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Abstract
Purpose Surgically induced astigmatism (SIA) has attracted much interest in recent times because changes in corneal
astigmatism can lead to decreased uncorrected visual acuity and patient discomfort. This study aimed to evaluate SIA and to
identify factors correlated therewith after trabeculectomy.
Methods We retrospectively reviewed medical charts of patients who were treated with trabeculectomy at 120° meridian
(superotemporal area on right eye and superonasal area on left eye) by the same surgeon. Preoperative keratometric data
were compared with data collected from 2 months to 12 months postoperatively. SIA was evaluated using Naeser’s polar
value analysis.
Results Using Naeser’s method, ΔKP(120) was calculated as 0.7 ± 0.7 (0.82@104°), which indicates a with-the-rule change.
After surgery, the combined mean polar values changed significantly (Hotelling T2= 22.47; p < 0.001). Multivariate analysis
of variance indicated that postoperative intraocular pressure and location of surgery were independent factors that were
significantly associated with SIA (p= 0.002 and 0.03, respectively).
Conclusions Trabeculectomy at the 120° meridian was not astigmatically neutral. In addition, the SIA after trabeculectomy
appears to be greater in eyes with low postoperative intraocular pressure and a superonasal surgical wound rather than a
superotemporal wound.

Introduction

Trabeculectomy remains one of the primary surgical options
for achieving target intraocular pressure (IOP) in patients
with glaucoma. As surgical techniques have developed
markedly over the past few decades, the goal of the trabe-
culectomy has expanded to include not only adequate
control of IOP, but successful visual rehabilitation of
patients. However, clinicians occasionally encounter cases
in which surgically induced corneal changes are more
substantial than expected and that impair visual outcomes

and patient satisfaction. Therefore, identification of factors
that may influence corneal astigmatic change after trabe-
culectomy is garnering increased attention.

Additionally, surgically induced astigmatism (SIA) after
cataract surgery has been extensively investigated. It is well
recognized that factors affecting SIA include the location [1,
2], width of the incision [3], and corneal biomedical prop-
erties, such as corneal hysteresis [4]. The amount of SIA
was shown to range from 0.09 to 1.92 diopters, according to
different incisions used for cataract surgery [2, 5, 6]. In
contrast, there have been few reports on SIA after trabe-
culectomy. Thus, the current study retrospectively evaluated
SIA after trabeculectomy and the related factors, using
vector analysis.

Methods

Study population

The research adhered to the tenets of the Declaration of
Helsinki, and the study was approved by the Institutional
Review Board of Severance Hospital.
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We retrospectively reviewed medical charts of open-
angle glaucoma patients who were treated with trabecu-
lectomy at the 120° meridian (the superotemporal area of
the right eye and the superonasal area of the left eye) by the
same surgeon (C.Y.K) in the Severance hospital (Seoul,
Korea), from January 2011 to December 2015. Eyes with
previous ocular surgery or less than 2 months of follow-up
data were excluded.

All patients underwent comprehensive ophthalmologic
examinations, including slit lamp examination, measurements
of IOP using Goldmann applanation tonometry, keratometry
using an autokeratometer (RK-3, Canon, Lake Success, NY),
and axial length using optical biometry (IOL Master, Carl
Zeiss Meditec, Jena, Germany). In addition, patient data on
demographics and clinical factors (follow-up period of post-
operative keratometry measurement, number of sutures on the
scleral flap, status of suture lysis or needling) were extracted
from medical records. Laser suture lysis was performed
within the second postoperative week before keratometry
measurement. Based on preoperative and postoperative ker-
atometric data from 2 months to 12 months after surgery, SIA
was evaluated using Naeser’s polar value analysis [7–9].

Naeser’s polar value analysis

Based on the polar value method [8], a net astigmatism with
a magnitude in diopters and direction in degrees is

converted to a pair of polar values in diopter units, separated
by an arc of 45° (KP(Φ), KP(Φ+ 45)). KP(Φ) is defined as
the difference between the meridional power along Φ and
its orthogonal meridian (Φ+ 90), and indicates the net
refractive power acting along the plane Φ. Similarly, KP(Φ
+ 45) is the difference between the powers of the oblique
meridians (Φ+ 45) and its orthogonal meridian (Φ−45) and
indicates the power twisting the astigmatic direction toward
the plane through either (Φ+ 45) or (Φ−45), in other
words, the net torsional power over Φ. In addition, SIA,
expressed as polar values (ΔKP(Φ), ΔKP(Φ+ 45)), is the
difference between the postoperative and the preoperative
polar values. Because the trabeculectomy was performed at
the 120° meridian in this study, we obtained KP(120) and
KP(165). Herein, a positive ΔKP(120) indicates a surgically
induced steepening (with-the-wound change), and a nega-
tive ΔKP(120) indicates a surgically induced flattening of
the surgical meridian (against-the-wound change). A posi-
tive ΔKP(165) represents a counter-clockwise torque, while
a negative ΔKP(165) indicates a clockwise torque.

