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Abstract
Background To investigate the spatial and morphologic features of lenses with different axial length (ALs) in cataract 
patients using swept-source optical coherence tomography (SS-OCT).

Methods Totally 105 eyes of 105 patients scheduled to have cataract surgery were included. Eyes were divided into 
the control (AL < 24.5 mm), moderate myopia (MM, 24.5 ≤ AL < 26 mm) and high myopia (HM, AL ≥ 26 mm) groups. 
Spatial features including lens vault (LV) and iris-to-lens distance (ILD), and morphologic features including radii of 
curvature of anterior and posterior surface (Ra, Rp), lens diameter (LD) and lens thickness (LT) were measured in eight 
directions by SS-OCT.

Results Spatially, the HM group had larger LV and ILD than the control group (both P < .05). LV and ILD were 
negatively correlated with AL, respectively (LV: r = -.484, P < .0001; ILD: r = -.656, P < .0001). Morphologically, both MM 
and HM groups had greater Ra and Rp than the control group. Ra was positively correlated with AL (r = .622, P < .0001), 
while the relationship between Rp and AL was non-linear. Moreover, the MM and HM groups had larger LD than the 
control group (both P < .001). Anterior LT was thinner in the HM than in the MM group (P = .026), while posterior LT 
between these two groups was similar. When compared in eight directions, similar trends were seen in Ra, Rp and LD, 
and the HM group showed a greater difference in Ra between horizontal and vertical directions.
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Background
Modern cataract surgery has entered the refractive 
cataract surgery era with the advancement of phaco-
emulsification and intraocular lens (IOL) design [1–3]. 
Understanding the spatial and morphologic features 
of lenses can help to know the factors associated with 
the quality of postoperative refractive outcome, such as 
actual lens position of IOL and the compatibility between 
IOL and capsular bag [4–7]. Despite the rapid develop-
ment of cataract surgery, previous studies on the spa-
tial and morphologic features of lenses have remained 
limited to the parameters that can be directly measured 
by the current biometric instruments, such as anterior 
chamber depth (ACD) and lens thickness (LT) [8–10], 
which are closely related to axial length (AL) [11, 12]. 
However, more detailed parameters, including lens vault 
(LV), and radii of curvature of anterior and posterior lens 
surfaces (Ra and Rp), have not been sufficiently studied 
due to technical limitations, let alone the relationship 
between these parameters and AL.

The purpose of this study was therefore to investigate 
the spatial and morphologic features of lenses with differ-
ent ALs in cataract patients based on swept-source opti-
cal coherence tomography (SS-OCT).

Materials and methods
Subjects
In this cross-sectional study, we included eyes that 
scheduled to undergo cataract surgery between March 
and December 2023 at the Eye and Ear, Nose and Throat 
(EENT) Hospital of Fudan University. The study was 
approved by the Institutional Review Board of the Eye 
and Ear, Nose, and Throat Hospital of Fudan University, 
Shanghai, China (approval reference number: 2020005), 
and adhered to the tenets of the Declaration of Hel-
sinki. It was affiliated with the Shanghai High Myopia 
Study launched at the EENT Hospital of Fudan Univer-
sity since 2015 (www.clinicaltrials.gov, NCT03062085). 
Written informed consents were obtained from all par-
ticipants for participation in the study and the use of 
their medical information for study analyses. To ensure 
the comparability, only eyes with cortical, nuclear or pos-
terior subcapsular opacification graded 2 or 3 based on 
Lens Opacity Classification System III (LOCS III) were 
included. No significant difference was found between 
three groups in the grading of each type of opacifica-
tion (Table  1). Eyes were excluded if they had a history 
of zonular weakness, glaucoma, uveitis, corneal opacity, 

iris abnormalities, severe fundus pathologies, strabis-
mus, previous trauma or ocular surgery, or low imag-
ing quality. Severe fundus pathologies included macular 
atrophy, choroidal neovascularization, and myopic mac-
ulopathy grading > 3 defined by META-PM classifica-
tion system [13], etc., which may confound the result 
or affect the patient’s cooperation during examination. 
Imaging quality was assessed by image score provided 
by built-in software of OCT instrument, and the image 
with a score lower than 9 was regarded as low qual-
ity. For patients with both eyes planned to have cataract 
surgery and meeting the inclusion criteria, only one eye 
was randomly selected. Finally, 105 eyes of 105 patients 
were included and divided into three groups according to 
AL: the control (AL < 24.5 mm, n = 48), moderate myopia 
(MM, 24.5 ≤ AL < 26  mm, n = 28) and high myopia (HM, 
AL ≥ 26 mm, n = 29) groups.

