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Abstract

Purpose

To determine the relationship between the external limbal location, represented by white-to-

white (WTW) distance, and the actual angle location, represented by spur-to-spur (STS)

and angle-to-angle (ATA) distances.

Methods

166 eyes from 166 participants were imaged using CASIA2 anterior chamber optical coher-

ence tomography (AS-OCT) and LenStar LS 900 optical biometer. The horizontal ATA and

STS were measured using the swept-source Fourier-domain AS-OCT (CASIA2). The hori-

zontal WTW was automatically measured using LenStar. The displacement lengths (DL)

between WTW-STS and WTW-ATA were calculated. Bland-Altman plots and intraclass cor-

relation were performed.

Results

The study showed that WTW has a positive correlation with STS (ICC = 0.82, p<0.001) and

ATA (ICC = 0.82, p<0.001). The Bland-Altman analysis demonstrated that the mean differ-

ence of WTW-STS is 0.10 mm (95% CI 0.06 to 0.14 mm) with limits of agreement of -0.42 to

0.63 mm between WTW and STS, and the mean difference of WTW-ATA is 0.10 mm (95%

CI 0.06 to 0.15 mm) with limits of agreement of -0.48 to 0.64 mm between WTW and ATA.

Linear regression with adjustment showed that a WTW value greater than 12.07 mm is

associated with a greater DL (WTW-STS DL ß 0.18, p = 0.003; WTW-ATA DL ß 0.14, p =

0.03).
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Conclusions

Greater WTW was significantly associated with higher displacement of WTW from the two

distances representing anterior chamber width. External limbal location may not accurately

represent the actual angle location in eyes with larger WTW.

Introduction

The external limbal location has served as a surrogate for the internal anterior chamber

angle. The limbus is an area where the cornea transitions to the sclera [1]. Surgically, the

anterior limbal line can be seen externally as the ridge where the conjunctiva inserts into

the corneal margin. The posterior border of the blue-grey zone of the surgical limbus corre-

sponds to Schwalbe’s line, which is directly adjacent to the anterior trabecular meshwork

(TM) [2]. A white-to-white (WTW) distance, defined as an external measurement of the

horizontal distance from limbus to limbus, is frequently used to estimate the anterior

chamber (AC) width.

In the clinical setting, the WTW value has been integrated into several ophthalmic practices

including calculation of the power of intraocular lens (IOL) implants [3–6], decisions on IOL

width in angle-supported anterior chamber IOL (ACIOL) placement [7], and selection of the

dimensions of a capsular tension ring [8].

Traditionally, the WTW distance is used to estimate the width of an angle to help decide

the haptic sizing for an angle-supported ACIOL. The ACIOL footplates should be placed

on the relatively inert scleral spur [7]. If the size of the ACIOL is too large, the lens could

compress and damage the structures within the angle recess including the iris root and TM

[9]. However, an underestimated ACIOL size may cause the lens to be mobile and injure

the corneal endothelium [10, 11]. It has been suggested by many studies that the spur-to-

spur (STS) distance can be approximated by adding a constant of 0.5 or 1 mm to the WTW

value [12–16].

Other ocular procedures also utilize the limbus as an anatomic reference position for the

scleral spur or the angle. Examples include the positioning of a scleral-fixated posterior cham-

ber IOL and the entry point for the vitrector, infusion port, and light source in pars plana vit-

rectomy. Recently, a new technique called direct selective laser trabeculoplasty (SLT) or trans-

scleral SLT has been proposed which acts by transmitting laser energy to the scleral tissue

immediately anterior to the TM. Using the perilimbal sclera as a landmark for the TM, this

new technique has demonstrated a promising reduction of intraocular pressure (IOP) in glau-

coma patients [17].

However, the external limbal anatomy may not always accurately represent the angle and

TM. The introduction of anterior segment optical coherence tomography (AS-OCT) devices

allows an actual assessment of angle structures including the angle recess and scleral spur.

Although TM is not consistently discernible with the currently available AS-OCT machines,

its posterior border, the scleral spur, is visible and can be practically used as a reference struc-

ture for the TM [18]. With the use of AS-OCT, an actual AC width can be measured as the STS

distance, a measurement from one scleral spur to the opposite scleral spur, and angle-to-angle

(ATA) distance, the length of the line joining both angle recesses.

This study aims to evaluate the relationship between the external limbal location, repre-

sented by WTW distance, and the actual angle location, represented by STS and ATA

distances.
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Materials and methods

The study adhered to the tenets of the Declaration of Helsinki for the use of human partici-

pants in research and was approved by the Institutional Review Board of the University of Cal-

ifornia, San Francisco. (IRB number 14–14328) The participants were recruited from

September 2016 until June 2017, and all participants had provided signed informed consent

prior to the research.