Surgical techniques of trabeculectomy and
postoperative managements

All patients underwent a partial thickness trabeculectomy,
with application of intraoperative mitomycin-C. After a
limbal-based conjunctival flap was made, a 4 × 3-mm-sized
rectangular scleral flap was created at the 120° meridian
(superotemporal area of the right eye and the superonasal
area of the left eye). Subsequently, a sponge soaked in
0.04% mitomycin-C was placed in the subconjunctival
space for 3 min. Following vigorous irrigation, using
balanced salt solution, of the area exposed to mitomycin-C,
trabeculectomy and peripheral iridectomy were performed.
The scleral flap was closed with several interrupted 10-0
nylon sutures. After gauging the proper flow through the
filter site, the number of sutures was adjusted as necessary.
Then, the conjunctival flap was sutured continuously with
7-0 Vicryl (Ethicon Inc., Somerville, NJ). Laser suture lysis
or bleb needling were considered in cases with poor post-
operative IOP control.

Statistical analysis

Descriptive statistics for all demographic and clinical vari-
ables were calculated. Continuous variables were expressed
as mean ± standard deviation values or median values
(interquartile range), whereas categorical variables were
expressed as absolute and relative frequencies. To compare
the preoperative and the postoperative mean polar values, a
univariate analysis was performed with the paired t-test and
a bivariate analysis was performed with the Hotelling trace
test, as described previously [10]. Furthermore, to evaluate

Table 1 Patient demographics

All patients (N= 51)

Age (years) 48.0 ± 17.2

Male sex (%) 32 (62.7%)

Right eye (%) 25 (49.0%)

Preoperative IOP (mmHg) 22.0 (18.0; 31.0)

Postoperative IOP (mmHg) 10.0 (7.5; 14.0)

Follow-up period (months) 5.0 (3.0; 6.0)

Axial length (mm) 25.1 (23.6; 26.6)

Number of scleral suture 4.0 (3.0; 5.0)

Laser suture lysis (%)

0 22 (43.1%)

1 21 (41.2%)

2 5 (9.8%)

3 2 (3.9%)

4 1 (2.0%)

Number of needling (%)

0 43 (84.3%)

1 4 (7.8%)

2 2 (3.9%)

3 1 (2.0%)

4 1 (2.0%)

IOP intraocular pressure
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the effect of clinical factors on SIA, multivariate analysis of
variance (MANOVA) was conducted. The assumptions
(independence, normality, and homogeneity of variance of
the residuals) for MANOVA were tested and were met.
Statistical significance was set at p < 0.05. All statistical
analyses were performed using R software version 3.1.2 (R
Foundation, Vienna, Austria).

Results

Fifty-one eyes of 51 patients were included in the study.
Table 1 shows the clinical characteristics of the participants.
Their mean age was 48.0 ± 17.2 years and the median
follow-up period, the time at which postoperative kerato-
metry was performed, was 5 months. Twenty-five patients
underwent trabeculectomy at the superotemporal limbus of
the right eye, while others underwent the procedure at the
superonasal limbus of the left eye. There were 29 patients
(56.9%) who required laser suture lysis and eight patients
(15.7%) who needed needling to achieve the target IOP and

produce adequate blebs. The median preoperative and
postoperative IOPs were 22 mmHg and 10 mmHg,
respectively.

Table 2 shows the result of corneal polar value analysis.
The univariate analysis revealed that KP(120) increased and
KP(165) decreased significantly after surgery. That is, the
trabeculectomy induced a steepening and a clockwise tor-
sion along the surgical meridian. In bivariate analysis, the
combined mean polar values for SIA differed significantly
from zero (Hotelling T2= 22.472, p < 0.001), which indi-
cates that trabeculectomy was not astigmatically neutral. By
the conventional notation, the mean SIA was 0.82@104°.
Individual pairs of polar values and the 95% tolerance
ellipse for SIA are described in Fig. 1. Both a net increase in
KP(120) and a net decrease in KP(165) occurred in 29 eyes
(56.9%) after surgery.

