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Abstract 

Purpose:  To assess the accuracy of biometric parameters measured by anterior segment optical coherence tomogra-
phy (AS-OCT) and partial coherence interferometry (PCI) in prediction of effective lens position (ELP) compared with 
previous formulas in PACG patients.

Methods:  121 PACG eyes were randomly divided into training set (85 eyes) and validation set (36 eyes) with same 
procedure including AS-OCT, PCI, phacoemulsification and IOL implantation surgery. Preoperative anterior chamber 
depth (pre-ACD), scleral spur depth (SSD), scleral spur width (SSW), lens vault (LV) and cornea thickness (CT) were 
measured from AS-OCT image. Axial length (AL) and corneal power (K) were measured by PCI. All the 7 parameters 
were analyzed by multiple linear regression in training set and a statistic regression formula was developed. In valida-
tion set, one-way ANOVA was applied to compare the new regression formula with Sanders-Retzlaff-Kraff theoretic 
(SRK/T), Holladay 1, Haigis, and a regression formula developed in previous study.

Results:  The coefficient of determination (R2) of different parameter combinations are 0.19 (pre-ACD, AL), 0.25 (AL, 
K) and 0.49 (SSD, AL, SSW) in training set. In validation set, the correlation between predicted and measured ELP are: 
new formula (R2 = 0.50, P = 0.9947) Holladay 1 (R2 = 0.12, P < 0.0001), SRK/T (R2 = 0.11, P < 0.0001) and Haigis (R2 = 0.06, 
P < 0.0001).

Conclusion:  Among 7 tested parameters, pre-ACD contribute little in ELP prediction. Formula consist of SSD, AL and 
SSW showed better accuracy than other formulas tested.

Keywords:  Primary angle closure Glaucoma, Anterior segment optical coherence tomography, Formula, Effective 
Lens position
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Introduction
Primary Angle Closure Glaucoma (PACG) is an disas-
trous eye disease, leading to permanent optic neuropa-
thy, visual field impairment and irreversible blindness in 

millions of people worldwide [1, 2]. PACG is the major 
form of glaucoma and the most important reason of 
bilateral blindness in Asia. Early diagnosis and early 
treatment are essential for PACG patients.

In recent years, lens extraction has been widely 
accepted as the preferred surgical treatment of PACG 
[3, 4]. With deeper postoperative anterior chamber and 
lower postoperative intraocular pressure (IOP), PACG 
patients could benefit from phacoemulsification and 
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intraocular lens (IOL) implantation [3, 5]. Moreover, 
clear-lens extraction has been proved effective to reduce 
the risk of acute angle closure [4]. With the development 
of surgical technique and IOL implantation, it is pos-
sible to introduce multifocal IOL (MIOL) into the treat-
ment for early-stage PACG. Lens extraction with MIOL 
implantation could not only eliminate the risk of acute 
angle closure, but also correct hypermetropia and pres-
byopia in Primary Angle Closure Suspect (PACS) and 
Primary Angle Closure (PAC) patients without manifest 
damage [4]. This treatment improves quality of life in 
early-stage PACG patients but require high accuracy of 
IOL calculation.

However, PACS, PAC and PACG patients have various 
anatomical crowding including short axial length (AL), 
disproportionally short anterior chamber, thick lens, 
small white-to-white distance, etc. [6]. As a result, using 
available IOL calculation formulas to predict postopera-
tive refractive error in PACG patients is inaccurate, even 
with the latest generation [6–10]. It is worth improving 
the accuracy of IOL power calculation in PACG patients.

The major factor which cause refractive prediction 
error in PACG is inaccurate prediction of effective lens 
position (ELP). ELP is an objective parameter directly 
relate to IOL calculation, despite IOL type, power and 
formula. Consequently, ELP is more reliable than postop-
erative refractory error to be predicted. The 3rd genera-
tion formulas use AL and corneal power (K) to increase 
the accuracy of ELP prediction [11–13]; while 4th gen-
eration formulas such as Haigis and Barrett Universal 
II use preoperative anterior chamber depth (ACD) and 
AL for ELP prediction [14]. Preoperative ACD signifi-
cantly increase the accuracy of ELP prediction in patients 
who have spacious anterior chamber. However, ante-
rior segment varies in anatomy due to individual differ-
ences among PACG patients, leaving postoperative ACD 
unpredictable [3]. Consequently, preoperative ACD may 
have less significance or even may be the source of biases 
deviation in PACGs.

