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INTRODUCTION
The cornea exhibits biomechanical characteristics including

PURPOSE: To evaluate the changes of corneal biomechanics in granular, lattice and macular corneal dystrophy (GCD, LCD and
MCD), and to assess the agreement of intraocular pressure (IOP) between Corvis ST tonometer (CST) and Goldmann applanation
tonometer (GAT) and the agreement of central corneal thickness (CCT) between CST and ultrasound pachymeter (USP) in patients
with corneal dystrophy.

METHODS: Fifty-nine eyes with corneal dystrophy (26 eyes with GCD, 18 eyes with LCD and 15 eyes with MCD) and 48 eyes from
healthy subjects were included in this study. All subjects received ocular examination and anterior segment photography under slit-
lamp microscope. Corneal biomechanical parameters were obtained using CST. IOP and CCT were obtained using GAT and USP,
respectively. Mixed-effects models were fitted for group comparisons and Bland-Altman analyses were applied for assessing the
agreement of IOP or CCT between devices.

RESULTS: GCD, LCD and MCD showed higher First Applanation Deformation Amplitude (A1DA) and Corvis Biomechanical Index
(CBI), and a lower Stiffness Parameter at First Applanation (SPA1), compared to controls. After CCT adjustment, MCD group showed
a higher ATDA compared to GCD or LCD. The IOP measured by CST demonstrated an overestimated bias to the one obtained by
GAT in all groups. The CCT measured by CST and USP showed good agreement in healthy eyes but not in those with corneal
dystrophy.

CONCLUSION: Corneal biomechanical alterations were observed in GCD, LCD and MCD. IOP and CCT measured by CST should be
interpreted carefully in eyes with corneal dystrophy.

Eye (2023) 37:492-500; https://doi.org/10.1038/s41433-022-01965-z

corneal biomechanics, providing two corneal

deformation
response parameters, corneal hysteresis and corneal resistance

elasticity and viscosity [1]. Normal biomechanical properties of
the cornea are important to maintain the structure and visual
functions of the eye. Highly organised stromal collagen fibrils
contribute to the corneal shape and stiffness [2]. Any damage or
change of the stromal structure can induce alterations of the
corneal biomechanics. Changes of corneal biomechanics have
been demonstrated in many ocular and systemic conditions,
including keratoconus [1], refractive surgery [3], corneal cross-
linking [4] and diabetes mellitus [5].

Corneal dystrophy is a group of inherited disorders that are
characterised by abnormal accumulations of deposits at different
layers of the cornea [6]. Musch et al. reviewed records of 8 million
enrolees in a national managed-care network in the United States and
found the overall prevalence rate of corneal dystrophy was 897 per
million covered lives [7]. Considering the insoluble deposits and the
disorganised stromal structure in corneal dystrophy, it is reasonable to
hypothesise that the corneal biomechanics are changed.

However, it was difficult to evaluate the corneal biomechanics
in vivo, especially to obtain accurate quantified properties. Until
2005, the ocular response analyser (ORA) was introduced to assess

factor [8]. The Corvis ST (CST; Oculus, Wetzlar, Germany),
introduced in recent years, is a noncontact tonometer capable
of quantifying the deformation of the cornea [9, 10]. It differs from
the ORA by using high-speed Schempflug imaging to report the
corneal biomechanical characteristics. Some studies found that
CST parameters were poorly correlated with those from ORA [10]
and CST may be more useful in revealing true biomechanical
differences [11].

There is evidence that the corneal hysteresis and corneal
resistance factor are reduced in Fuchs’ endothelial dystrophy [12].
A recent case report described the association between the
protein deposits in lattice corneal dystrophy and the increased
corneal biomechanical stiffness [13]. To our best knowledge,
however, no previous study investigated the corneal biomecha-
nics in other types of corneal dystrophy. Granular, lattice and
macular corneal dystrophy (GCD, LCD and MCD) are three of
the most common types of corneal dystrophy, presenting
distinct abnormal deposits in the corneal stroma. Understanding
the corneal biomechanical changes in corneal dystrophy is
beneficial to further elucidate the relationship between corneal
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Representative Corvis ST images from controls and patients with corneal dystrophy. a Transverse plane of healthy cornea and

schematic symbols show the corneal biomechanical parameters during four applanation stages, including initial place, first applanation,
highest concavity and second applanation. A1DA, First Applanation Deformation Amplitude; HCDA, Highest Concavity Deformation
Amplitude; A2DA, Second Applanation Deformation Amplitude; PD, Peak distance. b Transverse plane of cornea at the stage of first

application in control, GCD, LCD and MCD.