Table 3 shows the clinical factors affecting the SIA after
trabeculectomy. To identify factors having a significant
independent effect, MANOVA was performed with only
factors of association that trended toward significance
(unadjusted p value < 0.1) included as independent vari-
ables. The MANOVA (both unadjusted and adjusted for age
and follow-up duration) revealed that the surgical site
(adjusted p= 0.03) and postoperative IOP (adjusted p=
0.002) had significant effects on the SIA. Together, these
factors explained 38.9% of the total variance in SIA (14.1%
for the surgical site and 24.8% for the postoperative IOP).
The individual vectors of SIA are presented in Fig. 2. We
found differences in the distribution of SIA vectors
according to the surgical site and postoperative IOP, using a
median split at 10 mmHg. The mean SIA values were
0.71@114° in the superotemporal group (25 eyes),
1.00@97° in the superonasal group (26 eyes), 1.22@102°
in the lower postoperative IOP group (29 eyes), and
0.33@115° in the higher postoperative IOP group (22 eyes).
Meanwhile, there were seven patients who showed the
magnitude of SIA greater than 2 diopters. Despite of small
number of patients, their mean age was younger (35.1 ±
14.9 years, p= 0.03 by Mann–Whitney U-test) and their
mean postoperative IOP was lower (7.3 ± 2.1 mmHg, p=
0.01 by Mann–Whitney U-test) than those of patients who
showed the magnitude of SIA less than 2 diopters (mean

Table 2 Polar value analysis

Mean keratometry (D) ± SD

Preoperative Postoperative Change p Valuea

KP(120) KP(165) KP(120) KP(165) ΔKP(120) ΔKP(165) p Valueb ΔKP(120) ΔKP(165)

Total (N= 51) 0.3 ± 0.6 −0.2 ± 0.7 1.0 ± 1.0 −0.6 ± 1.2 0.7 ± 0.7 −0.4 ± 0.9 <0.001 <0.001 0.001

Δ= change; KP= astigmatic polar value
a Univariate analysis for ΔKP(120) and ΔKP(165)
b Hotelling trace between preoperative and postoperative keratometry

Fig. 1 Bivariate analysis of surgical induced astigmatism. The asterisk
denotes the combined mean value of polar values and 95% bivariate
confidence ellipse is inserted. Δ= change; KP= astigmatic polar
value
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age of 50.1 ± 16.8 years and mean postoperative IOP of
12.0 ± 5.9 mmHg).

Discussion

The present study found that SIA changes (steepening and
clockwise torsion along the wound) were significant after

trabeculectomy, using Naeser’s polar value analysis. The
mean SIA was greater in eyes with lower postoperative IOP.
Moreover, the mean SIA was greater when the surgery was
performed on a superonasal quadrant rather than on a
superotemporal quadrant. To perform calculations of SIA,
net astigmatism must be converted to dioptric vectors. An
astigmatism is expressed as direction and magnitude. For
statistical analysis, these incommensurable entities must be
converted to polar values or similar entities [7]. Naeser
described the polar value method with a simplified mathe-
matics based on the sine-squared correlation [11]. Using
Naeser’s method, the 2 polar values may be analyzed
simultaneously with bivariate statistical methods, which is
superior to the univariate approach and yields an illustrative
graphical display [7]. In addition, by choosing the direction
of the surgical plane for Φ in KP(Φ), polar value analysis
may be applied on any type of refractive surgery to evaluate
the corneal flattening effect and net torsion of the incision
[8].

Several studies have focused on SIA after trabecu-
lectomy. Although the results from earlier studies vary in
terms of the number of patients, follow-up duration, and
surgical techniques used, most report a significant with-the-
rule astigmatism postoperatively [12–16]. Kook et al.
investigated corneal astigmatic changes after mitomycin-C
augmented trabeculectomy, using the Cravy method, and
found that a mean induced astigmatism of +1.23@90° at
3 months postoperatively decreased to +0.65@90° at
12 months [16]. We found that the magnitude of SIA was
comparable (0.82@104°) to those reported in the former

Table 3 Effect of clinical factors on surgically induced astigmatism
after trabeculectomy

Factors Unadjusted p
valuea

Adjusted p
valueb

Age (years) 0.09 0.19

Site (superotemporal/
superonasal)

0.03 0.03

Axial length (mm) 0.91

Follow-up period (months) 0.04 0.21

Preoperative IOP (mmHg) 0.28

Postoperative IOP (mmHg) <0.001 0.002

Number of scleral sutures 0.58

Number requiring laser
suture lysis

0.62

Number requiring needling 0.20

IOP intraocular pressure
a Multivariate analysis of variance with each factor entered as the one
independent variable
b Multivariate analysis of variance with factors of unadjusted p value
<0.1 included as independent variables