Anterior Segment-Optical Coherence Tomography 
(AS-OCT) is an useful device to assess anterior segment. 
It could not only show the crowded condition of anterior 
chamber but also provide biometric parameter meas-
urement. Previous studies have reported that lens vault 
showed great correlation to postoperative refractory 
error in PAC and PACG patients [15]. Also, new formulas 
which combined partial coherence interferometry (PCI) 
with AS-OCT have reduced the prediction error of ELP 
in healthy eyes [16–19]. However, studies on PACG are 
few. It is promising to find a method to predict ELP more 
accurately with AS-OCT in PACG patients.

This study is aimed to develop a new formula for 
PACG patients; minimalize prediction error of ELP and 

therefore enable PACS and early-stage PAC patients to be 
implanted with multifocal IOL.

Methods
Patients
This is a retrospective case series research. Consecutive 
patients underwent phacoemulsification lens extraction 
and IOL implantation with or without goniosynechialy-
sis in ophthalmology department of Peking Union Medi-
cal College Hospital were enrolled from December 2013 
to August 2019. All surgery were finished by an experi-
enced surgeon (S.Zhang). The inclusion criteria were: 
(1) Patient had history of unilateral or bilateral, PAC or 
PACG, with ever elevated IOP (> 30 mmHg); (2) Gonio-
scope examination confirmed angle closure. Primary 
angle closure was defined as iridotrabecular contact, 
either appositional or synechial, of at least 180°on goni-
oscopy; (3) Patient’s IOP was controlled with or without 
medication (under 21 mmHg) when captured AS-OCT. 
The exclusion criteria were: (1) Secondary angle closure, 
such as glaucoma associated with lens dislocation; (2) 
Any kind of eye diseases which could affect the assess-
ment of anterior segment and axial length; (3) IOL was 
dislocated or not implanted in capsular bag; (4) Any 
postoperative complication such as fluid misdirection 
syndrome and uveal effusion syndrome; (5) The patient’s 
preoperative and postoperative data could not be com-
pletely retrieved.

This study was approved and supervised by the insti-
tutional review board of Peking Union Medical College 
Hospital in agreement on the declaration of Helsinki. All 
patients signed informed consent about medical analysis 
of image data.

Procedures
According to our workflow of PACG, patient once diag-
nosed with PAC and PACG subsequently underwent 
preoperative examinations, phacoemulsification and IOL 
implantation. Phacoemulsification was performed with a 
2.2-mm corneal incision and a three-part IOL (AF-1 YA-
60BB, Hoya Corp, Tokyo, Japan) was implanted in the bag 
under topical anesthesia. Goniosynechialysis was oper-
ated on patient who had peripheral anterior synechiae.

Examinations
Patients underwent slit lamp examination, gonioscopy, 
fundoscopy and IOL calculation at 1 week before surgery. 
IOL power was calculated by PCI (IOLMaster 500, ver-
sion 4.08, Carl Zeiss Meditec, Dublin, California, USA). 
Patients underwent examination at one room by one 
experienced technician (Y.Wu). AL and K were read from 
the examination result. AL reading was average of 10 
measures with good consistency.
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AS‑OCT data acquisition and processing
Patients underwent anterior segment assessment with 
AS-OCT (Visante, version 3.0.1.8, Carl Zeiss Meditec, 
Dublin, California, USA) at 1 week before the surgery and 
1 month after surgery. The examination was performed in 
a dark room (0 lx) by an experienced operator, who was 
masked to all clinical data. AS-OCT was captured by 
horizontal scan displaying nasal and temporal quadrants 
of angle with superluminescent diode 1310-nm light. 
Each scan was taken 3 times to take an average.