Subjects

For this study, all individuals were enrolled from general ophthalmology and glaucoma clinics

at the University of California, San Francisco. To be included, participants had to be 20 years

or older and have no previous intraocular surgery or laser procedures. Moreover, participants

who had any corneal or conjunctival abnormalities impeding proper evaluation of the AC by

AS-OCT, active ocular infection, or inability to perform the test were excluded. If both eyes

were eligible, one eye was randomly selected for the study.

The same experienced examiner was responsible for slit-lamp examination, gonioscopy,

and Goldmann applanation tonometry for all participants. Shaffer angle grading of less than 2

for 180 degrees or greater was deemed as closed-angle, and eyes not meeting this criterion and

without peripheral anterior synechiae were regarded as open-angle.

All the participants underwent LenStar and CASIA2 scans during the same visit. It is worth

noting that all the scans were also done by a single experienced technician (AN). To prevent

illumination-dependent or time-differences in ocular anatomy, the sequence of the devices

used was selected at random.

LenStar image acquisition

LenStar (LenStar LS-900, Haag-Streit AG, Koniz, Switzerland) scans were taken following the

manufacturer’s instructions. Scans were all completed in a dimly lighted room without any

mydriatics. All participants placed their forehead and chin on the headrest and chinrest,

respectively. It was ensured that the side mark on the headrest bar lined up with the lateral can-

thus. During the scans, the participants kept both of their eyes open and quickly blinked when

asked; the measurements were taken right after each blinking. Moreover, participants stayed

positioned throughout the repeated measurements.

Using the installed proprietary software (version 2.12), the LenStar automatically calculated

the WTW distance by placing the most appropriate circle on the edge of the iris, in order to

approximate the best fit to the horizontal limbus [19]. Additionally, to make sure that the mea-

surement was taken on the visual axis, the participants were required to fixate on an internal

fixation light. Following the correction of the participant’s position, five scans were done in

succession and the average result was obtained for the WTW distance. Throughout the acqui-

sition process, the operator assessed that the scans were all in focus and centrally aligned for all

participants.

CASIA2 image acquisition

For CASIA2 (Tomey Corporation, Nagoya, Japan) acquisition, the angle analysis mode was

used. This mode comprised 16 consecutive meridional scans (800 A-scans per line). The scan

was carried out using the auto-alignment function.

CASIA2 was done following five minutes of dark adaptation (<1 lux illumination at the

imaging plane). Additionally, the participants’ eyelids were held open gently against the orbital

rim, to avoid pressure to the globe, by an assistant. A live preview was also used to check for

PLOS ONE Anterior chamber width and white-to-white distance

PLOS ONE | https://doi.org/10.1371/journal.pone.0251990 May 20, 2021 3 / 13

https://doi.org/10.1371/journal.pone.0251990


any angle deformation in real-time. A full 360-degree angle was inspected and if deformation

was noted a subsequent repeat imaging was done up to three times. The subject was excluded

if three of the repeats still demonstrate deformation of the angle. Throughout the acquisition

process, the operator assessed each image for its quality. This included checking for clear visu-

alization of the scleral spur and angle recess area and ensuring that there is no shadow or

motion artifact. For the analysis, only the images with horizontal (180-degree) alignment were

used, and any horizontal image with poor visualisation of the scleral spurs and angle areas

were excluded.

Image analysis

For each participant, only the qualifying image from each machine was used for analysis. Only

one fellowship-trained grader (SC) was responsible for all of the image analysis. The grader

was blinded to the clinical and gonioscopic findings. The image analysis for each machine was

done separately and the image order was selected randomly to avoid potential association with

images with other devices.

LenStar is an optical biometer that is able to evaluate different ocular parameters in a single

procedure. It utilizes a 950-nm LED and high-resolution color photography to automatically

measure the WTW distance [20]. The STS and ATA distances were obtained by a built-in 2D

Analysis program in CASIA2 which allows the measurements, structural outlines, and refer-

ence lines to be automatically calculated. While the CASIA2 is pre-programmed for 2D Analy-

sis to delineate the temporal and nasal scleral spurs, to ensure the correct grading a single

grader (SC) manually reviewed and re-adjusted the scleral spur marks if indicated. Similarly,

to ensure precision, the grader also reviewed the automatically produced reference lines and

image outlines from the program and if required the outline tracer was adjusted.