Fig. 2 Individual vectorial display of surgically induced astigmatism according to site (a) and postoperative intraocular pressure (b). IOP
intraocular pressure
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studies, although the time of postoperative keratometry
measurement was not equal, due to the retrospective nature
of the study. When considering the earlier studies defined
negligible corneal astigmatism as ≤0.5 diopters of difference
between the two principal meridians, the magnitude of
mean SIA (0.82 diopters) in this study could be presumed
clinically significant in the postoperative visual recovery
[17, 18].

Factors affecting corneal astigmatism after trabecu-
lectomy have been less investigated than those after cataract
surgery. However, Claridge et al. suggested that tissue
contraction due to the extensive scleral cauterization, a large
drainage bleb, and postoperative ptosis might contribute to
corneal astigmatic change [15]. In this study, postoperative
IOP and the surgical site (whether it was performed on a
superotemporal or superonasal quadrant) showed indepen-
dent effects on the SIA. A correlation between a lower
postoperative IOP and a greater with-the-rule change has
been demonstrated to be significant after 1 month, but to
disappear after 6 months, by other investigators [12]. This
association could be attributed to increased susceptibility to
deformation in eyes with lower IOP. An interesting finding
in the present study was that trabeculectomy on the super-
onasal quadrant led to greater SIA than that on the super-
otemporal quadrant. A similar situation has been reported in
the literature for post-cataract surgery [1, 19]. A possible
explanation is that the optical center of the cornea is located
more nasally and inferiorly to the geometric center and
therefore, a superonasal limbus is closer to the optical center
than a superotemporal limbus, and has a greater effect on
corneal curvature changes. Furthermore, a steeper angle of
approach over the nose to a superonasal meridian in the left
eye may lead to increased wound stress and higher SIA
[20]. On the other hand, the effect of laser suture lysis on
SIA was insignificant, consistent with the findings described
in previous studies [12, 21]. And we discovered neither the
number of scleral sutures nor needling influenced the SIA.
Hugkulstone et al. had also showed that there was no dif-
ference in with-the-rule change after trabeculectomy
between scleral flaps sutured with 2 or 5 stitches despite the
limitation of small number of patients and short follow-up
[13].

This study has several limitations. First, because of the
retrospective nature of the study, we were unable to perform
follow-up examination regularly and observe the changes of
SIA over time. However, we attempted to overcome such
shortcomings by confining the time of postoperative kera-
tometry measurement to between 2 months and 1 year after
surgery, and thus evaluated the SIA in the mid to late
postoperative period. Second, as all surgeries were per-
formed by a single experienced surgeon, one should take
into account the surgeon factor when applying the

outcomes. Nevertheless, the similar outcomes in terms of
the pattern and magnitude of SIA in this and earlier studies
lend credence to the findings of this study. Third, post-
operative care, such as needling and suture lysis, could not
be controlled, in that the surgeon determined the need for
these interventions to order to achieve the target IOP on
each occasion. Fourth, study population was relatively
young to be diagnosed with open angle glaucoma and
undergo trabeculectomy, which might limit the general-
ization of the results. As previous studies have shown, the
sclera becomes more rigid and noncompliant with age [22].
Therefore, the SIA after trabeculectomy in younger patients
might be greater and more affected by factors such as
postoperative IOP or surgical site in present study.

In summary, this study provides clinical data on the mid-
to long-term changes in corneal astigmatism after trabecu-
lectomy using vector analysis. SIA appears to be greater in
eyes with low postoperative IOP and using a superonasal
surgical approach. Based on our results, clinicians may
consider choosing a superotemporal rather than a super-
onasal wound for primary trabeculectomy, particularly in
eyes in which the preoperative corneal astigmatism is
negligible. Moreover, further studies are needed to identify
whether bleb configuration has any effect on the corneal
astigmatic change after trabeculectomy.

Summary

What was known before

● Trabeculectomy is a common surgical procedure for
glaucoma patients, but may induce a certain degree of
corneal astigmatic change that impairs visual outcomes.

What this study adds

● Trabeculectomy along the oblique meridian resulted in
significant steepening and clockwise torque along the
surgical meridian.

● With-the-rule change after trabeculectomy appears to be
greater in eyes with low postoperative IOP and using a
superonasal rather than a superotemporal surgical
approach.
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