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Purpose: To evaluate variability in measured intraocular pressure (IOP) values when correlated 
with central corneal thickness measurements obtained by both ultrasonic and optical tools.
Patients and Methods: We included 46 eyes of 46 healthy subjects (age range 35–76 
years). Exclusion criteria for the current study were patients with confirmed diagnosis of 
glaucoma, glaucoma suspect patients and those having corneal opacities, scars or prior 
cornea-based laser vision correction. Central corneal thickness (CCT) was measured using 
two methods: ultrasonically (CCT1) by pachymeter and optically (CCT2) using anterior- 
segment optical coherence tomography (AS-OCT). The IOP was measured in all subjects 
using Goldmann applanation tonometry (GAT).
Results: No significant difference was detected comparing intraocular pressure values and 
CCT-corrected intraocular pressure (IOPcc1 and IOPcc2) (P=0.47 and P=0.06, respectively) 
among the study participants. A significant negative correlation was found between corneal 
thickness-corrected IOP values and the measured central corneal thickness by both optical 
and ultrasonic tools (P=0.004 and P=0.001, respectively).
Conclusion: Intraocular pressure appears to be dependent and positively correlated with 
CCT changes. However, this does not appear to depend largely on methods used for 
measuring the CCT in the current study. Corrected intraocular pressure is negatively corre
lated to both ultrasonically and optically measured central corneal thickness.
Keywords: central corneal thickness, pachymeter, intraocular pressure, corneal thickness- 
corrected intraocular pressure, Goldmann applanation tonometry, anterior-segment optical 
coherence tomography

Introduction
Pachymetry defined as measuring the corneal thickness has many diagnostic appli
cations in the field of ophthalmology as it is highly correlated to improve the 
validity of measured intraocular pressure values using standard applanation tono
metry. Additionally, in the field of cornea-based refractive surgery, accurate assess
ment of central corneal thickness has been of paramount importance to assess risk 
for iatrogenic ectasia. It was suggested that a correction of 1 mmHg for every 25 
µm deviation from the CCT of 550 µm should be considered.1

Ultrasound pachymetry has been considered a gold-standard method when 
measuring CCT. Nevertheless, it is still associated with some limitations and 
drawbacks, being operator-dependent and an invasive contact method that moti
vated scientists to introduce non-contact objective measuring tools.2

Central corneal thickness is considered a confounding factor that could affect 
applanation-measured IOP measurement accuracy.3,4
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As the cornea gets thicker a greater force is required to 
applanate, and the reverse is true for thinner corneas. 
A thin cornea was defined as a risk factor for developing 
glaucomatous pathology5 which is still debatable if it is 
a sole-effect of corneal thickness or due to its influence on 
measured IOP values.

The Goldmann applanation tonometer (GAT) has been 
widely accepted as a reference tool for studying the effect 
of CCT on IOP measurement values in most previously 
published studies. Meanwhile, increasing evidence found 
that other types of tonometers being used in ophthalmic 
practice share the same issue.6–8 To explain the applana
tion theory, Orssengo and Pye have proposed the thin shell 
theory which proposed that an applanation force required 
for a given measured IOP is affected by the multifactorial 
relationship between corneal rigidity, radius of curvature 
and thickness. As the applanation area gets smaller, the 
difference between the applanation pressure and measured 
IOP gets closer, which is explained by the reduced corneal 
resistance for the smaller area of contact together with the 
reduced surface tension effect exerted by the precorneal 
tear film.9

The GAT measurement methodology is primarily 
based on Imbert–Fick law3,10 assuming that human cornea 
has an infinitely dry thin surface that acts as a “membrane” 
when the applanating force would be equal to the mea
sured IOP. In ophthalmic practice, the corneal thickness 
together with the tear film surface tension present 
a resistance force that counteracts the applanation force 
which renders the thin membrane theory to be imperfectly 
correct. The previously mentioned forces neutralize and 
cancel each other out with a standard GAT applanation 
diameter of 3.06 mm when CCT equals 520 μm, which 
provides a “reference” value in case the applanating pres
sure equals the measured IOP.3

