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Abstract
● AIM: To define the corneal hysteresis (CH), corneal 
resistance factor (CRF), Goldmann-correlated intraocular 
pressure (IOPg) and corneal compensated intraocular 
pressure (IOPcc) prior to and following coaxial micro-incision 
phacoemulsification in patients with corneal astigmatism. 
● METHODS: Of 97 patients with cataracts were enrolled 
in the study. Group 1 included patients with corneal 
astigmatism (K1-K2) values of K1-K2<+1.0 D, and group 
2 with values of K1-K2 ≥+1.0 D and ≤+2.25 D. Coaxial 
micro-incision phacoemulsification of a corneal incision 
of 2.0 mm with intraocular lens (IOL) implantation was 
performed. CH, CRF, IOPg, IOPcc, waveform score (WS) 
were measured preoperatively and one week, one month 
postoperatively using an Ocular Response Analyzer. Axial 
length (AXL) was calculated by Tomey Optical Biometer 
OA 2000.
● RESULTS: Group 1 consisted of 51 patients with mean 
corneal astigmatism value of +0.49±0.25 D. Group 2 
included 46 patients with astigmatism of +1.43±0.43 D. 
In group 1, CRF (t=2.68, P<0.05), CH (t=2.64, P<0.05) and 
WS (t=3.51, P<0.05) were significantly lower one week 
postoperatively, when compared to the preoperative 
values. CRF significantly decreased (t=3.61, P<0.05) when 
measured one month following the surgery. In group 2 CH 
(t=5.92, P<0.05), and WS (t=3.96, P<0.05) were significantly 
lowered one week after cataract surgery. Moreover, we 
observed a significant decrease in IOPg (t=2.24, P<0.05), 
CRF (t=5.05, P<0.05) and CH (t=2.31, P<0.05) one month 
after phacoemulsification. There was no statistically 
significant (t=-0.83, P=0.41) difference in AXL between 
study groups.
● CONCLUSION: CRF, CH and IOPg are reduced in patients 
with preoperative corneal astigmatism equal or higher 
than +1.0 D and lower than +2.25 D. Hence, bias of IOPg 

measurement in these patients may cause underestimation 
of the real IOP both before and after cataract surgery. The 
measurement of IOPcc allows the precise assessment of 
IOP pre- and postoperatively, independently on corneal 
astigmatism, CH and CRF values.
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INTRODUCTION

T he influence of micro-incision phacoemulsification 
on biomechanical parameters of the cornea has been 