Ophthalmic examinations
Routine ophthalmic examinations were conducted on 
each eye, including assessment of visual acuity, intraocu-
lar pressure (IOP), slit-lamp examinations, funduscopy, 
IOLMaster 700 (Carl Zeiss AG, Oberkochen, Germany), 
corneal topography (Pentacam HR; Oculus Optikgeräte 
GmbH, Wetzlar, Germany), B-scan ultrasonography, and 
fundus OCT. Each device was operated by an experi-
enced examiner.

Anterior segment OCT data acquisition and data 
processing
Spatial and morphologic features of lenses were mea-
sured using a wide full-range SS-OCT (TowardPi 
Yalkaid, TowardPi Medical Technology, Beijing, China), 
with a wave length of 1,060  nm, a scanning speed of 
100  kHz A-scans per second and an axial optical reso-
lution of 3.8 μm. The images were captured in the dark. 
After dilating the pupil with a mixture of 0.5% phenyl-
ephrine and 0.5% tropicamide (1% Mydrin-P, Santen, 
Japan), the patient was told to stare at a fixation target 
to ensure the scan was centered on the corneal vertex. 
The SS-OCT measurement was then performed in eight 
scanning directions with 22.5° as the interval (Fig.  1A), 
and finally generated eight anterior segment images in 
one scan unit. For each image, the software built in the 
SS-OCT automatically fitted a complete mimic lens 
based on scanned anterior and posterior surfaces, and 
needed parameters could then be measured (Fig. 1B). The 
result of the software fitting the lens for each image was 

Conclusions This SS-OCT-based study showed that longer axial length is associated with a flatter lens, which 
was mainly attributed to the increase of Ra and LD. Longitudinal studies would be necessary to establish a causal 
relationship and temporal progression.
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manually checked. For images with poor fitting result, 
the fitting lines of anterior and posterior surfaces were 
manually adjusted through the software to get a good fit-
ting result.

In terms of spatial features, lens vault (LV) and iris-to-
lens distance (ILD) were measured. LV was defined as 
vertical distance from the anterior lens vertex to the line 
connecting the scleral spurs [14], and ILD was defined 

as the vertical distance from the anterior lens vertex to 
the line connecting iris roots (Fig. 1B). The iris root was 
determined by the endpoint of the posterior edge of the 
iris near to the cornea. Positive values of LV or ILD indi-
cated the lens vertex was anterior to the lines connecting 
scleral spurs or iris roots, while negative values indicated 
lens vertex was located posterior to the corresponding 
lines.

Table 1 Patient characteristics
Parameter Control

(48 eyes)
Moderate myopia
(28 eyes)

High myopia
(29 eyes)

P value

Age, years 67.0 ± 6.7 59.9 ± 10.5 54.5 ± 7.8 < 0.001*
Sex, male/female 17/31 12/16 12/17 0.778
Eye laterality, right/left 30/18 14/14 19/10 0.436
AL, mm 23.01 ± 0.60 25.13 ± 0.43 28.14 ± 1.52 < 0.001*
Corneal power, diopters 44.46 ± 1.14 43.07 ± 1.52 42.49 ± 2.70 < 0.001*
ACD, mm 2.94 ± 0.30 3.40 ± 0.36 3.59 ± 0.30 < 0.001*
IOP, mm Hg 13.1 ± 2.9 13.2 ± 2.8 14.2 ± 2.7 0.070
Cortical opacification, yes/no 17/31 9/19 4/25 0.112
Nuclear opacification, yes/no 41/7 24/4 25/4 > 0.999
Posterior subcapsular opacification, yes/no 8/40 6/22 4/25 0.757
*Statistically significant (P < .05)