The Goldmann applanation tonometer has been recog
nized as a gold-standard method for measuring IOP since 
it was developed in 1950.11 GAT design assumes a central 
corneal thickness value equals 520 µm, hence the net 
measured IOP would be affected if CCT is different from 
this standard value.12 Other studies in the literature 
reported other factors related to corneal biomechanical 
parameters also could affect IOP measurements.13–16

A thinner CCT has been reported to represent 
a significant risk in patients diagnosed with primary open- 
angle glaucoma; moreover, patients having thinner CCT 
were found to have more advanced pathology and a severe 
glaucomatous defect.5,17 Ultrasound pachymetry has been 

a universally accepted tool for measuring CCT, being 
highly reproducible and consistent.18 On the other hand, 
Doughty and Zaman found that ultrasonic pachymetric 
measurements may overestimate the measured corneal 
thickness compared to that measured optically.19 Both 
Scheimpflug camera-based imaging and spectral-domain 
optical coherence tomography (SD-OCT) proved to be 
highly precise, but the SD-OCT showed higher repeatabil
ity in comparison.20 Our current study evaluated cor
rected-IOP values' variability among an otherwise 
healthy population, if any, relating to CCT measured 
using two different methods.

Patients and Methods
Study Design
Observational case-series of inter-device comparative 
study.

Study Population
Forty-six eyes of 46 age and gender-matched healthy subjects 
were studied. GAT-IOP was measured using Goldmann appla
nation tonometry (GAT: Haag-Streit AG, Bern, Switzerland) 
routinely in the initial ophthalmic examination. In all subjects, 
CCT was measured in the same eye using 2 different methods, 
namely ultrasonic and optical machines, then values were 
corrected using the Ehlers formula to get the corrected-IOP 
values which were compared and correlated. All subjects had 
at least 2 previous records for IOP and CCT to make sure that 
values are consistent and reliable enough to include. Included 
subjects were healthy individuals of both genders aged 48.37 
±10.8 years. Glaucoma or glaucoma suspect patients, those 
having corneal opacities or scars making tonometric and cor
neal thickness measurements unreliable and inaccurate, hav
ing significant refractive errors particularly the axial ametropia 
that could alter corneal biomechanical properties and prior 
cornea-based laser vision correction procedures were 
excluded from the study. Table 1 shows the demographic 
data distribution in the study participants.

Methods
All studied subjects had comprehensive ophthalmic exam
ination including the anterior segment together with fun
dus biomicroscopic examination. IOP was measured by 
GAT followed by measuring the central corneal thickness 
by 2 methods independently.
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Ultrasonic Method
A corneal ultrasonic pachymeter (Pachmate 2; Model 
DGH 55B, DGH Technology, Inc., PA, USA) was used 
after the non-contact (optical) method to not disrupt the 
ocular surface. Preservative-free topical anesthetizing 
drops (Oxybuprocaine Hydrochloride 0.4% w/v. Minims, 
Bausch & Lomb UK Ltd, Surrey, UK) were used and then 
the ultrasonic probe positioned to be perpendicular to the 
corneal center. An average of 4 consecutive measurements 
was used for subsequent analysis. Corrected intraocular 
pressure values were calculated assuming a normal CCT 
of 545 µm.19 Correctional value calculation was based on 
the data of Ehlers et al.3,21

Optical Method
Anterior-segment optical coherence tomography (Cirrus; 
HD-OCT Model-5000, Carl Zeiss Meditec, Germany) was 
used to manually measure CCT. A high-definition anterior- 
segment line scan was manually centered through 
a mesopic pupil and then the central line was selected to 
manually measure the CCT using the built-in software 
measure tool; 3 measures were compared for consistency 
and reliability of measured values.