The following criteria were used to define scleral spur position: (1) the interface line

between the less reflective ciliary muscle and sclera intersects with the inner corneal margin

[21], (2) where there is an alteration to the curvature in the corneoscleral-aqueous interface

[22], and (3) the apex of an internal projection of the inner margin of the cornea and TM.

The displacement lengths (DL) were then calculated using WTW distance minus STS dis-

tance for the WTW-STS DL distance, and WTW distance minus ATA distance for the

WTW-ATA DL (Fig 1).

Statistical analysis

All the measurements are shown as the mean and standard deviation. Intraclass correlation

coefficients (ICC) for two-way mixed-effects model and Bland-Altman plots with trend were

used to access the agreement between WTW versus STS distance, and WTW versus ATA dis-

tance. The WTW was then divided into quartiles and treated as predictors in a multivariable

Fig 1. Image of anterior chamber in horizontal meridian using CASIA2 anterior segment optical coherence

tomography. DL1 is the displacement lengths of white-to-white distance minus scleral spur-to-scleral spur distance.

DL2 is the displacement lengths of white-to-white distance minus angle-to-angle distance.

https://doi.org/10.1371/journal.pone.0251990.g001
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linear regression for both DL outcomes with an adjustment for possible confounding variable

including age, gender, angle status and axial length. Statistical analysis was performed using

Stata (Stata/MP 13.0, College Station, TX). A P value of less than 0.05 was considered statisti-

cally significant.

Results

This study included 166 eyes of 166 participants. From this cohort, we were able to measure

three separate but related values for each subject. The mean age was 66.5 years (range 41–93,

SD 10.5). This population was comprised of 67 males (40%) and 99 females (60%). Table 1

shows the clinical characteristics of the participants. The average (SD) of WTW, STS, and

ATA were 11.8 (0.4), 11.7 (0.4), and 11.7 (0.4), respectively. WTW showed significant positive

correlation with STS (ICC = 0.82, p<0.001, 95% CI 0.76 to 0.86) and ATA (ICC = 0.82,

p<0.001, 95% CI 0.76 to 0.86) (Figs 2 and 3).

The Bland-Altman analysis revealed a mean difference (WTW-STS) of 0.10 mm (95% CI

0.06 to 0.14 mm) with limits of agreement (LOAs) of -0.42 to 0.63 mm between WTW and

STS, and a mean difference (WTW-ATA) of 0.10 mm (95% CI 0.06 to 0.15 mm) with LOAsof

-0.48 to 0.64 mm between WTW and ATA. Figs 4 and 5 showed Bland-Altman plots adjusted

for trend. The plots revealed that the DLs became wider as the measurement values increased.

A total of 156/166 (94%) had the WTW-ATA DL and 160/166 (96%) WTW-STS DL of less

than 0.5 mm.

The WTW distance was divided into four categories by quartile. The DLs of each category

are shown in Table 2. Linear regression with adjustment for age, gender, angle status and axial

length showed that the 4th quartile WTW (WTW > 12.07 mm) was significantly associated

with greater DLs (WTW-STS DL ß 0.175, p = 0.003; WTW-ATA DL ß 0.139, p = 0.028).

Table 1. Clinical characteristics.

Characteristics N = 166

Age (year) 66.5 (10.5)

Gender

• Male 67 (40%)

• Female 99 (60%)

Ethnic Group

• Caucasian 54 (32%)

• Asian 81 (49%)

• African American 21 (13%)

• Hispanic 8 (5%)

• Native American 2 (1%)

Angle status

• Open 119 (72%)

• Closed 47 (28%)

Laterality

• Right 90 (54%)

• Left 76 (46%)

Axial length (mm) 24.15 (2.0)

Mean (SD) or n (%).

https://doi.org/10.1371/journal.pone.0251990.t001
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Discussion

This study analyzed the relationship between the WTW distance and the location of the AC

angle, which was represented by STS and ATA. The result demonstrated a significant correla-

tion between WTW and the STS and ATA distances. Additionally, the results suggested that

the WTW distance with a greater value has a larger dissociation between WTW and STS. This

is especially true for the WTW distance within the 4th quartile, where the WTW is greater

than 12.07 mm.

Our results are in agreement with many studies that have also shown significant correla-

tions between WTW, STS and ATA distance in a horizontal meridian [23–25]. In contrast, in

a study conducted by Pinero et al. [14], where the WTW was measured with corneal topogra-

phy and ATA by an OCT, a poor correlation between ATA and WTW was found. However,

these previous studies used different imaging techniques to evaluate the various parameters. It

has been suggested that the difference in the studies that measured horizontal WTW could be

because of the use of manual or automatic measurements [14]. It is intrinsically difficult to pre-

cisely determine the point where the cornea finishes, and the sclera begins.