AL, axial length; ACD, anterior chamber depth; IOP, intraocular pressure

Fig. 1 Measurement of spatial and morphologic features of lenses using swept-source optical coherence tomography (SS-OCT). (A) The SS-OCT mea-
surements were performed in 8 scanning directions with 22.5° as the interval. (B) A complete lens shape was fitted by software built in instrument. Lens 
vault (LV, yellow line) was defined as vertical distance from the anterior lens vertex to the line connecting the scleral spurs. Iris-to-lens distance (ILD, white 
line) was defined as the vertical distance from the anterior lens vertex to the line connecting iris roots. Radii of curvature of anterior surface (Ra, red line) 
and posterior surface (Rp, green line) were measured by built-in software automatically. Lens diameter (LD, orange line) was defined as the length of line 
connecting the intersections of anterior and posterior curvatures on both sides. Lens thickness (LT, blue line) was defined as the length of line connect-
ing the anterior and posterior lens vertex. Anterior LT (upper brown line) was defined as the distance from anterior lens vertex to the diameter line, and 
posterior LT (lower brown line) was calculated as LT minus anterior LT
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In terms of morphologic features, radius of curvature 
of anterior surface (Ra), radius of curvature of posterior 
surface (Rp), lens diameter (LD), lens thickness (LT), 
anterior LT and posterior LT were measured. Because 
the measurement was based on the fitted lens, Ra and 
Rp reflect the radius curvature of the central zone of lens 
surface. LD was defined as the length of line connecting 
the intersections of anterior and posterior curvatures on 
both sides (Fig. 1B) [15]. LT was defined as the length of 
line connecting the anterior and posterior lens vertex 
(Fig.  1B). Anterior LT was then defined as the distance 
from anterior lens vertex to the diameter line, and poste-
rior LT was calculated as LT minus anterior LT (Fig. 1B).

Among these parameters, LV, Ra, Rp and LT were 
measured by software automatically. The relevant lines 
of remaining parameters were drawn manually and cal-
culated using the tools built into the software. The aver-
age values of the parameters in the eight directions were 
firstly used to compare between three AL groups in the 
overall level. When the data for each direction were com-
pared individually, the data of right and left eyes were 
combined under the rules that the scanning axes of right 
and left eyes were symmetric about the nasal septum, 
that is, they made complementary angles to the hori-
zontal axis. The difference in Ra between horizontal axis 
(Ra0) and vertical axis (Ra90) was calculated as Ra0-Ra90 
for each eye.

Statistical analysis
All continuous data were presented as mean ± standard 
deviation (SD) and compared among three AL groups 
using analysis of variance (ANOVA), Kruskal-Wallis test 
or analysis of covariance (ANCOVA) with age as covari-
ates. Bonferroni test was used for the post hoc com-
parison. Categorical data were compared among three 
AL groups using χ2 test or Fisher’s exact test. Pearson’s 
correlation coefficient (r) and scatterplot were used to 
determine the relationships between the AL and LV, ILD 
and Ra. Scatterplot of Rp versus AL was created and fit-
ted using GAM method. Circular plot presented the real 
data of LD collected from eight directions and these data 
points were smoothly connected by curves using the R 
“ggplot2” package. A two-sided P value < .05 was consid-
ered statistically significant. All analyses were performed 
using IBM SPSS 26.0 (Chicago, Illinois, USA). Graphs 
were illustrated using Prism 9 (GraphPad, La Jolla, Cali-
fornia, USA) and R 4.3.0 (R Foundation for Statistical 
computing).

Results
Patients’ characteristics
Patients’ characteristics according to AL were pre-
sented in Table  1. Among the three groups, age, AL, 
corneal power and ACD were significantly different 

(Kruskal-Wallis test for age and AL; ANOVA for ACD 
and corneal power; all P < .001). Age was therefore 
adjusted in the subsequent analyses. There were no sta-
tistically significant differences in terms of sex, eye later-
ality, IOP, and any type of opacification (χ2 test for sex, 
eye laterality, and cortical opacification; Fisher’s exact 
test for nuclear and posterior subcapsular opacification; 
Kruskal-Wallis test for IOP; all P > .05).