Study Groups
Study participants’ CCT and corrected-IOP values were 
allocated into two groups based on the method of corneal 
thickness measurement:

CCT1 and IOPcc1
With the central corneal thickness measured by the ultra
sonic pachymeter.

CCT2 and IOPcc2
In which measurement was done using the anterior- 
segment optical coherence tomography (AS-OCT). 
Corrected-IOP and GAT-IOP measurement values were 
compared and correlated to both CCT1 and CCT2.

Statistical Analysis
Data were collected, tabulated, verified and coded, then 
statistical analysis was done using Statistical Package of 
Social Sciences (IBM, SPSS Statistics for Windows, 
Version 25.0. Armonk, NY: IBM Corp., Chicago, IL, 
USA). Qualitative data were presented in descriptive sta
tistics as percentage (%) and number (n), while quantita
tive data were presented as mean±standard deviation. The 
Kolmogorov–Smirnov test was used as a normality test to 
differentiate parametric and non-parametric data. The sam
ple size in the current study provided 89% statistical 
power at the 5% level to detect a 1-mmHg difference in 
IOP, when the standard deviation (SD) of the mean differ
ence was 1 mmHg.

The Mann–Whitney (U) test was used to compare inde
pendent quantitative data. Meanwhile, chi-square (χ2-test) 
and Fischer's exact tests were used to compare categorical 
data. Bivariate Spearman correlation analysis was used for 
association analysis. P-value of less than 0.05 was consid
ered to be statistically significant, if <0.01 to be highly 
significant and if <0.001 to be very highly significant.

Correlation or association was graded as follows: weak 
or no association 0.00–0.24, mild or fair association 0.
25–0.49, moderate association 0.50–0.74, and strong asso
ciation if ≥0.75.

Results
We have studied 46 eyes of healthy subjects. No significant 
difference was noted on comparing age or gender of the 
study participants. Also, the CCT measured values were not 
significantly different measured by either ultrasonic or opti
cal method (p=0.20).

No statistically significant difference was found compar
ing GAT-intraocular pressure and corrected-IOP (IOPcc) 
values in both studied groups (p=0.47, p=0.06) respectively. 
Similarly, no detected significant difference was there com
paring corrected-IOP values between both groups (p=0.20).

Intraocular pressure is positively correlated to cornea 
thickness-corrected pressure (IOPcc); however, correlation 
was more significant in the group where the CCT was 

Table 1 Study Participants' Demographic Data

Parameters Mean±SD P-value

Number of patients (n) 46 –
Number of eyes (n) 46 –

Age (Years) 48.37±10.8 0.29

Sex (Female %) 11 (57.9%) 0.34
IOP (mmHg) 14.21±2.28 0.83

IOPcc1 (mmHg) 14.62±2.62 0.26

IOPcc2 (mmHg) 15.29±2.61 0.16
CCT1 (µm) 539.75±34.9 0.24

CCT2 (µm) 529.72±32.2 0.29

Abbreviations: n, number; %, percentage; mmHg, millimeter of mercury; IOPcc1, 
ultrasonic corneal thickness-corrected intraocular pressure; IOPcc2, optical corneal 
thickness-corrected intraocular pressure; CCT1, ultrasonically measured central 
corneal thickness; CCT2, optically measured central corneal thickness; µm, 
micrometer.
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measured optically (r=0.54, p=0.001) than in the group of 
ultrasonic-CCT measurement (r=0.46, p=0.004).

Corrected intraocular pressure (IOPcc) showed 
a negative correlation to central corneal thickness; how
ever, correlation was more significant in the group where 
the CCT was measured optically (r=–0.59, p<0.001).

Both CCT measurement values obtained by ultrasound 
pachymeter and AS-OCT had a strong positive association 
(r=0.95, p<0.001). Table 2 shows correlations detected 
between GAT-measured IOP, corrected-IOP, and CCT 
values among the study participants.

