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Abstract
Purpose  To investigate the correlation between whole eye movement (WEM) parameters measured using Corvis ST 
and axial length (AL) to explore whether AL affects WEMs.

Methods  This single-center, cross-sectional study included data from healthy subjects and patients preparing for 
refractive surgery at the Qingdao Eye Hospital of Shandong First Medical University. Data were collected from July 
2021 to April 2022. We first determined the correlations of WEMs at the time of corneal first applanation (A1_WEM), 
highest concavity (HC_WEM), and second applanation (A2_WEM), as well as the maximum value of WEM (WEM_Max) 
with AL. Subsequently, we established a series of regression models to analyze the relationships between different 
WEM values and AL.

Results  AL was negatively correlated with HC_WEM, A2_WEM, and WEM_Max (r = − 0.28, − 0.23, and − 0.22, 
respectively; P < 0.001). The correlation between AL and A1_WEM was not significant (P = 0.77). According to the 
adjusted regression models, AL was negatively associated with HC_WEM (Model 2: β = −7.39, P < 0.001) and WEM_
Max (Model 4: β = −3.52, P = 0.02), while the associations of AL with A1_WEM (Model 1: P = 0.61) and A2_WEM (Model 
3: P = 0.23) were not significant.

Conclusions  AL is an independent negative influencing factor for HC_WEM. WEM is a potentially useful parameter 
that reflects the biomechanical properties of the eye behind the cornea in myopia.
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Introduction
In recent years, the advent of in vivo biomechanical eval-
uation devices, such as Corneal Visualization Scheimp-
flug Technology (Corvis ST), has significantly advanced 
our understanding of the corneal structure and its mate-
rial properties. These technological advancements have 
facilitated progress in analyzing corneal biomechani-
cal parameters, promoting the development of methods 
for refractive correction and corneal cross-linking. The 
implications of these advancements extend to evaluating 
the pathogenesis of glaucomatous optic nerve damage, 
thyroid-associated ophthalmopathy, and other ocular 
disorders [1–4]. However, our understanding of corneal 
biomechanics in myopic eyes remains limited, primarily 
because axial myopia is characterized by elongation of 
the posterior sclera [5, 6]. In vivo corneal biomechanical 
parameters predominantly reflect the cornea’s structural 
and material properties through the dynamic corneal 
response (DCR) [7]. Although previous studies have sug-
gested a reduction in the corneal stiffness parameters of 
the DCR in myopic eyes, these changes do not adequately 
represent the alterations occurring in the posterior 
sclera, which is a key feature of axial myopia. The biome-
chanical characteristics of myopia, whether associated 
with the posterior sclera or the cornea, encompass both 
structural and material properties, making it essential to 
differentiate between them. Extensive in vivo evaluations 
of the corneal wall’s material properties in myopic eyes 
have been conducted [8–10]. Our previous studie [11, 12] 
demonstrated that the stress-strain index (SSI) proposed 
by Eliasy et al. is an appropriate parameter for reflecting 
corneal material properties in patients with axial myo-
pia, as it excludes the influence of structural parameters 
such as central corneal thickness (CCT). However, this 
also means that SSI cannot reflect the effect of posterior 
scleral lengthening on the DCR.

Few studies have investigated the biomechanical prop-
erties of the tissues behind the cornea through DCR 
parameters (DCRs), especially in myopia. Whole eye 
movement (WEM) is one of the DCRs measured by 
Corvis ST and is expected to provide information about 
the structural characteristics of the tissues behind the 
cornea. It has been reported that WEM can be used to 
quantify the biomechanical parameters of orbital soft 
tissue [4]. When the jet pulse impinges on the ante-
rior surface of the eyeball, the whole eyeball, including 
the cornea, begins to move backward (Fig.  1). The total 
translational movement of the corneal vertex in the axial 
direction (deformation amplitude [DeformAmp]) minus 
the corneal deflection (deviation) gives the WEM value 

at that moment. The axial translation motion of the cor-
nea induced by an air jet includes both WEM and deflec-
tion amplitude (DeflAmp). From the moment the jet 
impacts the anterior surface of the cornea, the ampli-
tudes of WEM and DeflAmp increase simultaneously. 
The cornea then transitions through the inward-motion 
convex phase, also known as the first corneal applanation 
(A1), and the inward-motion concave phase. During this 
period, the WEM increases slowly and linearly. Subse-
quently, the corneal deflection associated with maximum 
resistance to further deviation peaks and enters the oscil-
lating phase. Despite the presence of the highest con-
cavity (HC) DeflAmp and DeformAmp (HC_DeflAmp 
and HC_DeformAmp) during the oscillating period, the 
WEM does not peak but instead transitions from linearly 
increasing motion to more rapid, non-linear increase. 
As the airflow pulse reaches its maximum and begins 
to decrease, the cornea starts to move forward, enter-
ing the outward-motion concave phase. However, during 
this period, the WEM continues to increase backward 
even as air pressure decreases. After the second corneal 
applanation (A2), the cornea returns to its initial position 
through the convex phase of outward movement. The 
maximum value of WEM (WEM_Max) appears around 
A2 [13].