Images of these eyes were extracted for quantitative 
analysis. Preoperative ACD (pre-ACD), scleral spur dis-
tance (SSD), scleral spur width (SSW), lens vault (LV) 
and corneal thickness (CT) were read from preoperative 
AS-OCT image in every patient; IOL thickness, postop-
erative ACD (post-ACD) and ELP were read from post-
operative AS-OCT image by one doctor (Y.Wu).

AS-OCT parameters are defined as follows (Fig.  1): 
Pre-ACD is defined as the distance between posterior 
cornea surface and anterior lens surface in preoperative 
AS-OCT image; and post-ACD is defined as the same 
distance in postoperative AS-OCT image. SSW is defined 
as the horizontal scleral spur-to-spur distance; and SSD 
is defined as the perpendicular distance between the 
posterior corneal surface and a line drawn between the 
scleral spur on nasal and temporal sides of the horizon-
tal AS-OCT scans. CT is defined as cornea thickness 
measured at cornea vertex. LV is defined as the perpen-
dicular distance from anterior lens surface to SSW. ELP 
is defined as the distance from cornea vertex to IOL 
center. IOL Thickness is defined as the perpendicular dis-
tance from anterior IOL surface to posterior IOL surface. 
Angle Opening Distance (AOD) is defined as the distance 
between the point on internal cornea surface a certain 
length from scleral spur and the opposite point on iris. 

Fig. 1  Schematic diagram of the parameters used in the new formula pictured by AS-OCT, CT = corneal thickness; ELP = effective lens position; 
IOL = intraocular lens; LV = lens vault; post-ACD = postoperative anterior chamber depth; pre-ACD = preoperative anterior chamber depth; 
SSD = scleral spur distance; SSW = scleral spur width
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Scleral Spur Angle (SSA) is defined as the angle formed 
by trabecular meshwork and the line through scleral spur 
and the opposite point on iris. Trabecular Iris Space Area 
(TISA) is defined as the area surrounded by a line drawn 
from scleral spur to opposing iris, iris surface, AOD and 
inner corneoscleral wall.

Statistical analysis
All the eyes enrolled in this research were randomly 
divided into training set and validation set by a ratio of 
7:3 (Fig. 2). According to mathematical proof, a 7:3 split 
of training set and validation set is better than equal 
division in small sample set, giving consideration to 
both accuracy and confidence. Demographic data was 
analyzed through student t test and Fisher exact test to 
testify the random of group division. Seven parameters 
including pre-ACD, AL, CT, LV, K, SSD and SSW were 
analyzed to test the correlation with ELP.

In training set, 7 parameters (pre-ACD, AL, CT, LV, 
K, SSD, SSW) were evaluated by multiple linear regres-
sion, among which pre-ACD, CT, LV, SSD and SSW were 
measured by AS-OCT while AL and K were measured by 
PCI. Preoperative and postoperative data were analyzed 
separately in training and validation set by paired t test. A 
new IOL power calculation formula was developed from 
training set by multiple linear regression (stepwise).

The accuracy of ELP predicted by new formula was 
compared with 3rd generation formulas (Sanders-Ret-
zlaff-Kraff theoretic [SRK/T], Holladay 1), 4th generation 

formula (Haigis) and a statistical regression formula 
using AS-OCT and PCI parameters (marked as 2016 
formula) [16] . The predicted ELP was calculated respec-
tively in Holladay 1, SRK/T and Haigis formula, using the 
following constants: Holladay 1 Surgeon factor = 1.75; 
SRK/T A-constant = 118.9; Haigis a0 = 1.300, a1 = 0.400, 
a2 = 0.100. One-way ANOVA and Pearson correlation 
were used to analyze the difference of ELP prediction 
between different formulas.

All the statistical data were processed by IBM SPSS Sta-
tistics 25 (IBM Corp, Armonk, NY, USA). Figures were 
drawn by Prism 8 (GraphPad Software Inc., San Diego, 
California, USA).