biomechanics and stromal structure. Therefore, in this study, we
utilised the CST to explore the corneal biomechanical changes in
GCD, LCD and MCD and the potential difference between them. In
addition, the agreement between CST and Goldmann applanation
tonometer or ultrasound pachymeter was compared for measur-
ing intraocular pressure (IOP) or corneal central thickness (CCT).

MATERIALS AND METHODS

Patients

A total of 35 adult patients (age = 18 years) with a clinical diagnosis of
granular corneal dystrophy (GCD), macular corneal dystrophy (MCD) or
lattice corneal dystrophy (LCD) attending the Ocular Surface Subspecialty
Clinic of the Eye, Ear, Nose, and Throat Hospital of Fudan University
(Shanghai, China) were recruited. All patients presented typical clinical
corneal appearances under slit-lamp microscope. Patients with any other
ocular diseases or systemic diseases that may affect the eye including
diabetes mellitus, thyroid disease or autoimmune diseases, were excluded.
Representative photographs of the corneal appearance are shown in
Supplementary Material Fig. S1. Twenty-four adult subjects (age > 18 years)
were recruited as a control group. Inclusion criteria for the healthy control
subjects were (1) absence of current ocular diseases or systemic diseases
that may affect the eye; (2) absence of a history of ocular surgery or
trauma, or a history of contact lens wearing in the previous two months; (3)
a best corrected visual acuity (BCVA) = 20/20 with a spherical equivalent <
—3.0 dioptres and cylinder power <1.0 dioptres; (4) a normal IOP (10-21
mmHg). Informed consent was obtained from all subjects. Data collection
was approved by the Institutional Review Board Committee in accordance
with the Declaration of Helsinki.

Ocular measurements

All the subjects underwent the non-invasive examinations prior to the
relatively invasive procedures. Axial length and CCT were measured using
an ultrasound pachymeter (USP; Tomey, Nagoya, Japan). IOP was
measured using a Goldmann applanation tonometer (GAT) by an
experienced ophthalmic technician.

Biomechanical parameters
Corneal biomechanical parameters were evaluated by CST. With the
constant air puff provided by CST, the cornea moves inwards until it
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reaches a concavity phase and then moves back to original phase (Fig. 1a).
The main parameters provided by CST include First/Second Applanation
Time (A1T/A2T), First/Second Applanation Velocity (A1V/A2V), First/Second
Applanation Deformation Amplitude (A1DA/A2DA), highest concavity Time
(HCT) and Highest Concavity Deformation Amplitude (HCDA). In addition, a
novel inde, stiffness parameter at first applanation (SPA1), was developed
for assessing the strength of the cornea [14]. Corvis biomechanical index
(CBI) was also introduced to describe the corneal stiffness by combining
different dynamic biomechanical parameters [15]. Those corneal biome-
chanical parameters are summarised in Supplementary Material Table S1.
Biomechanics-corrected I0P (CST-IOP) and CCT (CST-CCT) measurements
were also obtained by CST. All subjects underwent three successive
measurements and the averaged values were recorded.

Statistical analyses

Eyes with MCD, LCD or GCD were all included in the analysis. Both eyes of
the healthy subjects were included as a control group. The data analysis
was performed by fitting a linear mixed-effects model using restricted
maximum likelihood (REML) and Kenward-Roger tests for fixed effects. The
subject was included as a random effect to account for correlation
between two eyes of a particular subject. After fitting the model, post-hoc
tests with Sidak correction were performed to examine the fixed effect of
different types of corneal dystrophy. Comparisons with CCT adjustment
were performed as well. Inter-method agreement for the measurements of
IOP and CCT was assessed using Bland-Altman analysis. The mean bias and
Limits of Agreement (LoA, bias+ 1.96 standard deviations [SD]) were
calculated. Pairwise correlation was tested using Pearson’s correlation
coefficient. All statistical analyses were conducted by Stata 14.2 (StataCorp
LLC, College Station, TX). P<0.05 was considered to be statistically
significant in all analyses. All summary data are shown as mean + SD.