discussed in several studies, emphasising the role of viscous 
dampening [corneal hysteresis (CH) parameter], viscoelasticity 
and stiffness [corneal resistance factor (CRF)][1-10]. It has been 
proved that corneal biomechanics plays an important role in 
healing process of the cornea and allows accurate measurement 
of intraocular pressure (IOP)[11-15]. What’s more, according to 
the 10th Consensus Meeting: Diagnosis of Primary Open Angle 
Glaucoma Seattle, USA, Goldman applanation tonometry 
(GAT) is no longer recommended as “the gold standard” in 
routine IOP measurement[13,15-17]. Currently it is believed that 
corneal biomechanical properties have greater impact on IOP 
measurements than corneal thickness or curvature [11,13,15]. In 
clinical practice, there are two devices measuring corneal 
biomechanical properties (CH, CRF) and corneal corrected 
IOP e.g. the Ocular Response Analyzer (ORA; Reichert 
Technologies, USA) as a dynamic bidirectional applanation 
device, and the Corvis ST (Oculus Optikgeräte Germany), 
as a dynamic Scheimpflug analyser device[9-10]. In our study 
biomechanical properties of the cornea (CH and CRF) and IOP 
[Goldmann correlated IOP (IOPg), corneal compensated IOP 
(IOPcc)] and waveform score (WS) were measured with ORA.
Recently studies showed that CH remains relatively stable after 
micro-incision cataract surgery; however, there are various 
factors (e.g. refractive error, history of refractive surgery, 
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corneal ectatic disorders) that may influence CH, CRF and 
thus precise estimation of IOP[1-7]. It has been shown that CH 
is decreased in high myopia and increased in high hyperopia 
while CRF is not affected by spherical refractive error[18]. The 
specification of corneal biomechanics in eyes with definite 
corneal astigmatism, prior and following cataract surgery 
remains unclear. To our knowledge, this problem has not been 
sufficiently described so far[19-21].
Aim of this study was to define the CH, CRF, IOPg and IOPcc 
prior to and following coaxial micro-incision phacoemulsification 
in patients with corneal astigmatism. 
SUBJECTS AND METHODS
Ethical Approval  The prospective clinical study was 
performed in the Department of Ophthalmology of our 
hospital. The official approval by the Ethics Committee 
conformed to the Declaration of Helsinki was obtained. All 
subjects enrolled in the study signed an informed consent.
Inclusion criteria were: diagnosis and qualification for cataract 
surgery, corneal astigmatism equal to or less than +2.25 D 
in order to make the research group coherent. Only patients 
with “against the rule” astigmatism were enrolled in the study, 
as it is well known that corneal astigmatism tends to change 
towards “against the rule“ in adults, regardless if the patient 
had cataract surgery or not [18-20].
The exclusion criteria were: corneal astigmatism higher than 
+2.25 D, history of any corneal ectatic conditions, dystrophies 
or degenerations of the cornea, pseudoexfoliation syndrome, 
glaucoma and use of anti-glaucoma eye drops for more than 
one year, blepharitis, dry eye, use of contact lenses within 
three months before surgery, diabetes or a history of corneal 
refractive surgery. 
All of the measurements were done by same physician, blinded 
to the astigmatism of the patients. WS was the parameter 
defining quality of each measurement taken. Only the 
measurements of relatively good quality (WS>5/10) have been 
subjected to the statistics. Biometry, including axial length 
(AXL), keratometry and intraocular lens (IOL) calculation 
were performed in the eye requiring cataract surgery with 
use of a Tomey Optical Biometer OA 2000 to measure. The 
patients enrolled were divided into two groups, based on 
their astigmatism range. Group 1 consisted of patients with 
corneal astigmatism lower than +1.0 D (K1-K2<+1.0 D), and 
group 2 of corneal astigmatism equal or higher than +1.0 D 
and equal or lower than +2.25 D (+1.0≤K2-K1≤+2.25). IOP 
values and corneal biomechanical parameters were analysed 
between the two study groups preoperatively, one week and 
one month postoperatively. Additionally, the differences in IOP 
values and corneal biomechanics were analysed separately 
in groups 1 and 2 preoperatively, one week and one month 
postoperatively. 

The surgical technique was coaxial micro-incision 
phacoemulsification with implantation of a foldable acrylic 
hydrophobic AcrySof® IQ Monofocal (Model Number: 
SN60WF; Optic Type: Biconvex; Optic Diameter: 6.0; Overall 
Length: 13.0 mm, Aspheric, A-constant 118.7; Refractive 
Index: 1.55; Light filtration: UV and blue light) IOL. All of 
the surgeries were done by the same, highly experienced 
surgeon, under local (4% Alcaine drops) and intracameral 
(1% preservative-free lidocaine) anaesthesia. The device used 
to perform phacoemulsification was an INFINITI® Vision 
System, OZil® Torsional Handpiece. The corneal opening of 
2.0 mm was done with use of Straigh Diamond Knife 2 mm, 
Trapezoidal, t AE-8192. In each patient main clear corneal 
incision was placed on at 12 o’clock regardless of steep axis 
of the cornea, while side port on 2 o’clock (same in right and 
left eyes). Simultaneously, no corneal relaxing incisions were 
applied intraoperatively. 
The compatibility of a normal distribution has been checked 
for all measurable variables using λ-Kolmogorov test. We used 
Student’s t-test for independent samples as well as t-test for 
dependent samples to compare two measurements of the same 
parameter in the same group pre- and postoperatively. The 
differences between the mean values and the dependencies 
between attributes have been found as statistically significant, 
where the error of probability was P<0.05.
RESULTS
Among 97 subjects enrolled in the study, 58 were females and 
39 were males, having a mean age of 72.22±9.67y. Group 1 
consisted of 51 patients with a mean age of 72.04±8.97y and 
mean astigmatism value of +0.49± 0.25 D. Group 2 included 
46 patients with a mean age of 72.41±10.47y and astigmatism 
of +1.43±0.43 D. The mean values of parameters measured 
preoperatively, 1wk and 1mo postoperatively in study groups 
are shown in Table 1.
Statistical analysis of independent samples revealed no significant 
differences between study groups, neither preoperatively nor at 
any point of the postoperative examinations (P>0.05; Table 2).
In group 1, CRF (t=2.68, P<0.05), CH (t=2.64, P<0.05) 
and WS (t=3.51, P<0.05) were significantly lower one week 
postoperatively, when compared to the preoperative values 
(Table 3). Similarly, CRF significantly decreased (t=3.61, 
P<0.05) when measured one month following the surgery. 
In contrast, neither the values of IOPg nor IOPcc were 
significantly different when measured one week or one month 
postoperatively (Table 3). 
In group 2 CH (t=5.92, P<0.05), and WS (t=3.96, P<0.05) 
were significantly lowered one week after cataract surgery 
(Table 4). Moreover, we observed a significant decrease 
in IOPg (t=2.24, P<0.05), CRF (t=5.05, P<0.05) and CH 
(t=2.31, P<0.05) one month after phacoemulsification. 
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IOPcc did not differ when assessed one week and one month 
postoperatively (P>0.05; Table 4).
There was no statistically significant difference in  AXL (t=-0.83, 
P=0.41) between group 2 and group 1 (Table 5). In each group, 
mean AXL did not correlate with corneal astigmatism, IOPg, 
IOPcc, CH, CRF and WS (P>0.05) before and after cataract 
surgery. 
In group 2, corneal astigmatism of +1.0≤K2-K1≤+2.25 D 
correlated positively with preoperative IOPg (r2=0.14, P<0.05) 
and IOPcc (r2=0.18, P<0.05). In contrast, in group 1 the 
significant correlation between corneal astigmatism of K2-