Spatial features of lenses with different ALs
The average LV of the HM group was − 0.38 ± 0.24  mm, 
which was significantly lower than that of the control 
group (-0.10 ± 0.23 mm, ANCOVA with Bonferroni post 
hoc test, P < .001, Fig. 2A). Pearson’s correlation analysis 
showed LV was negatively correlated with AL (r = -.484, 
P < .0001; Fig.  2B). Similarly, both MM and HM groups 
had a shorter ILD compared with the control group 
(control: 0.65 ± 0.22  mm; MM: 0.37 ± 0.20  mm; HM: 
0.19 ± 0.24 mm; ANCOVA with Bonferroni post hoc test, 
both P < .0001; Fig.  2C). ILD was also negatively corre-
lated with AL (r = -.656, P < .0001; Fig. 2D).

Morphologic features of lenses with different ALs
Both Ra and Rp showed significant differences among 
three groups (ANCOVA, both P < .001, Table  2). Spe-
cifically, Ra of the HM group was greater than that of 
other two groups (Bonferroni post hoc test, both P < .05; 
Table  2). Peason’s correlation analysis showed Ra was 
positively correlated with AL (r = .622, P < .0001; Fig. 3A). 
Rp of the HM group was significantly greater than that 
of the control group (Bonferroni post hoc test, P < .0001, 
Table 2), while no difference in Rp was found between the 
MM and HM groups (Bonferroni post hoc test, P = .593, 
Table 2). The relationship between Rp and AL was non-
linear. As AL elongated, Rp increased initially and then 
basically stabilized (Fig. 3B).

ANCOVA with Bonferroni post hoc tests showed LD 
was greater in both MM and HM groups than in the 
control group (both P < .001, Table  2), while no differ-
ence in LD was found between the MM and HM groups 
(P = .748). In terms of LT, the LT of the HM group was 
smaller than that of the control group (P = .035, Table 2). 
When the LT was divided into anterior and posterior 
parts based on diameter line, anterior LT was found 
to be thinner in the HM group than in the MM group 
(1.13 ± 0.19 versus 0.96 ± 0.22, Bonferroni post hoc test, 
P = .026, Table  2), whereas posterior LT between these 
two groups remained similar (Bonferroni post hoc test, 
P > .99, Table  2). Additionally, posterior LT was slightly 
thinner in the MM than in the control group, which was 
at the brink of significance (Bonferroni post hoc test, 
P = .064, Table 2).
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Table 2 Morphologic features of lenses among three groups with different axial lengths
Parameter Control

(48 eyes)
Moderate myopia
(28 eyes)

High myopia
(29 eyes)

P value

Ra, mm 7.60 ± 0.82 8.58 ± 0.96 9.45 ± 1.34 < 0.001*
Rp, mm 3.96 ± 0.33 4.30 ± 0.39 4.42 ± 0.36 < 0.001*
LD, mm 7.77 ± 0.56 8.27 ± 0.56 8.41 ± 0.48 < 0.001*
LT, mm 4.69 ± 0.37 4.44 ± 0.45 4.24 ± 0.41 0.039*
Anterior LT, mm 1.10 ± 0.21 1.13 ± 0.19 0.96 ± 0.22 0.030*
Posterior LT, mm 3.59 ± 0.33 3.31 ± 0.39 3.28 ± 0.33 0.050*
*Statistically significant (P < .05)

AL, axial length; Ra, radius of curvature of anterior surface; Rp, radius of curvature of posterior surface; LD, lens diameter; LT, lens thickness

Fig. 2 Spatial features of lenses with different axial lengths (ALs). (A) Lens vault in three AL groups. ***P < .001; n.s., not significant (analysis of covariance 
with Bonferroni post hoc test). (B) Lens vault was negatively correlated with AL (r = -.484, P < .0001). (C) Iris-to-lens distance in three AL groups. *P < .05, 
****P < .0001 (analysis of covariance with Bonferroni post hoc test). (D) Iris-to-lens distance was negatively correlated with AL (r = -.656, P < .0001)
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Morphologic features of lenses in different directions
The morphologic features of lenses in different directions 
were shown in Fig. 4. Generally, compared with the con-
trol group, Ra, Rp and LD were greater in both MM and 
HM groups in all of the eight directions (ANCOVA with 
Bonferroni post hoc test, all P < .05, Fig. 4A to C). There 
were also significant differences in Ra between the MM 
and HM groups in most directions (ANCOVA with Bon-
ferroni post hoc test, all P < .05, Fig. 4A), except for Ra in 
vertical axis (ANCOVA with Bonferroni post hoc test, 
P = .42, Fig. 4A). Further, HM group showed a larger dif-
ference in Ra between horizontal and vertical directions, 
as Ra0-Ra90 was significantly greater in the HM group 
than in the control and MM groups (ANCOVA with 
Bonferroni post hoc test, P = .0501 and 0.024, respec-
tively, Fig. 4D).