RESULTS

Twenty-six eyes with GCD (14 subjects), 18 eyes with LCD
(11 subjects), 15 eyes with MCD (10 subjects), and 48 control
eyes (24 subjects) were included in this study. No difference was
observed in age or sex between those groups. Mixed-effects
models were used in the analysis to exclude the potential
correlation between the two eyes of a particular subject. Table 1
showed the detailed comparison results. No difference was shown
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Table 2. P values after the adjustment of CCT for comparison of corneal biomechanical parameters between GCD, LCD, MCD and controls.
GCD vs Control LCD vs Control MCD vs Control GCD vs LCD GCD vs MCD LCD vs MCD
Axial length (mm) 0.995 0.711 0.996 0.976 1.000 0.993
GAT-IOP (mmHg) 1.000 0.999 1.000 1.000 1.000 1.000
CST-IOP (mmHg) 0.769 0.997 0.234 0.993 0.813 0.593
A1T (ms) 1.000 0.994 0.263 0.979 0.384 0.196
A1V (m/s) 0.941 1.000 0.849 0.975 0.997 0.901
A1DA (mm) 0.007* 0.025* <0.001* 1.000 0.025* 0.043*
A2T (ms) 1.000 1.000 0.996 1.000 1.000 0.996
A2V (m/s) 0.890 0.936 0.898 1.000 1.000 1.000
A2DA (mm) 0.998 1.000 0.999 1.000 0.980 0.994
time HC (ms) 0.907 1.000 0.999 0.992 1.000 1.000
HCDA (mm) 0.979 0.999 0.892 1.000 0.596 0.805
PD (mm) 0.956 1.000 0.998 0.997 1.000 1.000
HCR (mm) 0.967 1.000 0.794 0.986 0.983 0.853
SPA1 0.027* 0.029* 0.242 1.000 1.000 1.000
CBI <0.001* <0.001* <0.001* 0.976 0.918 1.000

*p < 0.05, post-hoc tests with Sidak correction were performed for multiple comparisons.

GCD granular corneal dystrophy, LCD lattice corneal dystrophy, MCD macular corneal dystrophy, GAT-IOP intraocular pressure obtained by Goldmann
applanation tonometer, CST-/OP intraocular pressure obtained by Corvis ST, A1T/A2T First/Second Applanation Time, A1V/A2V First/Second Applanation
Velocity, A1TDA/A2DA First/Second Applanation Deformation amplitude, Time HC highest concavity time, HCDA highest concavity deformation amplitude, PD

peak distance, HCR highest concavity radius, SPAT stiffness parameter at first applanation, CBI Corvis biomechanical index.

in axial length and GAT-IOP between the groups. The USP-CCT in
MCD was 430.13 + 74.42 um, significantly thinner than the GCD,
LCD and controls (all P<0.001). With respect to the corneal
biomechanical parameters, GCD, LCD and MCD groups showed a
lower SPA1 and higher ATDA and CBI compared to controls.
Representative CST images of corneal dystrophies are shown in
Fig. 1b. Moreover, MCD group showed higher A1V and HCDA
compared to the controls (p = 0.041 and 0.023, respectively).

In order to eliminate the effect of CCT on the corneal
biomechanics, we compared the biomechanical parameters
between the groups again but with an adjustment of CCT (based
on USP-CCT). The CCT-adjusted p values are shown in Table 2.
After the adjustment of CCT, eyes with GCD and LCD showed
similar results in biomechanical parameters compared to control
eyes. Eyes with MCD showed higher A1DA and CBI compared to
controls (both p < 0.001). Interestingly, the A1DA in eyes with MCD
was higher than GCD and LCD (p = 0.025 and 0.043, respectively).

