40] reported the effect of accommodation on PCR, and the heterogeneity test (I2 = 94.7%, P <
0.1) suggested significant heterogeneity among the selected studies (Appendix Fig. 9). To ensure the accuracy and stability of the 
meta-analysis, we continued to perform sensitivity analysis, and the results showed that none of the articles significantly interfered 
with the meta-analysis (Appendix Fig. 10). Therefore, a random-effects model was used to combine effect sizes, which showed that the 
PCR decreased by 0.14 mm/D during accommodation (95% CI, − 0.19–0.09, z = − 9.103, P < 0.001) (Appendix Fig. 11). 

Subgroup analysis of the nine studies based on “apparatus” showed significant heterogeneity within the OCT and IOL Master 
subgroup [25,27,30,32,34,35,40] (I2 = 95.8%, P < 0.1), and the effect size reached − 0.16 (95% CI, − 0.23–0.08) and was statistically 
significant (z = − 4.215, P < 0.001). In addition, there was no heterogeneity within the MRI subgroup [36,37] (I2 = 0.0%, P > 0.1), and 
the effect size reached − 0.09 (95% CI, − 0.12–0.07) and was statistically significant (z = − 6.697, P < 0.001) (Fig. 3D). 

3.6. Effect of accommodation on LCP 

Three studies [27,31,40] reported the effect of accommodation on LCP. The heterogeneity test suggested no heterogeneity among 
the studies (I2 = 0.0%, P > 0.1). Therefore, a fixed-effects model was selected for meta-analysis. The results showed that the lens shifted 
forward by 0.01 mm/D (95% CI, − 0.02-0.00) during accommodation and the difference was statistically significant (z = − 3.516, P <
0.001) (Fig. 3E). 

3.7. Effect of accommodation on TCSA of the lens 

The heterogeneity test (I2 = 97.0%, P < 0.1) indicated significant heterogeneity within the studies [37,38] included, and a 
random-effects model was used for meta-analysis. The results showed that the TCSA during accommodation was larger in comparison 
to non-accommodation; however, the difference was not statistically significant (z = 1.143, P > 0.05) (Fig. 3F). 

3.8. Publication bias 

More than ten studies were included in the LT, and funnel plots were used to evaluate publication bias. The symmetrical funnel plot 
suggested no publication bias (Fig. 4A). The number of studies included in the outcomes, such as LD, ACR, PCR, and LCP, was less than 
10, and none of the outcomes could effectively evaluate publication bias through funnel plots. Therefore, Begger tests were used to 
assess publication bias. The results showed no publication bias (P > 0.05; P > 0.05; P > 0.05; P > 0.05) (Fig. 4B, C, 4D, and 4E). 
Publication bias assessments could not be performed because only two studies included TCSA. 

4. Discussion 

Although different scholars have different understandings of the accommodation mechanism, there is no doubt that the human eye 
is an integrated accommodation mechanism [2–12]. The light reflected by the object enters the refractive system of the anterior 
segment and the retinal visual transformation system of the posterior segment, and then the visual information is finally transmitted to 
the visual center of the cerebral cortex through the visual pathway for more advanced processing. The integrity of this pathway is the 
basis for vision formation. Scientists have explored the accommodation mechanism for hundreds of years and determined that the 
cornea and axis oculi are not involved in eye accommodation [2–8,10,12,43–47]. Since then, scholars have mainly concentrated on the 
refractive system of the anterior segment, especially the “ciliary body-zonules-lens” apparatus [6,7,10,12,47]. Changes in the lens 
shape and position are significant for changes in the refractive power of the eye. However, due to the sample size being too small or 
detection technology being limited, changes in some geometrical parameters of the lens during accommodation remain controversial. 
In this meta-analysis, 19 articles were identified, including six outcome measurements (LT, LD, ACR, PCR, TCSA, and LCP). This 
meta-analysis showed that LT increased, whereas LD, ACR, PCR, and LCP decreased during accommodation, and these differences 
were statistically significant. Moreover, TCSA increased during accommodation, but the difference was not statistically significant 
(Table 1). 
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In the included studies, the LT of all the participants increased during accommodation. The results measured by OCT and IOL 
Master were the lowest, whereas the results measured by MRI were the highest. We speculate that this may be related to the following 
reasons: (1) Different measurement principles. The measurement principles of OCT and IOL Master are based on the coherent inter-
ference of light, whereas MRI typically exploits the phenomenon of nuclear magnetic resonance, whereby atomic nuclei, which are 
exposed to a strong magnetic field, absorb and reemit electromagnetic waves at characteristic or “resonant” frequency, falling into the 
radiofrequency range [48]. Imaging structures as small as the crystalline lens using MRI presents a number of challenges, including 
resolution limitations, signal-to-noise ratio limitations, image acquisition time constraints, difficulty of presenting accommodative 
stimuli within the confines of the imager, and the need to limit head and eye movements during the scans [28]. (2) Different reso-
lutions. MRI is a relatively time-consuming technique and has a lower resolution than optical and ultrasound techniques [36]. Among 
the included studies, except for the one by Khan (2018), 1.5T MRI was used, which has a lower resolution. (3) Strict image registration 
method. Schachar believed that accommodation induces cyclotorsion and convergence of the eye. These non-random changes in 
ocular alignment can systematically bias lens measurements if not carefully guarded using precise image registration techniques [30]. 
Accordingly, before analyzing the data measured by IOL Master, Schachar et al. used predetermined positional references, which did 
not change position during accommodation, to align multiple images to find an acceptable pair for comparison [30]. By using this 
image registration method, the effects of ocular alignment and/or microsaccadic movements on the measurement can be avoided, 
which may be the reason for measurement value to be smaller. 