Results
Baseline clinical characteristics
From December 2013 to August 2019, 152 eyes have been 
diagnosed as PAC or PACG at Peking Union Medical 
College Hospital. Phacoemulsification and IOL implanta-
tion were done by one surgeon (S.Zhang). No intra-oper-
ation complication happened. Eight eyes were excluded 
because of fluid misdirection syndrome after surgery. 
Twenty-three eyes were excluded because of incom-
plete data. One hundred twenty-one eyes with complete 
data and clearly recognized AS-OCT image could be 
retrieved, including 55 patients with unilateral eye and 33 
patients with bilateral eyes (Fig. 2). All the 121 eyes were 
randomly divided into training set (85 eyes, among which 
40 single eyes) and validation set (36 eyes, among which 
15 single eyes). All patients enrolled are Chinese.

Biometric parameters in training set and validation set
Biometric parameters are measured and analyzed in 
training set and validation set separately. Demographic 
data and main measurement outcome in two sets are 
analyzed (Table 1). All parameters showed no significant 
difference between training set and validation set.

Training set and new formula
In training set, preoperative and postoperative SSW 
showed no significant difference (P = 0.994, paired t-test); 
CT (P = 0.004), SSD (P = 0.001) and ACD (P < 0.001) 
showed significant difference between preoperative and 
postoperative data.

According to the single linear regression analysis in 
training set, the correlation coefficients with post-ACD 
were 0.54 for SSD (95% confidence interval [CI], 0.37–
0.67; P < 0.0001), 0.35 for pre-ACD (95% CI, 0.15–0.52; 
P = 0.0011), 0.34 for AL (95% CI, 0.13–0.51; P = 0.0017), 
0.19 for SSW (95% CI, − 0.023 – 0.39; P = 0.0802), − 0.16 
for CT (95%CI, − 0.37 – 0.050; P = 0.1318), 0.11 for K Fig. 2  Selection criteria used in this study
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(95%CI, − 0.10 – 0.32; P = 0.3063), and 0.045 for LV 
(95%CI, − 0.17 – 0.26; P = 0.6802).

Multiple linear regression analysis was used to assess 
different parameter combinations. Pre-ACD and AL, the 
combination used by Haigis formula, whose coefficients 
of determination (R2) was 0.19. AL and K used by SRK/T 
and Holladay 1 formula with an R2 of 0.25. The combina-
tion of SSD, AL, SSW has the highest R2 of 0.49 (Table 2).

Therefore, through multiple linear regression analysis 
(stepwise method), we develop a new formula to predict 
post-ACD and to calculate ELP:

post-ACD =  0.192 +  0.867 ×  SSD +  0.163 ×  AL 
– 0.253 × SSW.

ELP predicted by this formula is compared with 
ELP measured from postoperative AS-OCT image in 

validation set. To verify our new formula, we also put 
Holladay 1, SRK/T, Haigis, and a statistical regression 
formula [16] into comparison.

Comparison of ELP prediction ability with validation set
According to one-way ANOVA analysis result (Table 3), 
our formula showed good compatibility in validation 
set (Mean absolute error [MAE] = 0.15, R2 = 0.50), bet-
ter than Holladay 1 (MAE = 0.62, R2 = 0.12), SRK/T 
(MAE = 0.58, R2 = 0.11), Haigis (MAE = 0.27, R2 = 0.06), 
and the statistic regression formula [16]. (MAE = 0.19, 
R2 = 0.34). The difference between our formula and 
measured ELP is not significant (P = 0.9947, Fig. 3), while 
other four formulas are significant (Fig. 4).

Discussion
Lens extraction and IOL implantation are widely 
accepted as the most effective treatment in PACG 
patients. However, to precisely calculate IOL power in 
PACG patients is still difficult. Patients who suffer from 
PACG have characteristic anterior segment such as thick 
peripheral iris, short AL and ACD [6]. These structural 
abnormalities make it difficult to predict ELP precisely. 
Moreover, with the prevalence of MIOL implantation, 

Table 1  Preoperative and Postoperative Measurements in 
Training and Validation Sets

AL Axial length, AOD Angle opening distance, CT Corneal thickness, ELP Effective 
lens position, IOL Intraocular lens, LV Lens vault, NA Not available, post-ACD 
Postoperative anterior chamber depth, pre-ACD Preoperative anterior chamber 
depth, SD Standard deviation, SSA Scleral spur angle, SSD Scleral spur distance, 
SSW Scleral spur width, TISA Trabecular iris surface area