The strength of correlation and level of discrepancy were
compared for IOP and CCT measurements between the CST and
GAT or USP. For the IOP measurement, there were significantly
positive correlations between GAT and CST in controls and LCD
but not in GCD and MCD groups (Fig. 2al-a4). Bland-Altman
analysis demonstrated overestimated bias in the IOP provided by
CST compared to GAT, in controls (Fig. 2b1; p <0.001, 95% LoA:
—3.29 to 5.83 mmHg), GCD (Fig. 2b2; p < 0.001, 95% LoA: —2.54 to
5.83 mmHg), LCD (Fig. 2b3; p =0.048, 95% LoA: —3.54 to 5.97
mmHg) and MCD group (Fig. 2b4; p <0.001, 95% LoA: —0.88 to
8.43 mmHg).

With respect to the CCT measurement, strong positive correla-
tions were found between the CST and USP in control group
(Fig. 3a1; r=0.94, p < 0.001), GCD (Fig. 3a2; r=0.87, p <0.001) and
MCD (Fig. 3a4; r = 0.87, p < 0.001), but not in LCD group (Fig. 3a3; r
=0.11, p=0.653). Inter-method agreement analysis showed no
significant difference between the CCTs measured by CST and USP
in GCD and MCD groups (Fig. 3b2, b4; p=0.286 and 0918,
respectively). Although in control group the CST showed an
overestimated CCT compared to the USP, the bias was only 4.13
um with a narrow 95% LoA of —12.60 to 20.85 um (Fig. 3b1). In
addition, the CST demonstrated a significant bias to underestimate
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the CCT in LCD group by 30.78 um, compared to the USP (p =
0.025; 95% LoA: —135.00 to 73.48 um) (Fig. 3b3).

DISCUSSION

The biomechanics of the cornea has attracted much attention in
recent years. Many studies have demonstrated that CST exhibited
a high repeatability in the measurements of CCT, IOP, A1V and
HCDA [1, 16]. The measurements of corneal biomechanics provide
a novel aspect to the diagnosis and progress evaluation of corneal
diseases including corneal dystrophy. In this study, we investi-
gated the corneal biomechanical in eyes with corneal dystrophies
including GCD, LCD and MCD (Salient biomechanical indices are
summarised in Supplementary Material Fig. S2). A significant
increase of A1DA and alterations of two novel biomechanical
indices, SPA1 and CBI, were observed in corneal dystrophies.
Following the adjustment of CCT, the A1DA was significantly
higher in eyes with MCD compared to LCD or GCD. In addition, the
IOP provided by CST showed an overestimated bias compared to
GAT in controls and corneal dystrophies. The CCT obtained by CST
and USP may be interchangeable in normal eyes but not in those
with MCD or LCD.

It is speculated that the first applanation reflects corneal
elasticity while the second applanation is associated with corneal
viscoelasticity [17, 18]. As an important parameter in biomecha-
nics, A1DA represents sagittal deformation amplitude of apex at
the first applanation. In this study, GCD, LCD and MCD groups all
showed an increased A1DA, which indicates a decreased corneal
elasticity. SPA1 and CBI are two novel indices that have been
developed to describe the strength of the cornea by combining
different dynamic biomechanical parameters [14, 15]. In patients
with corneal dystrophies, we observed a decreased SPA1 and an
increased CBI that both indicate a softer property of the cornea.
Interestingly, similar alterations of SPA1 and CBI in corneal
biomechanics were reported in patients with keratoconus [19].
Vinciguerra et al. demonstrated that CBI was highly sensitive and
specific to distinguish ectatic corneas from controls to aid the
diagnosis of keratoconus [15]. Although the International Com-
mittee for Classification of Corneal Dystrophies (IC3D) excludes
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Fig. 3 Correlation and agreement between central corneal thickness measurements obtained by Corvis ST and ultrasound pachymeter.
al1-a4 Scatter plot graphs show the correlation of central corneal thickness measurements between Corvis ST and ultrasound pachymeter in
controls (a1), granular (a2), lattice (a3) and macular (a4) corneal dystrophy. b1-b4 Bland-Altman plot graphs show the agreement of central
corneal thickness measurements between Corvis ST and ultrasound pachymeter in controls (b1), granular (b2), lattice (b3) and macular (b4)
corneal dystrophy. CCT central corneal thickness, CST Corvis ST, USP ultrasound pachymeter, LoA limits of agreement.
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corneal ectasias from the corneal dystrophy, some researchers
believe that keratoconus should be included as a corneal
dystrophy subtype based on the genetic pattern [6, 20]. In our
study, we found that corneal dystrophies, especially MCD, showed
a significant increase in CBI that is consistent with keratoconus. It
has been reported that keratoconus and stromal dystrophy are the
top two diagnoses that can develop Urrets-Zavalia syndrome
(UZS, an uncommon postoperative complication with fixed dilated
pupil) after surgical intervention [21]. In a total of 110 reported
cases of UZS, 78.1% of the cases happened after the surgical
intervention of keratoplasty [21]. Moreover, a retrospective study
of >2000 patients with penetrating keratoplasty revealed that the
incidence of UZS was higher in patients with MCD than those with
keratoconus [22]. The pathogenesis of UZS in keratoconus was
suggested as a result of the decreased corneal rigidity [21, 23],
which is consistent with our finding in the corneal biomechanical
properties in MCD. This evidence supported the assumption that
MCD and keratoconus may share similar changes in corneal
rigidity, which is associated with the pathogenesis of UZS. Corneal
biomechanical alterations were also observed in subclinical
keratoconus [24], while it needs further verification in different
stages of MCD. The corneal biomechanics could be able to provide
a new aspect to investigate their similarity and difference in
further studies.