Discussion
The spatial and morphologic features of lenses are key 
factors in achieving desired post-operative refractive 
outcomes for cataract patients [16–18]. However, some 
important parameters, such as the LV, Ra, and Rp, and 
how they change with AL has not been fully studied yet. 
To overcome these issues, we used SS-OCT to compre-
hensively evaluate these lenses features and their rela-
tionships to AL in cataract patients.

With the elongation of AL, the amount of lens located 
posterior to the plane of the scleral spurs or iris roots 
became larger. We found both LV and ILD were nega-
tively correlated with AL. LV was an indicator of lens 
position and has been found to have influence on the 
accuracy of IOL power calculation formulas in shal-
low anterior chamber eyes previously [14, 19, 20]. Simi-
lar effect of LV may also be found in long eyes, which 

requires to be further investigated. We also defined a 
novel parameter of ILD measured as vertical distance 
from the lens vertex to the line connecting iris roots. 
Our results showed that ILD seemed to be more sensi-
tive than LV in capturing the spatial changes of lens with 
AL (r = -.656 for ILD versus r = -.484 for LV). Consid-
ering the critical role of lens-position-associated param-
eters in the accuracy of IOL power calculation formulas, 
our data suggested further optimization of IOL formulas 
may incorporate these unconsidered parameters, which, 
admittedly, requires further research.

Interestingly in this study, we found longer axial length 
is associated with a flatter lens. This conclusion was con-
sistent with previous studies [21, 22], but we conducted a 
more detailed exploration based on a relatively large sam-
ple. We found Ra was positively correlated with AL, while 
the relationship between AL and Rp was non-linear. 
Moreover, MM and HM groups had a larger LD than the 
control group. These results suggested that as AL elon-
gated, the anterior surface of lens may keep flattening; 
meanwhile the posterior surface of lens first flattened and 
then stabilized. The flattening of lens was mainly attrib-
uted to the increase of Ra and the enlargement of LD. The 
LD in our study appeared to be somewhat smaller com-
pared with previous studies [4, 23], possibly because the 
fitting of the lens was based on the central curvature of 
both lens surfaces that might be steeper than the periph-
ery parts. Nonetheless, its change with the increase of 
AL was observed under the same measurement condi-
tions. As to the change of LT, a thinner LT was observed 
in HM group, which was consistent with previous stud-
ies [24–26]. Moreover, the thinning of anterior LT with 
AL supports the changing trend of Ra, whereas posterior 
LT remained similar between the HM and MM groups, 

Fig. 3 Relationship between axial length (AL) and radii of curvature of anterior surface (Ra) or posterior surface (Rp). (A) Ra was positively correlated with 
AL (r = .622, P < .0001). (B) Scatterplot with GAM curve showed non-linear relationship between AL and Rp
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which reconfirmed that the anterior surface may act as 
the main factor for the flattening of lens with AL (Fig. 5).

When further investigating the morphologic features 
of lenses in different directions, above changing trends 
generally maintained. It was notable that the difference of 
Ra between horizontal and vertical axis (Ra0-Ra90) was 
greater in the HM groups, suggesting the flattening trend 
of anterior lens surface was more pronounced in the hor-
izontal direction as AL increased. Overall, it suggested 
that with the elongation of AL, the lens may change from 
a thick oblate spheroid to a flattened oblate spheroid, and 
finally turned into an oblate ellipsoid with a flatten hori-
zontal curvature. Such a changing pattern may be related 
to the upregulated expression of crystallins, and altered 

proliferation and alignment of lens fibers with the elonga-
tion of AL [4], which required further investigation.