Significant difference is noted at P < 0.05

Training Set 
(N = 85) Mean 
(SD)

Validation Set (N 
= 36) Mean (SD)

P value

Measures

  Gender (Female: 
Male)

71:14 27:9 NA

  Age (year) 69.38 (9.57) 69.47 (9.35) 0.96

  AOD 500 (mm) 0.07 (0.05) 0.08 (0.07) 0.56

  AOD 750 (mm) 0.12 (0.07) 0.13 (0.10) 0.76

  TISA 500 (mm) 0.03 (0.02) 0.03 (0.02) 0.55

  TISA 750 (mm) 0.05 (0.04) 0.06 (0.04) 0.57

  SSA (degree) 7.78 (5.58) 8.43 (7.07) 0.60

  Pre-ACD (mm) 1.79 (0.30) 1.75 (0.31) 0.49

  Post-ACD (mm) 3.49 (0.27) 3.45 (0.27) 0.44

  Preoperative SSD 
(mm)

2.87 (0.22) 2.82 (0.22) 0.20

  Postoperative SSD 
(mm)

2.94 (0.30) 2.88 (0.22) 0.23

  Preoperative SSW 
(mm)

11.19 (0.39) 11.14 (0.37) 0.49

  Postoperative SSW 
(mm)

11.19 (0.39) 11.13 (0.44) 0.44

  Preoperative CT (mm) 0.54 (0.05) 0.54 (0.05) 0.36

  Postoperative CT 
(mm)

0.55 (0.06) 0.55 (0.05) 0.44

  LV (mm) 1.09 (0.30) 1.05 (0.36) 0.54

  AL (mm) 22.31 (0.85) 22.21 (0.94) 0.52

  K (diopters) 44.64 (1.60) 44.62 (1.76) 0.94

  IOL Thickness (mm) 0.90 (0.14) 0.89 (0.11) 0.63

  Measured ELP (mm) 4.48 (0.25) 4.43 (0.26) 0.36

Table 2  Multiple linear regression analysis of post-ACD in 
training set (N = 85)

AL Axial length, K Corneal power, post-ACD Postoperative anterior chamber 
depth, pre-ACD Preoperative anterior chamber depth, SSD Scleral spur distance, 
SSW Scleral spur width

R2

Pre-ACD, AL 0.19

AL, K 0.25

SSD 0.29

SSD, AL 0.41

SSD, AL, SSW 0.49

SSD, AL, SSW, Pre-ACD, K 0.49

Table 3  One-way analysis of variance and Pearson correlation 
analysis in validation set (N = 36)

MAE Mean absolute error, SD Standard deviation, SRK/T Sanders-Retzlaff-Kraff 
theoretic, ELP Effective lens position, CI Confidence interval; 2016 Formula: refers 
to the formula released in Goto S, et al. [16]

Mean (95% CI) MAE (SD) R2 P value

Measured ELP 4.43 (4.34-4.52)

New Formula 4.41 (4.35-4.48) 0.15 (0.11) 0.50 0.9947

2016 Formula 4.58 (4.53-4.64) 0.19 (0.18) 0.34 0.0013

Holladay 1 5.04 (4.94-5.14) 0.62 (0.30) 0.12 < 0.0001

SRK/T 5.01 (4.92-5.09) 0.58 (0.30) 0.11 < 0.0001

Haigis 4.24 (4.18-4.30) 0.27 (0.21) 0.06 < 0.0001
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potential PACG patients could also benefit from accurate 
prediction to obtain better visual quality and lower risk of 
angle closure in early stage.

This research focused on PACG patients. The anatomi-
cal features of PACG should not be simply regarded as 
short AL. Previous studies had reported the accuracy of 
different IOL calculation formulas in cataract patients 
with different AL [7]. Holladay 1, SRK/T formula per-
formed well in short eye patients. However, our study 
showed that ELP predicted by those two formulas has 
significant difference with measured ELP (P < 0.0001) in 
PACG patients. This result indicated that formulas which 
only use PCI parameters may not suit PACG patients.