Interestingly, increased A1V and HCDA were observed in MCD
but not after the adjustment of CCT, indicating that CCT did affect
the biomechanical parameters including A1V and HCDA. Although
some studies found that no CST parameters were influenced by
CCT [25], Wang et al. reported that CCT was correlated with A1T,
A1DA, A2V and HCDA in a healthy population [16]. Bhikoo et al.
reported a decreased HCDA in a case of LCD [13]. However, this
case showed a scarred cornea which may influence the
biomechanics. One of the novel stiffness parameters, SPA1, also
showed no difference between MCD and controls after CCT
adjustment. This result is consistent with previous study that a
strong correlation between SPA1 and CCT was demonstrated
when this novel parameter was introduced [14]. Therefore, these
parameters need to be interpreted carefully when there is a
difference in CCT. Despite that, the ATDA and CBI showed similar
results after the adjustment of CCT, indicating the two parameters
might be more appropriate to evaluate the biomechanics in
corneal dystrophy. Interestingly, after the CCT adjustment, the
MCD group showed a significantly higher AIDA compared to GCD
and LCD. Wang et al.’s study demonstrated a positive correlation
between CCT and A1DA [16], providing strong evidence to the
hypothesis that the difference of CCT might obscure corneal
biomechanical changes such as A1DA in corneal dystrophy. The
higher value of ATDA in MCD could have been more significant
considering the thinner CCT in MCD.

The difference in corneal deposits and structure might explain
the biomechanical difference observed between the three types
of corneal dystrophy. GCD and LCD are both related with the
mutation of TGFBI gene, and the corneal deposits develop initially
in the superficial stroma while the Descemet membrane are
normal. Moreover, the intervening stroma of GCD maintains
transparent with normal collagen structure [6]. However, differ
from GCD and LCD, the corneal deposits of MCD can involve deep
stroma down to the Descemet membrane and endothelium with a
progressive diffuse haze involves the entire corneal stroma [26].
The extensive microstructural alterations of stroma may contribute
to the faster deformation velocity and increased deformation
amplitude. Another explanation is that the thinner CCT of eyes
with MCD contributes to the altered corneal biomechanics.
Nevertheless, we have demonstrated that subjects with MCD
presented an increased A1DA that is CCT-independent. Further
studies are necessary to evaluate dynamic changes of corneal
biomechanics in patients without distinct clinical corneal deposits
and the relationship with the development of corneal dystrophy.