Clinically, the unique morphologic change of lenses 
with AL, along with the directional heterogeneity of 
Ra in highly myopic eyes may be the factors to be con-
sidered when selecting and designing IOL in the future. 
For instance, due to greater LD, the capsular bag size of 
highly myopic eye is possibly larger. For these patients, 
functional IOLs with plate-haptic design may be more 
appropriate than IOLs with C-loop haptic design, as the 
former have no gap between the optic and haptics and 
may get greater support from the capsular bag through 
its four corners. This speculation was supported by the 
observation that plate-haptic multifocal IOLs (MfIOLs) 

Fig. 4 Morphologic features of lenses in eight directions. (A) radii of curvature of anterior surface (Ra) and (B) posterior surface (Rp) in eight directions 
among three axial length (AL) groups. (C) Circular plot of lens diameter presenting the real data collected from eight directions with data points smoothly 
connected by curves using the R “ggplot2” package. For (A), (B) and (C): *comparisons between high myopia and control groups, P < .05; Δcomparisons 
between moderate myopia and control groups; n.s., not significant. (D) Difference values of Ra in horizontal axis (Ra0) minus Ra in vertical axis (Ra90) in 
three different AL groups. *P < .05. All data in this figure were analyzed using analysis of covariance with Bonferroni post hoc test
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showed less inferior decentration than C-loop haptic 
MfIOLs in highly myopic patients [5, 27]. In the future, 
designing functional IOLs that are more fitted for myopic 
eyes may improve postoperative outcomes better. More-
over, lens geometry is an important factor in IOL power 
calculation. When novel parameters, such as anterior LT, 
are incorporated into formula proposed recently, it was 
shown to improve the estimation of effective lens posi-
tion (ELP) [28], a major source of error of IOL power cal-
culation. Hence, development of IOL power calculation 
formulas incorporating more lens morphologic param-
eters may be a possible strategy to improve their predic-
tive accuracy, especially for highly myopic eyes which 
possess unique lens morphologic features.

Besides AL, there are many other biometric parameters 
that are also related to the spatial and morphologic fea-
tures of lenses. For instance, white-to-white (WTW) is 
an important parameter, which was positively correlated 
with Ra (r = .212, P = .030), Rp (r = .360, P < .001) and LD 
(r = .318, P = .001), and negatively correlated with LT (r = 
-.202, P = .039) and posterior LT (r = -.292, P = .003) in our 
data. These results provided preliminary insights into the 
association between WTW and lens features, and more 
investigations are warranted to exactly elucidate the 
relationships.

This study has several limitations that should be con-
sidered. First, the measurement approach in this study 
was based on the fitted lens, and the measurement of 
LD was based on the line connecting the intersections of 
anterior and posterior curvatures. Though being applied 

in several previous studies [15, 24], the accuracy of this 
method should be further assessed. Second, owing to the 
cross-sectional design of this study, conclusions about 
the causality of AL on lens spatial and morphologic fea-
tures could not be drawn, and a longitudinal approach 
would be necessary to establish a causal relationship and 
temporal progression. Third, the sample sizes of moder-
ate and high myopia groups were relatively small, which 
we planned to increase in future studies to strengthen 
our findings. Fourth, the lack of external validation, ide-
ally with different populations involved to confirm the 
generalizability of results, was another point that should 
be addressed in follow-up research.

Conclusions
In conclusion, based on the SS-OCT, we found that the 
longer axial length is associated with a flatter lens, which 
was mainly attributed to the increase of Ra and the 
enlargement of LD. Longitudinal studies would be neces-
sary to establish a causal relationship and temporal pro-
gression. These data may help to the IOL selection and 
design for myopic cataract patients.
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Fig. 5 Schematic diagram of lens changes as the axial length (AL) elongated. (A) A lens with a normal AL was shown (AL < 24.5 mm). (B) Moderate elon-
gation of AL made the lens diameter (LD) get larger and posterior lens thickness (LT) get thinner, resulting in radii of curvature of anterior surface (Ra) and 
posterior surface (Rp) greater (24.5 ≤ AL < 26 mm). (C) As AL further elongated, anterior LT got thinner, while the LD and posterior LT changed less, which 
made Ra get even greater while Rp show less change (AL ≥ 26 mm)
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