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Abstract

Objective

To compare the accuracy of five kinds of intraocular lens calculation formulas (SRK/T, Hai-

gis, Hoffer Q, Holladay and Barrett Universal Ⅱ) in cataract patients with steep curvature cor-

nea� 46.0 diopters.

Methods

This is a retrospective study of cataract phacoemulsification combined with intraocular lens

implantation in patients with steep curvature cornea (corneal curvature� 46D). The refrac-

tive prediction errors of IOL power calculation formulas (SRK/T, Haigis, Holladay, Hoffer Q,

and Barrett Universal II) using User Group for Laser Interference Biometry (ULIB) constants

were evaluated and compared. Objective refraction results were assessed at one month

postoperatively. According to axial length (AL), all patients were divided into three groups:

short AL group (<22mm), normal AL group (>22 to�24.5mm) and long AL group

(>24.5mm). Calculate the refractive error and absolute refractive error (AE) between the

actual postoperative refractive power and the predicted postoperative refractive power. The

covariance analysis was used for the comparison of five formulas in each group. The corre-

lation between the absolute refractive error and AL from every formula were analyzed by

Pearson correlation test, respectively.

Result

Total 112 eyes of 83 cataract patients with steep curvature cornea were collected. The ante-

rior chamber depth (ACD) was a covariate in the short AL group in the covariance analysis

of absolute refractive error (P<0.001). The SRK/T and Holladay formula had the lowest

mean absolute error (MAE) (0.47D), there were statistically significant differences in MAE

between the five formulas for short AL group (P = 0.024). The anterior chamber depth had

no significant correlation in the five calculation formulas in the normal AL group and long AL

group (P = 0.521, P = 0.609 respectively). In the normal AL group, there was no significant
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difference in MAE between the five calculation formulas (P = 0.609). In the long AL group,

Barrett Universal II formula had the lowest MAE (0.35), and there were statistically signifi-

cant differences in MAE between the five formulas (P = 0.012). Over the entire AL range,

the Barrett Universal II formula had the lowest MAE and the highest percentage of eyes

within ± 0.50 D, ± 1.00 D, and ± 1.50 D (69.6%, 93.8%, and 98.2% respectively).

Conclusion

Compared to SRK/T, Haigis, Hoffer Q, and Holladay, Barrett Universal Ⅱ formula is more

accurate in predicting the IOL power in the cataract patients with steep curvature cornea�

46.0 diopters.

Introduction

Cataract surgery is one of the most commonly performed procedures in the increasingly age-

ing population. Postoperative refractive error is one of the primary cause of postoperative

visual outcome dissatisfaction among patients. Thus, accurate IOL power calculations have

become extremely important.

The calculation formula of artificial crystal has gradually developed from the first genera-

tion of theoretical formula to the Hill-radial basis function formula [1]. Yet there is still consid-

erable debate about which formula provides the most accurate refractive prediction. Some

scholars found that Hoffer Q performed best for eyes shorter than 22.0 mm [2], while most

modern theoretical IOL formulas perform well for eyes with the normal eye axis lengths (22.0–

24.5 mm) [3], Barrett Universal Ⅱ formula is considered to be most accurate in the long axis

lengths [4, 5].

Borish and Duke-Elder classification of myopia as an optical system suggests 3 forms of

myopia. Myopia due to increased axial length of the eye (axial myopia), refractive myopia and

curvature myopia [6]. Although, AL is considered to be most important parameter in most

modern-day formulae as it can changes the IOL power by nearly 2.5 to 3 times, more so in

short eyes than in longer ones [7]. K readings are considered the second most important factor

necessary for accurate IOL power calculations. Changes in K reading can alter the IOL power

in a ratio of nearly 1:1 ratio [8]. As for whether the corneal curvature variation will affect the

measurement of intraocular lens power, especially in the case of large corneal curvature, there

is a paucity of research in their area. Therefore, this study assessed cataract patients with steep

corneal curvature (corneal curvature� 46.0D). Five formulas were used to calculate the refrac-

tive power of the IOLs, namely the SRK / T [9], Haigis [10], Hoffer Q [11], Holladay [12], and

Barrett Universal Ⅱ [13] formulas. Although, the accuracy of IOL power calculation formulas

for highly myopic eyes have been assessed by Zhang et al. [5] on patients’ keratometric value

ranging from 40.36 to 48.19 D (mean: 43.61±2.22 D), our current study includes a higher

range of keratometric values (range: 46.00 to 51.03 D; mean: 47.31±1.08 D). Therefore, the

purpose of this study is to assess the predictive accuracy of various IOL power formulas in eyes

with steep corneal curvature.

Patients and methods

The study was approved by the Ethics Committee of the He Eye Specialists Hospitals, Shen-

yang on January 2020 and all research was performed in accordance with the Declaration of

Helsinki.
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This was a retrospective study of cataract phacoemulsification combined with intraocular lens

implantation at He Eye Specialists Hospitals, Shenyang included patient data from January to June

2019 with steep corneal curvature (corneal curvature� 46D) from the central hospital database.

Cataract extraction with IOL implantation was performed at He Eye Specialists Hospitals,

Shenyang China by the practical senior surgeons. Cases from January 2019 to June 2019, were

reviewed.