This study aimed to combine AS-OCT parameters 
with AL to improve the accuracy of IOL power calcula-
tion in PACG patients. AS-OCT is a fast, non-invasive 
and visible examination to analyze anterior chamber 
[20]. Its quantitative measurement of anterior segment 
enables more biometric parameters to be available. Com-
pared with pre-ACD which is often affected by ocular 
diseases and topical drugs, parameters such as SSD and 

Fig. 3  Scatter diagram showing the relativity between measured ELP 
and ELP predicted by our formula in validation set (n = 36)

Fig. 4  One-way ANOVA analysis in validation set (N = 36). Box-and-whisker plot displaying the comparison of Measured Effective Lens Position 
(ELP) and prediction ELP by our new formula, formula introduced by Goto S et al. in 2016 [16](2016 Formula), Holladay 1, Sanders-Retzlaff-Kraff 
theoretic (SRK/T) and Haigis formulas. ns = not significant. * = P < 0.05
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SSW are more stable and valuable in description of ocu-
lar anatomic feature. Till now, these parameters could be 
accuired from AS-OCT only.

Among the 7 parameters we tested (pre-ACD, AL, 
CT, LV, K, SSD, SSW), multiple linear regression result 
showed that SSD, AL and SSW play the most important 
role in the prediction of postoperative ACD. The com-
bination of pre-ACD, AL used in Haigis formula and K, 
AL used in 3rd generation formula have less correlation 
coefficient with measured ELP in PACG patients than 
new parameter combination. This result indicates that 
the latest generation formula may not be a good choice 
for PACG patients. First, pre-ACD in PACG patients is 
misleading to anterior segment analysis. It contributes 
little to IOL calculation and sometimes even make an 
error. Second, significant differences have been observed 
between pre-ACD and post-ACD in PACG patients, 
which is confirmed in our validation set. This finding 
indicates that we cannot use pre-ACD to predict post-
ACD in PACG patients.

Previous study found that introducing AS-OCT 
into the prediction of ELP could improve accuracy and 
decrease postoperative refractory error in cataract 
patients without PACG [16]. Our study showed that the 
formula published in 2016 also had better accuracy in 
PACG patients than Haigis and SRK/T formula. How-
ever, PACG has characteristic anterior segment fea-
tures which demand specially designed formula. This 
study used SSW rather than pre-ACD to predict ELP 
and obtain better accuracy than previous studies. Sclera 
plays a very important role in glaucoma pathophysiology 
[21]. This research statistically illustrated the relationship 
between the anatomic structure and clinical practice, 
indicating that sclera-associated parameters should be 
introduced into IOL power calculation formula for PACG 
patients.

There are also some limitations in this study. (1) This 
study has a small sample size and was conducted at a 
single-center in China; (2) We didn’t retrieve postop-
erative refraction error, which is an important post-
operative indicator to test whether the prediction is 
accurate or not [16]; (3) In this research, we focused on 
ELP based on two considerations. First, postoperative 
refraction error could be affected by many parameters 
such as AL and K, even pupil diameter and patient’s 
condition could slightly distort refractory outcome. 
Second, postoperative refraction error may change 
with corneal incision healing. ELP is a crucial param-
eter directly relate to IOL calculation and more reliable 
than postoperative refraction error at 1 month after 
the surgery. The correlation coefficient of our formula 
is 0.49, which indicated that the mechanism of PACG 

still remained many questions to be answered. There 
are also many other factors affect ELP in PACG eyes 
beyond our knowledge, and more biometric parameters 
could be measured through AS-OCT [22]; (4) 2016 for-
mula used swept-source OCT and 3-piece IOL, which 
were different with our study. The variation brought 
by different OCT device and IOL type should also be 
considered. Our study used time-domain OCT which is 
the 1st generation AS-OCT device; nowadays we have 
more advanced swept-source OCT with higher resolu-
tion and acquisition speed to capture biometric image.

In summary, our study showed that using AS-OCT 
parameters could further improve the accuracy of ELP 
prediction for PACG patients. Among the 7 param-
eters we tested, SSD, SSW and AL are most impor-
tant parameters in ELP prediction. Preoperative ACD 
makes little contribution to the prediction of postop-
erative ACD in PACG patients. This research provides a 
direction for further research in IOL power calculation 
in PACG patients.
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