SPRINGER NATURE

The biomechanics-corrected 0P provided by CST showed an
overestimated tendency in patients with corneal dystrophy.
Consistent with our results, studies have reported that CST
provided an overestimated IOP in healthy and glaucoma patients
[27, 28]. However, there was conflicting evidence that CST had a
tendency to underestimate IOP compared to GAT [18]. In most
studies, it is interchangeable when the IOP provided by a
tonometer with a LoA within £3 mmHg compared with GAT
[18, 29, 30]. In our report, ~70% of eyes in GCD, LCD and healthy
groups showed a AIOP within £3 mmHg which seems to be
clinically acceptable but need to be carefully interpreted.
However, the IOP agreement between CST and GAT in eyes with
MCD was poor. Considering the thinner CCT and abnormal
biomechanics in MCD, the CST may over-correct the IOP in thinner
and softer corneas.

The CCT provided by CST showed a strong correlation with the
one from the USP in healthy corneas, with a small overestimated
bias and a narrow 95% LoA. Although Yu et al. reported a contrary
result of underestimated CCT in CST compared to the USP, the
95% LoA in their study was similarly narrow [31]. The CCT
measured by CST is based on the Scheimpflug imaging principle.
In normal corneas, the CCT measured by ultrasound pachymetry
and Scheimpflug topography are significantly correlated and the
magnitude of difference is small [32]. Considering the high
repeatability of CCT measurement in CST [16], it may be
interchangeable in normal eyes in most clinical applications.
However, Unlike USP that uses short electrical pulses [33], CST
measures the CCT by the initial state of corneal cross-section
diagram based on optical technologies that might be influenced
by the accumulated deposits in corneal dystrophy. In eyes with
corneal opacity, the Scheimpflug topography may underestimate
the CCT due to the assumption of the clear cornea interpolation as
the posterior surface [34]. In our study, similar results were
observed that the CCT was underestimated by CST in eyes with
LCD that showing corneal opacity in the Scheimpflug image. The
linear and other shaped deposits progress particularly within
central corneal stroma in LCD [6], which could make a great
difference on the CCT measured by CST. Although the biases of
CCT were small between Corvis ST and ultrasound pachymetry in
eyes with GCD and MCD, the magnitude of difference was large
(—71.6 to 73.6 um) in MCD. While in eyes with GCD, the magnitude
of difference was relatively small (—43.5 to 34.8 um) which may
result from the clear intervening stromal areas between the
deposits. Therefore, clinicians should be careful to interpret the
CCT provided by Corvis ST in patients with corneal dystrophy,
especially those with corneal opacity. As to the corneal
biomechanical properties provided by CST, the biomechanical
values are based on the identified anterior surface of the cornea.
We believe that the biomechanical readings are still reliable in
eyes with corneal opacity while further studies might be necessary
to verify our assumption.

There are some limitations in the present study. The corneal
dystrophy was diagnosed based on the patients’ clinical corneal
appearance and their family history. Although the International
Committee for Classification of Corneal Dystrophy (IC3D) devel-
oped a detailed classification system for corneal dystrophies based
on genetic diagnosis®, this preliminary study did not perform
genetic diagnosis due to the relatively small sample size and the
limited acceptance of taking genetic test in patients with corneal
dystrophy. Further study with a large sample size and application
of genetic diagnosis is necessary to provide more information on
corneal biomechanical changes in corneal dystrophies and their
subtypes. In addition, the CCT measurement in CST is derived from
corneal apex while it is obtained by USP based on pupil centre,
and the topical anaesthetic may have a small influence on CCT
measurement [35].

In conclusion, corneal biomechanics was altered in eyes with
corneal dystrophy (GCD, LCD and MCD), including a decreased
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SPA1 and increased A1DA and CBI. The corneas with MCD showed
a higher A1DA after CCT adjustment compared to GCD or LCD.
CST showed overestimated IOP that needs to be carefully
interpreted. The CCT obtained by CST and USP may be
interchangeable in normal eyes but not in those with corneal
dystrophy.

SUMMARY

What was known before

® Corneal hysteresis and corneal resistance factor are reduced in
Fuchs’ endothelial dystrophy Biomechanical alterations in
corneal dystrophies can be evaluated using Corvis ST
tonometer.

What this study adds

® Macular corneal dystrophy had a higher A1DA compared to
granular and lattice ones IOP obtained by Corvis ST showed
overestimated bias to Goldmann applanation tonometer CCT
in healthy eyes showed good agreement between Corvis ST
and ultrasound pachymeter.
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