Specifically, WEM reflects the overall movement of the 
cornea because it is calculated based on the corneal posi-
tion before deformation. Therefore, we hypothesize that 
WEM is influenced by the structural and material prop-
erties behind the cornea, including the sclera, vitreous 
body, orbital soft tissue, and other ocular components. 
If this hypothesis is correct, the process of vitreous cav-
ity compression should be related to the vitreous cav-
ity volume or axial length (AL). It may then be possible 
to obtain partial information about the AL by isolating 
the relevant parameters of the vitreous cavity compres-
sion process using a finite element model (FEM). The 
hypothesis of this study is that WEM is a potentially use-
ful parameter for reflecting the biomechanical properties 
of the eye behind the cornea in myopia. The aim of this 
study is to verify the correlation between WEM and AL 
to determine whether axial myopia affects WEM.

Methods
Clinical data
This cross-sectional comparative study was conducted at 
the Eye Institute of Shandong First Medical University in 
Qingdao, China. It adhered to the principles outlined in 
the Declaration of Helsinki and received approval from 
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the Ethics Committee of the Qingdao Eye Hospital of 
Shandong First Medical University.

Data were collected from July 2021 to April 2022 from 
sources including the Picture Archiving and Communi-
cation System and the Hospital Information System at 
Qingdao Eye Hospital of Shandong First Medical Uni-
versity. The study included samples from healthy sub-
jects undergoing physical examinations and patients 
preparing for refractive surgery. Subjects were excluded 
if they: (i) had astigmatism of ≥ 3 diopters (D) in power, 
(ii) had ocular hypertension (intraocular pressure > 21 
mmHg) or glaucoma, (iii) used contact lenses, (iv) had 
a history or suspicion of corneal diseases such as kera-
toconus, or (v) had a history of eye surgery. Medical 
records were included if they met the following criteria: 
(i) had a complete medical history and (ii) had ophthal-
mic examinations conducted on the same day, including 
comprehensive optometry results after mydriasis, AL 
measurements (OA 2000, Tomey, Japan), anterior corneal 
surface radius of curvature (CR, calculated as the mean 
of Kflat and Ksteep) in a 3 mm diameter range (OA 2000, 
Tomey, Japan), and the corneal biomechanical param-
eter stress-strain index (SSI) (Corvis ST, Oculus, Wetz-
lar, Germany). Only measurements with an “OK” quality 
score were included in the analysis. Data from the right 

eye of each individual were analyzed due to the strong 
correlation of corneal parameters between the right and 
left eyes. Based on the measured AL of the right eye, 
subjects were divided into two groups: AL < 26 mm and 
AL ≥ 26 mm.

Statistical analysis
Statistical analyses and data visualization were performed 
using R software (version 4.3.1). The significance level 
was set at P < 0.05. Continuous variables are presented as 
mean (standard deviation [SD]), while categorical vari-
ables are presented as sample size (percentage). Pearson’s 
correlation analysis was conducted to examine the rela-
tionship between AL and WEM at A1 (A1_WEM), HC 
(HC_WEM), A2 (A2_WEM), and WEM_Max. A matrix 
of plots was created to analyze the correlations among 
these variables. To explore potential associations between 
AL and the WEM parameters (A1_WEM, HC_WEM, 
A2_WEM, and WEM_Max), a series of linear regres-
sion models were established. All models used AL as the 
dependent variable. Models 1, 2, 3, and 4 used A1_WEM, 
HC_WEM, A2_WEM, and WEM_Max as the indepen-
dent variables, respectively. Each model was adjusted for 
sex, age, CR, CCT, biomechanically corrected intraocular 
pressure (bIOP), SSI, and time-histories of each moment. 

Fig. 1  Corneal deformation during the Corvis ST measurement. The whole eye movement (WEM) was measured at a distance of 4 mm from the cornea 
center. (A) The cornea deforms and moves backward when the jet pulse hits the front surface of the eye. (B) From left to right: Initial state; first corneal 
applanation (A1); highest concavity (HC); second corneal applanation (A2). (C) Relationships among DeformAmp, DeflAmp, and WEM. Upper left of C: 
The blue cornea represents the initial moment, the red cornea represents the moment of HC_DeflAmp, and the yellow cornea represents the moment of 
WEM_Max. Since WEM is still progressing when the cornea is at its maximum deflection, HC_DeflAmp occurs before WEM_Max. Red arrow: DeformAmp; 
green arrow: WEM; purple arrow: DeflAmp. The red, green, and purple curves in the right panel represent DeflAmp, WEM, and DeflAmp, respectively, with 
WEM occurring after the complete recovery of the corneal flexure. The right side of C is a schematic of these data
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Several key assumptions of linear regression, including 
normality of residuals, homogeneity of variance, linearity, 
and independence, were checked, and our models did not 
violate these key assumptions.