Discussion
We could find in the current study a significant positive 
correlation associating GAT-IOP values and the measured 
central corneal thickness both by optical and ultrasonic 
devices (P=0.01 and P=0.03, respectively). Meanwhile, 
a significant negative correlation was detected between cor
neal thickness-corrected IOP values (IOPcc) and the mea
sured central corneal thickness by both optical and ultrasonic 
devices (P<0.001). No detectable significant difference was 
there comparing GAT-intraocular pressure (IOP) and both 
IOPcc1 and IOPcc2 (P=0.47 and P=0.06, respectively).

A previous study reported a significantly reduced correla
tion between the GAT-measured IOP measurements and cen
tral corneal thickness after correcting the IOP for the measured 
CCT values (r-values reduced from 0.15 to −0.02).22

In a previous study the CCT effect on measured IOP was 
reported to be less for GAT-measured IOP (R2=0.034, 
p=0.067) than for non-contact tonometry (NCT) (R2=0.088, 
p=0.003), which is still in agreement with the correlation 
reported in the optical pachymetry group in the current 
study.23

In a comparative study comparing POAG, NTG and 
OHT patients to normal controls, the intraocular pressure 
was positively correlated with central corneal thickness 
when measured by Goldmann applanation tonometry but 
not by Pascal dynamic-contour tonometry. In that study, the 
central corneal thickness was measured only by ultrasonic 
pachymetry; also, in our current study we did not use Pascal 
dynamic contour tonometry for measuring the IOP.24

We reported a strong positive association between the 
measured CCT using both optical and ultrasonic tools, 
which indicated consistency of both methods; however, 
previous reports found that optically based OCT devices 
underestimate the CCT measurement when compared to 
ultrasonic pachymetric measurements.25,26

Limiting the current study are the relatively small size of 
the studied sample that included only healthy subjects and 
the uncontrolled non-randomized design. Furthermore, we 
only included two methods for corneal thickness measure
ment, ultrasonic and optical methods, and only used 
Goldmann-applanation tonometer for measuring the IOP. 
Those limitations are motivating for running prospective 
longitudinal cohorts studying larger populations to compare 
healthy controls to patients with pathological conditions that 
would affect the measured corneal thickness and/or intraocu
lar pressure measuring values. Other practical methods for 
measuring the corneal thickness and IOP to be included 
would help better identify standard correlations to correct 
the measured IOP for the different CCT measurement values.

Conclusions
The current study concluded that central corneal thickness 
could affect the GAT-measured IOP values. However, 
corrected-IOP values did not differ significantly compar
ing the ultrasonic or optical methods used for CCT mea
surement. The GAT-measured IOP values seem to be more 
correlated to those corrected values for the CCT measured 
optically using the AS-OCT than ultrasonically.

Abbreviations
IOP, intraocular pressure; IOPcc, corneal thickness-corrected 
intraocular pressure; GAT, Goldmann applanation ton
ometer; CCT, central corneal thickness; SD, standard devia
tion; n, number; %, percentage; µm, micrometer; mmHg, 
millimeter of mercury.

Data Sharing Statement
Datasets analyzed in the current study are readily available 
on request from the corresponding author.

Table 2 Correlations Between GAT-IOP, Corneal Thickness- 
Corrected-IOP and CCT Values Among the Study Participants

CCT1 (µm) CCT2 (µm)

IOP (mmHg) r-value 0.41+ 0.36+

P-value 0.01* 0.03*

IOPcc1 (mmHg) r-value −0.60¶ −0.62¶

P-value <0.001** <0.001**

IOPcc2 (mmHg) r-value −0.52¶ −0.60¶

P-value 0.001** <0.001**

Notes: *Significant; **highly significant; +mild association; ¶moderate association. 
Abbreviations: IOP, intraocular pressure; mmHg, millimeter of mercury; IOPcc1, 
ultrasonic corneal thickness-corrected intraocular pressure; IOPcc2, optical corneal 
thickness-corrected intraocular pressure; CCT1, ultrasonically measured central 
corneal thickness; CCT2, optically measured central corneal thickness.
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