Several studies have reported that the central part of the lens thickens during accommodation [24–41]. However, whether the 
thickness of the periphery of the lens also increases remains controversial. Helmholtz [7] believed that the lens rebounded during 
accommodation, indicating that the periphery thickened accordingly. However, this does not explain the decrease in spherical ab-
erration. Therefore, Schachar put forward the hypothesis of “lens stretching” [10,13]. He posited that the anterior radial muscle 
contracts towards the sclera during accommodation, pulling the equatorial zonules to increase its tension. The lens equator stretches, 
resulting in the deformation of the central part of the lens, wherein becomes convex and peripherally flattened. This deformation 
increases the refractive power, reduces spherical aberration, and simultaneously maintains lens stability [10,13]. Luo’s “lens push” 
theory [12] postulated that the lens is simultaneously subjected to centripetal pressure from ciliary body-zonules, forward compression 
of the vitreous body, and blocking of the iris to the periphery of the lens during accommodation. Under the action of these three forces, 
the protrusion of the lens center and flattening of the lens periphery results in aspheric deformation. In summary, the increase in LT and 
decrease in spherical aberration during accommodation are clear. However, the causes of aspheric deformation require further 
exploration. 

Since the lens equator is obscured by the iris and is limited by detection technology, few studies have investigated LD changes in 
vivo during accommodation. Among the six studies included in this meta-analysis, four used MRI [28,36,37,39], whereas the others 
used improved A-scan ultrasonography [42] or OCT [40]. Sensitivity analysis showed that the stability of the three methods was good, 
indicating that the different measurement equipment had little effect on the results. The meta-analysis results showed that LD 
decreased during accommodation, which is consistent with the results of majority of the studies. Nevertheless, Schachar still argued to 
the contrary, and the reason was that the above experiments did not use a strict image registration method [9,10,13–16,30,49–51]. 
Wendt et al. [52] measured the LD of 33 monkeys under general anesthesia. Subsequently, accommodation was pharmacologically 
stimulated using 2% pilocarpine via the perfusion lens in 21 monkeys and LD was measured online. Measurements were recorded 
automatically every 10 s, using a custom written Optimas macros. The measurement terminated when no further decrease in LD was 
observed in the online recording [17]. General anesthesia avoided the movement between the monkey eye and measuring instrument. 
On the other hand, the lens image was calibrated by the inner diameter of the perfusion lens located in the conjunctival sac. Therefore, 
after strict image registration, the result of the study still showed that LD decreased during accommodation. In summary, LD decreased 
during accommodation. However, the extent of this decrease needs to be measured more accurately to deepen the understanding of 
accommodation mechanism. 

The results of the meta-analysis showed that ACR and PCR decreased during accommodation, and the former was more obvious; 
that is, lens deformation mainly occurred on the anterior surface. This conclusion is consistent with the findings of most previous 
studies. 

Gullstrand [53] postulated that external changes in the crystalline lens cannot provide sufficient refractive power to the eye during 
accommodation. Therefore, specific changes occurred within the lens, causing an increase in the total index of the crystalline lens. 
Arne Huggert [47], in 1947, observed that the distance between the adult nucleus and anterior lens surface increased during ac-
commodation, providing evidence of displacements within the crystalline lens layers. However, the existence of an intracapsular 
accommodation mechanism remains to be fully proven. Luo [12] pointed out that in addition to deformation, the lens may also un-
dergo small displacement during accommodation. Luo [12] compared the human eye to a camera lens and reported that lens 
deformation was equivalent to zooming, and lens displacement was equal to focusing. When deformation occurred, the change in 
refractive power caused by the lens deformation was not sufficient to meet the actual demand. The lens only required to move forward 
slightly to achieve clear vision. This meta-analysis showed that with an average increase of one diopter, the LCP moved forward by 
0.01 mm (95% CI, − 0.02–0.00), which supported Luo’s theory. In summary, determining whether there is an intracapsular accom-
modation mechanism or a lens displacement during accommodation requires evidence-based support. 

Lens deformation can be inferred by measuring the anterior, posterior, and total cross-sectional area changes during accommo-
dation [37,38], but the related research is limited. The results of two studies showed that the TCSA increased by 0.58 mm2/D during 
accommodation; however, the result was not statistically significant. Although both studies employed MRI as the image capture de-
vice, the results differed because the different measurement methods were used. Zheng et al. [37] used Autocad 2010 software to 
measure the TCSA, and the results showed that the TCSA increased by (1.11 ± 0.39) mm2/D during accommodation. However, Chen 
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et al. [38] magnified the image twice on the MRI workstation and measured it manually, and the results showed that the TCSA 
increased by (0.28 ± 1.75) mm2/D during accommodation. 

In conclusion, LT increased, and LD, ACR, PCR, and LCP decreased, which supported the Helmholtz’s theory. Second, different 
detection equipment or measurement methods influence the measurement of the geometric parameters of the lens. In addition, it is 
essential to select an appropriate positional reference before analyzing image data. 

This study had a few limitations that need consideration. First, the study was limited by the technology of measuring the 
geometrical parameters of the lens in vivo. There was no study on change in the LCP in the direction of gravity and distance between 
the lens equator and ciliary body; therefore, it was impossible to discuss the changes in these two critical parameters. Second, the 
number of studies on LCP and TCSA was comparatively less, and the results of these two outcome measurements should be interpreted 
cautiously. Third, the included studies were nRCTs, and the selection and measurement biases were inevitable due to the limitations of 
the research design. Fourth, we ignored the effects of different types of OCTs on the measurements, thus increasing bias. Fifth, the span 
of both refractive status and age were too large in some studies, while other did not report this, which increased the bias to a certain 
extent. In future, we need to use a completely random method to conduct large-sample experiments to verify this conclusion. 
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