Table 1 Characteristics of parameters measured preoperatively, 
1wk and 1mo postoperatively in groups 1 and 2    mean±SD (mm Hg)

Parameters Measurement time Group 1 Group 2

IOPg Preoperatively 15.20±4.52 15.65±4.19

1wk postoperatively 15.38±4.64 16.15±5.33

1mo postoperatively 14.42±4.21 13.72±3.51

IOPcc Preoperatively 15.70±4.78 15.89±4.44

1wk postoperatively 15.89±4.95 17.28±5.53

1mo postoperatively 15.37±4.05 14.60±3.58

CRF Preoperatively 10.25±1.55 10.28±1.81

1wk postoperatively 9.50±1.96 9.92±2.46

1mo postoperatively 9.27±1.83 9.25±1.80

CH Preoperatively 11.03±1.47 11.05±1.86

1wk postoperatively 10.07±2.18 9.28±2.29

1mo postoperatively 10.89±1.81 10.45±1.81

WS Preoperatively 7.52±1.30 7.71±1.03

1wk postoperatively 6.43±1.37 6.42±1.59

1mo postoperatively 7.63±1.16 7.53±1.30

Group 1: Patients with corneal astigmatism <+1.0 D; Group 
2: Patients with corneal astigmatism ≥+1.0 D and ≤+2.25 D; 
IOPg: Goldmann correlated intraocular pressure; IOPcc: Corneal 
compensated intraocular pressure; CRF: Corneal resistance factor; 
CH: Corneal hysteresis; WS: Waveform score. Surgical procedure: 
Coaxial micro-incision phacoemulsification with implantation of 
foldable IOL into the posterior capsule. 

Table 2 Differences between groups 2 and 1 preoperatively, 1wk 
and 1mo postoperatively

Parameters Statistical 
parameter

Differences between groups 2 and 1

Preoperatively 1wk 
postoperatively

1mo
postoperatively

IOPg t -0.10 1.13 -0.80

P 0.7900 0.2632 0.4256

IOPcc t -0.24 -1.01 -0.60

P 0.8095 0.3148 0.5513

CRF t -0.10 0.78 -0.40

P 0.9181 0.4385 0.6890

CH t -0.21 -1.66 -0.79

P 0.8334 0.0996 0.0768

WS t 1.02 0.27 -0.66

P 0.3111 0.7847 0.5079

Group 1: Patients with corneal astigmatism <+1.0 D; Group 2: 
Patients with corneal astigmatism ≥+1.0 D and ≤+2.25 D; t: The 
calculated difference between groups 2 and 1 represented in units 
of standard error; P: Error of probability (statistically significant 
when P<0.05); IOPg: Goldmann correlated intraocular pressure; 
IOPcc: Corneal compensated intraocular pressure; CRF: Corneal 
resistance factor; CH: Corneal hysteresis; WS: Waveform score. 
Surgical procedure: Coaxial micro-incision phacoemulsification with 
implantation of foldable IOLs into the posterior capsule.