The Bland–Altman plots between WTW–STS and WTW–ATA showed minor differences.

The results suggest that the ACIOL size should be based on the WTW distance without adjust-

ment rather than the conventional method of adding 0.5 to 1 mm to the WTW value. In line

with our findings, the study from Bruner et al. reported that adding a small constant to the

Fig 2. Scatter plot of spur-to-spur distance with respect to white-to-white distance. ICC, intraclass correlation coefficient; dashed line indicates the

equality line.

https://doi.org/10.1371/journal.pone.0251990.g002
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horizontal WTW distance could make the value of STS higher than it really is [7]. Moreover,

the difference of less than 0.5 mm does not affect the ACIOL selection because the available

sizes usually increase in steps of 0.5 mm [7]. Our study found that 96% of the subjects had a

DL of less than 0.5 mm. It should be noted that our results may only be applicable to the hori-

zontal ACIOL placement.

In cataract surgery, the accuracy of IOL calculation theoretically depends on the precision

of predictive effective lens position which is currently estimated by IOL formulas utilizing sev-

eral biometric parameters including WTW. For example, WTW is one of the parameters that

the Holladay 2 formula uses to estimate postoperative anterior chamber depth [3]. However,

our findings suggested that the internal ocular dimension was not always accurately repre-

sented by WTW as the WTW-STS and WTW-ATA displacements became wider in the larger

WTW eyes. The role of STS and ATA in comparison to WTW in IOL calculation warrants fur-

ther studies.

An investigational direct SLT utilizes external limbal location as a landmark for the laser

application. This new technique offers considerable clinical potential. Not only does it provide

the possible benefits of conventional SLT in terms of IOP reduction and cost-effectiveness

[26], but it also possesses other advantages such as being a non-contact procedure. A study by

Fig 3. Scatter plot of angle-to-angle distance with respect to white-to-white distance. ICC, intraclass correlation coefficient; dashed line indicates the equality line.

https://doi.org/10.1371/journal.pone.0251990.g003
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Geffen et al. [17], which compared the effectiveness of direct SLT against the standard SLT,

demonstrated that the average IOP reduction after 6 months in the study and control groups

were 23.4% and 27.1% respectively. After a year of follow-up, the study concluded that a new

direct SLT could be as effective as conventional SLT treatment [17]. The recent global pan-

demic has caused concerns regarding the transmission of infection during procedures. As

direct SLT is a contactless procedure, this technique could help to ameliorate the risk of infec-

tion being transmitted between the patients. Since the visualisation of the angle is not needed

in direct SLT, it also has the potential to be used in narrow-angle eyes as well [27]. The ability

to more precisely target and localize the structures for treatment—in this case, the TM—even

using external landmarks such as the limbus can perhaps further enhance the effectiveness of

this novel delivery of SLT therapy.

Although overall, there were positive correlations between the WTW and AC widths; the

use of WTW distance to locate TM would demand a greater precision. This new direct SLT

Fig 4. Bland-Altman plots with trend for WTW-STS and average of WTW and STS. WTW value of equal to or less than 11.55 mm is a first quartile, value of 11.55 to

11.75 mm represents the second quartile, value of 11.76 to 12.07 mm represents the third quartile, and value of greater than 12.07 mm is a fourth quartile. WTW white-to-

white distance; STS spur-to-spur distance.

https://doi.org/10.1371/journal.pone.0251990.g004
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technique applies the laser over the external limbal border because it was approximated that

the TM is located underneath the border [17]. Our study supports the use of this laser land-

mark in eyes with small WTW value (< 11.55 mm) because we found that only a small dis-

placement of 0.02 mm occurs between WTW and STS, which equates to 0.01 mm on each side

of the angle. Studies have shown that the TM is located anterior to the scleral spur and has

approximately 500 to 700 μm in length [28, 29]. This makes an external limbal location an

acceptable landmark for a laser spot with 0.4-mm in diameter to be delivered to the TM in

patients with a small WTW value. However, our results indicate that this may not always be

true in patients with a higher WTW value, especially when the WTW is greater than 12.07

mm. In normal-to-large WTW patients, because of the greater WTW-STS DL, the laser spot

may not be placed right above the TM, but instead only the posterior part of the TM. For

example, the average WTW-STS DL in eyes with WTW > 12.07 mm is 0.24 mm which equate

to 0.12 mm on each side of the angle. Applying the 0.4-mm diameter laser over the external

limbal border would approximately cover 0.08 mm of the posterior TM, which is only about

Fig 5. Bland-Altman plots with trend for WTW-ATA and average of WTW and ATA. WTW value of equal to or less than 11.55 mm is a first quartile, value of 11.55

to 11.75 mm represents the second quartile, value of 11.76 to 12.07 mm represents the third quartile, and value of greater than 12.07 mm is a fourth quartile. WTW

white-to-white distance; ATA angle-to-angle distance.

https://doi.org/10.1371/journal.pone.0251990.g005
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one-tenth of the total TM length. This inaccurate estimation of the TM location could lead to

SLT laser being applied only to a small area of TM which would deliver a less effective

treatment.