Results
Sample characteristics
Baseline characteristics
Table 1 displays the demographic information and clini-
cal variables of the subjects included in this study. Over-
all, 258 participants were included in the present study.

1 n (%); mean (SD). AL, axial length; CR, corneal cur-
vature; SER, spherical equivalent error; CCT, central 
corneal thickness; bIOP, biomechanically corrected intra-
ocular pressure; SSI, stress‒strain index; A1, first appla-
nation; HC, highest concavity; A2, second applanation; 
DeflAmp, deflection amplitude; DeformAmp, deforma-
tion amplitude; WEM, whole eye movement; WEM_
Max, maximum value of WEM.

WEM, DeflAmp and deformAmp
WEM was measured as the difference between Defor-
mAmp and DeflAmp. Figure  2 illustrates the relation-
ships among these three variables.

Table 1  Characteristics of the subjects included in the study
Characteristic AL < 26 mm1 AL ≥ 26 mm1 Overall1

Age, years 20 (8) 24.0 (6.7) 21.98 (7.65)
Sex
  Female 73 (55%) 68 (54%) 141 (55%)
  Male 60 (45%) 57 (46%) 117 (45%)
AL, mm 24.88 (0.85) 27.07 (0.87) 25.94 (1.39)
CR, mm 7.71 (0.24) 7.85 (0.22) 7.78 (0.24)
SER, diopter (D) -4.20 (2.23) -7.66 (1.93) −5.88 (2.72)
CCT, mm 543 (35) 547 (32) 544.61 (33.64)
bIOP, mmHg 17.47 (2.58) 17.70 (2.44) 17.78 (2.99)
SSI 0.85 (0.15) 0.79 (0.14) 0.82 (0.15)
A1
  Time, ms 7.76 (0.39) 7.81 (0.35) 7.78 (0.37)
  Velocity, m/s 0.150 (0.023) 0.147 (0.023) 0.15 (0.02)
  DeflAmp, mm 0.093 (0.008) 0.092 (0.005) 0.09 (0.007)
  DeformAmp, mm 0.142 (0.010) 0.141 (0.009) 0.14 (0.009)
HC
  Time, ms 17.40 (0.61) 17.45 (0.55) 17.43 (0.58)
  DeflAmp, mm 0.86 (0.13) 0.89 (0.12) 0.88 (0.12)
  DeformAmp, mm 1.03 (0.12) 1.04 (0.11) 1.04 (0.12)
A2
  Time, ms 22.12 (0.49) 22.00 (0.40) 22.06 (0.45)
  Velocity, m/s -0.25 (0.05) -0.26 (0.04) −0.26 (0.04)
  DeflAmp, mm 0.102 (0.011) 0.100 (0.010) 0.10 (0.01)
  DeformAmp, mm 0.36 (0.05) 0.33 (0.05) 0.34 (0.05)
WEM Max, mm 0.26 (0.05) 0.23 (0.05) 0.25 (0.05)
WEM Max time, ms 22.07 (0.66) 21.91 (0.75) 21.99 (0.71)

Fig. 2  Whole eye movement (WEM), deflection, and deformation. The panel shows the amplitudes of the DeflAmp and WEM in subjects with axial length 
(AL) < 26 mm and AL ≥ 26 mm. The black area represents DeflAmp, and the gray area represents WEM. The sum of these two regions represents the De-
formAmp region. DeflAmp, deflection amplitude; DeformAmp, deformation amplitude
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Correlation between AL and whole eye movement
Correlation between AL and WEMs
As shown in Fig.  3, Pearson’s correlation analyses indi-
cated that AL was negatively correlated with HC_WEM, 
A2_WEM, and WEM_Max (r = − 0.28, − 0.23, and − 0.22, 
respectively; P < 0.001). The correlation between AL and 
A1_WEM was not significant (P = 0.77).

Regression models between axial myopic parameters and 
whole eye movement
Several multiple linear regression models were estab-
lished and are summarized in Table 2. According to the 
adjusted models, AL was negatively associated with HC_
WEM (Model 2: β = −7.39, P < 0.001) and WEM_Max 
(Model 4: β = −3.52, P = 0.02). However, the associations 
of AL with A1_WEM (Model 1: P = 0.61) and A2_WEM 
(Model 3: P = 0.23) were not significant.