Table 4 Differences between parameters measured preoperatively 
vs 1wk and 1mo postoperatively in group 2

Parameters
Preoperatively vs 

1wk postoperatively
Preoperatively vs 

1mo postoperatively
t P t P

IOPg -0.55 0.5800 2.24 0.0300

IOPcc -1.27 0.2110 1.48 0.1468

CRF 1.28 0.2082 5.05 0.00001

CH 5.92 0.000001 2.31 0.0261

WS 3.96 0.0003 0.77 0.4432

Group 1: Patients with corneal astigmatism <1.0 D; Group 2: Patients 
with corneal astigmatism >1.0 D and <2.25 D; t: The calculated 
difference represented in units of standard error; P: Error of 
probability (statistically significant when P<0.05); IOPg: Goldmann 
correlated intraocular pressure; IOPcc: Corneal compensated 
intraocular pressure; CRF: Corneal resistance factor; CH: Corneal 
hysteresis; WS: Waveform score. Surgical procedure: Coaxial micro-
incision phacoemulsification with implantation of foldable  IOLs into 
the posterior capsule.

Table 3 Differences between parameters measured preoperatively 
vs 1wk and 1mo postoperatively in group 1

Parameters
Preoperatively vs 

1wk postoperatively
Preoperatively vs 

1mo postoperatively
t P t P

IOPg 0.05 0.9603 1.78 0.0821

IOPcc -0.18 0.86 0.66 0.5107

CRF 2.68 0.0105 3.61 0.0008

CH 2.64 0.0119 0.66 0.5099

WS 3.51 0.0010 -0.38 0.7086

Group 1: Patients with corneal astigmatism <1.0 D; Group 2: Patients 
with corneal astigmatism >1.0 D and <2.25 D; t: The calculated 
difference represented in units of standard error; P: Error of 
probability (statistically significant when P<0.05); IOPg: Goldmann 
correlated intraocular pressure; IOPcc: Corneal compensated 
intraocular pressure; CRF: Corneal resistance factor; CH: Corneal 
hysteresis; WS: Waveform score. Surgical procedure: Coaxial micro-
incision phacoemulsification with implantation of foldable IOLs into 
the posterior capsule.
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K1<+1.0 D and IOPg (r2=0.03, P>0.05) or IOPcc (r2=0.02, 
P>0.05) was not observed (Table 6).
DISCUSSION
Cataract surgery may be the cause of early postoperative 
complications affecting the ocular surface as: corneal 
oedema, loss of corneal endothelial cells and following 
corneal decompensation, erosion, irritation of conjunctiva 
and symptoms of dry eye syndrome[22]. These factors may, in 
turn, affect the parameters of corneal biomechanics, causing 
significant decrease in CH (group 1, t=2.64, P<0.05; group 2, 
t=5.72, P<0.05) and CRF (group 1, t=2.68, P<0.05) within 
the first postoperative week, as presented in our results (Tables 
3 and 4).  Moreover, in our study CRF remained lowered 
throughout the first postoperative month in patients with 
corneal astigmatism of +1.0≤K2-K1≤+2.25 D (group 2). This 
outcome disagree with the findings of Kamiya et al[4], where 
CH and CRF were decreased only on the first postoperative 
day then recovered to preoperative values within one week 
after cataract surgery. 
Due to the early postsurgical complications and healing process 
of the cornea, the quality of measurement may be significantly 
decreased. Also in our study there was the significant decrease 
in WS (group 1, t=3.51, P<0.05; group 2, t=3.96, P<0.05) 
within the first postsurgical week. WS returned to the 
preoperative level after the period of 1mo postoperatively in 
group 1 (t=-0.38, P>0.05) and in group 2 (t=0.77, P>0.05; 
Tables 3 and 4).
There was no statistically significant difference in AXL 
between group 2 and group 1 (Table 5). In each study group, 
mean AXL did not correlate with corneal astigmatism, IOPg, 
IOPcc, CH, CRF and WS (P>0.05) before and at any point of 
time after cataract surgery. 
Corneal astigmatism of +1.0≤K2-K1≤+2.25 D (group 2) 
correlated positively with preoperative IOPg (r2=0.14, P<0.05) 
and IOPcc (r2=0.18, P<0.05). In contrast, the significant 
correlation between corneal astigmatism of K2-K1<+1.0 D 
(group 1) and IOPg (r2=0.03, P>0.05) or IOPcc (r2=0.02, 
P>0.05) was not observed preoperatively. These results 
suggest that corneal astigmatism may affect IOP values when 
measured prior to the cataract surgery. 
IOPg and IOPcc measured in group 1 (K1-K2<+1.0 D) did 
not differ from preoperative values and remained relatively 
constant, when measured at 1wk and 1mo postoperatively 
(Table 3). 
Similarly, in group 2 (+1.0≤K2-K1≤+2.25), there was no 
significant change in IOPcc following cataract surgery (Table 4). 
It is well known that IOPcc is less affected by central corneal 
thickness and corneal properties of the cornea (CH, CRF), 
thus it remains unchanged following surgical procedures 
on the anterior segment of the eye[23-25]. In turn, IOPg was 