One of the strengths of this study is that a single technician and image assessor were used to

operate the machines and examine the images taken, respectively. This would help to reduce

the variability of the image acquisition and the parameter being measured. Compared to the

previous studies we also used a relatively newer device to measure different parameters, which

may deliver more accurate findings. For instance, the CASIA2 has a higher resolution relative

to the widely used previous model CASIA SS1000. Our study also separated patients into dif-

ferent quartiles so that it is more applicable to the clinical practice. We also have a greater

number of subjects (166 eyes) than other previous studies (no more than 100 eyes).

This study has potential limitations. First of all, our study looked at the parameters only in

the horizontal meridian; however, the relationship between limbal location and the angle

structures are likely varied in different meridians. Future studies should be carried out to prop-

erly determine the correlation of WTW, STS and ATA in different axes. Secondly, we did not

perform the precision test in the study. The value of DLs was small and could potentially be

confounded by the devices’ variability. Nevertheless, prior studies reported good repeatability

with small coefficients of variation of 0.82% for STS and 0.44% for ATA measured by CASIA2,

and 0.10% for WTW measured by LenStar LS-900 [30–32]. In addition, Xu et al. reported the

LOAs of STS in their repeatability test was -0.24 to 0.16 mm and Saito et al. found the LOAs of

ATA was -0.16 to 0.18 mm [30, 32]. Our data found the mean DLs of both STS and ATA at the

4th quartile WTW were 0.24 mm. Using the same devices, the LOAs in previous reports were

equal to or smaller than the magnitude of the statistically significant DLs in our study. Third,

most of the subjects in our study have open-angle status, and there were 28% who had closed-

angle status. Another limitation of our study is that a large proportion of the patients were

Asian (49%). Comparing with the Montés-Micó et al. study [25], our mean horizontal STS val-

ues of 11.7 mm are slightly smaller than their results (STS of 11.9 mm). However, all of the sub-

jects in the Montés-Micó et al. study were female Caucasians [25]. As Asian eyes are found to

have smaller STS than Caucasians, the difference in ethnicity in our sample may have influ-

enced the results [33]. Considering this limitation, we feel that to gain a better understanding

Table 2. Displacement length for the four categories by white-to-white distance in quartile.

Displacement length Mean SD ß coeff. P value 95% CI

WTW-STS (mm) 0.10 0.26

▪ 1st quartile WTW < 11.55 mm 0.02 0.24 reference reference reference

▪ 2nd quartile WTW 11.55–11.75 mm 0.08 0.25 0.03 0.586 -0.08 to 0.14

▪ 3rd quartile WTW 11.76–12.07 mm 0.08 0.27 0.08 0.176 -0.03 to 0.19

▪ 4th quartile WTW > 12.07 mm 0.24 0.25 0.18 0.003 0.06 to 0.29

P for trend <0.001

WTW-ATA (mm) 0.10 0.27

▪ 1st quartile WTW < 11.55 mm 0.05 0.28 reference reference reference

▪ 2nd quartile WTW 11.55–11.75 mm 0.08 0.27 -0.002 0.996 -0.12 to 0.12

▪ 3rd quartile WTW 11.76–12.07 mm 0.05 0.26 0.02 0.789 -0.11 to 0.14

▪ 4th quartile WTW > 12.07 mm 0.24 0.22 0.14 0.028 0.02 to 0.26

P for trend 0.008

Adjustment for age, gender, angle status, and axial length; CI, confidence interval.

https://doi.org/10.1371/journal.pone.0251990.t002
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of the correlation between the distances it would be important for further studies with a bigger

sample size and different ethnic groups to be carried out.

In conclusion, the WTW distance has a positive correlation with STS and ATA. The DLs

became wider as the measurement values increased. Based on our data, we demonstrate that

the actual horizontal WTW value could be used to determine the size of an ACIOL without

having any adjustment. Our study also indicates that the perilimbal sclera may not be a good

estimator of scleral spur location for direct SLT, since it may require a more precise laser appli-

cation, especially for eyes with a larger WTW, for the greatest effectiveness.
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