# Models 1–4 included time history, A1_WEM, HC_
WEM, A2_WEM, and WEM_Max as the independent 
variables. N represents the sample size in each model. 
The 95% confidence intervals are used to describe the 

uncertainties of coefficients. All coefficients are reported 
using unstandardized coefficients. *** P < 0.001; ** 
P < 0.01; * P < 0.05. CR, corneal curvature; CCT, central 
corneal thickness; bIOP, biomechanically corrected intra-
ocular pressure; SSI, stress‒strain index; WEM, whole 
eye movement.

Discussion
Studies aimed at understanding the relationship between 
corneal biomechanical behavior and corneal mate-
rial properties have made significant progress. How-
ever, determining the relationship between corneal 
biomechanical behavior and the material properties of 
the sclera or orbital soft tissue remains challenging. One 
major difficulty is the inability to observe the dynamic 
response of the fundus structure through the pupil. WEM 
reflects corneal displacement excluding corneal deflec-
tion and may be influenced by the dynamic response of 
the sclera, thus providing information on ocular AL. In 
this study, we analyzed the relationship between WEM 
and AL at different time points during the air puff test. 

Fig. 3  Matrix of plots showing the correlations between axial length (AL) and whole eye movement (WEM) at each time point. A1_WEM, whole eye 
movement at A1; HC_WEM, whole eye movement at HC; A2_WEM, whole eye movement at A2; WEM_Max, maximum value of whole eye movement. 
*** P < 0.001
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First, we confirmed a negative correlation between AL 
and HC_WEM as well as A2_WEM. Second, among a 
series of regression models predicting AL using DCRs, 
HC_WEM was identified as the parameter most strongly 
correlated with AL after adjusting for corneal morphol-
ogy and material properties. This finding is significant for 
studying corneal biomechanical behavior in axial myopia, 
as it suggests that characteristics of posterior scleral stiff-
ness might be inferred through DCRs.

The existing studies have primarily focused on 
WEM_Max. In this study, the average WEM_Max 
was 0.25 ± 0.05  mm, which aligns closely with val-
ues reported in previous research [13–15]. However, 
Hwang et al. found that the average maximum value of 
WEM in 44 ophthalmologically normal subjects was 
0.314 ± 0.083  mm [4]. This discrepancy may be attrib-
uted to differences in the age range of participants [16]. 
Additionally, our study found that WEM was negatively 
correlated with AL, consistent with previous reports [17]. 
While there is limited data on the value ranges of WEM 
at A1, HC, and A2, our results showed that WEM gen-
erally increased from A1 to A2. This increase was more 
pronounced in the AL < 26  mm group compared to the 
AL ≥ 26  mm group, although there was no significant 
difference in WEM at A1 between the two groups. The 
lack of significance in the correlation between A1_WEM 

and AL may be due to the fact that DCRs during the A1 
and pre-A1 periods are less influenced by IOP or scleral 
biomechanical properties. Significant aqueous humor 
discharge and IOP elevation occur primarily during the 
concave phase of inward motion, which could explain 
this lack of significance [18]. At HC and A2, WEM 
showed the strongest correlation with AL, with longer 
ALs associated with smaller WEM values. Despite A2_
WEM being the highest at A2, it was not as significant 
in predicting AL as HC_WEM in the regression model. 
This could be due to the influence of viscous damping 
properties of the cornea at A2. Previous studies using an 
ocular response analyzer (ORA) reported lower viscous 
damping in eyes with longer ALs [19–21]. We hypothe-
size that WEM may also be affected by the viscous damp-
ing properties of the eye wall at A2, which might obscure 
the relationship between A2_WEM and AL. Additionally, 
the decrease in IOP after the oscillation period and the 
reduction in A2_WEM due to vitreous cavity compres-
sion may also contribute to this effect.

In the present study, we investigated the relationship 
between WEMs and AL by analyzing the medical records 
of patients preparing for refractive surgery, confirming 
that AL affects WEMs in addition to influencing orbital 
soft tissue. However, there are some limitations to the 
current study. First, the underlying mechanism of the 
relationship between WEMs and AL remains undemon-
strated. Second, while multivariate models were used 
to identify potential confounding effects of other fac-
tors, influences such as orbital volume and orbital pres-
sure were not considered in these models. Utilizing FEM 
could be a feasible approach to analyzing the impact of 
these factors. This study suggests that it might be pos-
sible to isolate parameters related to the vitreous cavity 
compression process to gain insights into vitreous cavity 
volume or AL by analyzing the interactions of air pres-
sure, bIOP, orbital pressure, ocular wall stiffness, and 
the biomechanical strength of orbital soft tissue through 
DCRs.
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Table 2  Summary of linear regression models
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CCT 0.00 0.00 0.00 0.00
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