significantly lower in group 2, when measured one month after 
phacoemulsification. Conclusively, instability of CH, CRF and 
IOPg in eyes with corneal astigmatism at the level of +1.0≤K2-
K1≤+2.25 (group 2) may lead to underestimation of the real 
IOP postoperatively. Heinrich et al[7], compared GAT and 
dynamic contour tonometry (DCT) before and after cataract 
surgery. The authors reported that GAT IOP in pseudophakic 
eyes was improperly low when compared with DCT outcomes, 
and thus should be precisely monitored for development of 
glaucoma[7]. In our study, IOPg corresponds to GAT IOP, 
and IOPcc to DCT IOP. Our results agree with the results of 
Heinrich et al[7], showing that the objective cause of lower 
postoperative GAT IOP (IOPg) or dynamic contour tonometry 
(DCT) IOP (IOPcc) should be explored. Based on our results, 
it is clearly observed that preoperative corneal astigmatism in 
the range of +1.0 D to +2.25 D may be the reason for lowered 

Table 5 Differences of AXL between groups 1 and 2         mean±SD

Groups AXL t P

1 23.28±1.07
-0.83 0.4085

2 23.03±1.84

AXL: Axial length; Group 1: Patients with corneal astigmatism <1.0 D; 
Group 2: Patients with corneal astigmatism >1.0 D and <2.25 D; t: 
The calculated difference represented in units of standard error; P: 
Error of probability (statistically significant when P<0.05).

Table 6 Correlations between corneal astigmatism and IOPg, 
IOPcc, CH, CRH and WS in groups 1 and 2 

Groups
Preoperatively Postoperatively 1 Postoperatively 2

r2 P r2 P r2 P

1

  IOPg 0.0310 0.271 0.0233 0.341 0.0083 0.571

  IOPcc 0.0182 0.314 0.0084 0.568 0.0061 0.626

  CRF 0.0260 0.314 0.0247 0.326 0.0160 0.43

  CH 0.0036 0.71 0.0062 0.626 0.0024 0.763

  WS 0.0149 0.447 0.2228 0.769 0.0171 0.416

2

  IOPg 0.1377 0.018 0.0016 0.805 0.0016 0.807

  IOPcc 0.1799 0.006 0.0108 0.522 0.0016 0.808

  CRF 0.0118 0.258 0.0090 0.561 0.0556 0.143

  CH 0.0118 0.504 0.0121 0.499 0.0196 0.389

  WS 0.0795 0.078 0.0500 0.166 0.0001 0.95

Group 1: Patients with corneal astigmatism <1.0 D; Group 2: Patients 
with corneal astigmatism >1.0 D and <2.25 D; r2: Correlation 
coefficient; P: Error of probability (statistically significant when 
P<0.05); IOPg: Goldmann correlated intraocular pressure; IOPcc: 
Corneal compensated intraocular pressure; CRF: Corneal resistance 
factor; CH: Corneal hysteresis; WS: Waveform score. Surgical 
procedure: Coaxial micro-incision phacoemulsification with 
implantation of  foldable IOLs into the posterior capsule.

Astigmatism and corneal biomechanics after phaco
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IOP measured one month postoperatively. It is therefore 
necessary, to precisely monitor IOP in these patients and 
remain suspicious, especially when diagnosing low-tension or 
normal-tension glaucoma.
In conclusion, in short-term follow up of one month 
postoperatively, we observed significantly reduced CRF, CH 
and IOPg, in patients with preoperative corneal astigmatism 
equal or higher than +1.0 D and lower than +2.25 D. Hence, 
bias of IOPg measurement in patients with preoperative 
corneal astigmatism equal or higher than +1.0 D and lower 
than +2.25 D may cause underestimation of the real IOP both 
before and after cataract surgery. The measurement of IOPcc 
allows the precise assessment of IOP pre- and postoperatively, 
independently on corneal astigmatism, CH and CRF values.
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