The inclusion criteria were as follows: (1) biometric measurements determined by PCI

(IOLMaster, Software V5.4 and above, Carl Zeiss Meditec, Inc., Dublin, CA, USA); (2) cataract

surgery performed by phacoemulsification and in-the-bag IOL implantation; (3) use of the

Hoya IOL (Hoya-PS AF-1 Series, Model PC-60AD, Hoya, Japan); and (4) 2.75 mm clear cor-

neal incisions located temporally or superiorly. The exclusion criteria were as follows: (1)

patients with a history of previous intraocular surgery or intraoperative or postoperative com-

plications; (2) preexisting ocular diseases that may influence postoperative refraction, includ-

ing keratoconus, corneal scarring, endothelial dystrophy, retinal detachment, and macular

edema; (3) patients undergone prior refractive surgical procedures including refractive laser

correction; (4) patients with follow-up of less than 1 month. In order to accurately measure all

parameters required for IOL power calculation (SRN>2.0, including AL, anterior chamber

depth (ACD), and keratometric (K) (both K 1 and K 2) values were collected for the back cal-

culation of formulas. We selected cataract patients with corneal curvature�46D, without pte-

rygium or keratoconus. Patients with intraoperative complications such as posterior capsule

rupture, lens nucleus dislocation into the vitreous cavity, sulcus, or sutured lens were also

excluded from the analysis. All data included for the final analysis was anonymized and coded

in serial numbers. The authors of this current study were not allowed access to information

that could identify individual participants during or after data collection.

Eyes were divided into three groups according to their AL. The three groups consisted of

short axis group (AL�22mm), normal axis group (22mm<AL�24.5mm) and long axis group

(AL> 24.5mm).

The IOL calculation results of SRK/T, Haigis, Hoffer Q, and Holladay formulas were obtained

from IOL Master 500 and the calculation results of the Barrett Universal Ⅱ formula were obtained

online. The objective post-operative refraction was assessed 1 month postoperatively. The predic-

tion error is defined as the actual postoperative spherical equivalent (SE) that was calculated by

each IOL formula minus the predicted postoperative SE. Thus, a positive predicted error in refrac-

tion indicates a hyperopic result than the predicted refraction. The absolute refractive error (AE)

also were calculated as well as the percentage of eyes that had a predicted refractive error of within

±0.50 D, ± 0.75 D, and ±1.00 D. we assessed correlations between AL and AE.

Statistical comparisons between formula absolute errors were performed using repeated

measures analysis of variance (ANOVA). The relationship between the AE and AL was ana-

lyzed by Pearson correlation test. Statistical significance was defined as P< 0.05.

Results

The final analysis consisted of 112 eyes from 83 patients with steep corneal curvature (corneal

curvature�46D) who underwent cataract surgery. Of the 83 patients, 64 (77.11%) were

female, and the ages ranged from 45 to 91 years (mean = 70.04 ± 9.75 years). The ALs of the

study population ranged from 19.83 to 31.92 mm (mean = 23.30±2.37 mm), the preoperative

corneal curvatures from 46.00 to 51.03 D (mean = 47.31±1.08 D), and the preoperative ante-

rior depths from 2.06 to 4.11 mm (mean = 2.97±0.44 mm) (Table 1).

Table 2 shows the results of five formulas for different AL groups. The MAE varied with

respect to AL with all 5 formulas. The anterior chamber depth was a covariate in the short axis
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eye group in the covariance analysis of absolute refractive error (p<0.001), and had no signifi-

cant correlation in the five calculation formulas in the normal AL group and long AL group

(P = 0.521, P = 0.609 respectively). There were statistically significant differences in MAE

between the 5 formulas for the short AL group and long AL group (P = 0.024, P = 0.012 respec-

tively). The Haigis formula has the highest MAE (0.77D). The SRK/T and Holladay formula

has the lowest MAE (0.47D) and is close to the Barrett formula (0.48D). In the normal AL

group, the ANOVA showed the difference between the 5 formulas was not statistically signifi-

cant (P = 0.608). In the normal AL group and long AL group, the lowest MAE was achieved

with the Barrett Universal II formula (0.41D, 0.35D respectively). In the whole sample, the

lowest MAE was achieved once more with the Barrett Universal II formula.

Table 3 shows in the short eye axis group, the mean refractive errors of the five formulas are

all positive. In the SRK/T formula, the mean refractive error of each group is also positive.

Table 4 shows the percentage of eyes whose predicted refractive outcome for each formula

are within ± 0.50 D, ± 0.75 D, or ± 1.00 D. In short AL group, the Hoffer Q formula had the

highest percentage of eyes within ± 0.50 D, ± 1.00 D, and ± 1.50 D (70.0%, 90.2%, and 97.6%

respectively). In long AL group and the entire AL range, the Barrett Universal II formula had

the highest percentage of eyes within ± 0.50 D, ± 1.00 D, and ± 1.50 D. In the normal axis

group, the refractive error of most eyes within ± 1.00 D.

There is a positive correlation between AE and AL of SRK/T (r = 0.247, r2 = 0.061; P = 0

.009) (Fig 1), Hoffer Q (r = 0.388, r2 = 0.151,P<0.001) (Fig 2)and Holladay (r = 0.412, r2 =

0.170; P<0.001) (Fig 3), but not for Haigis (P = 0.428) (Fig 4), and Barrett Universal II formula

(P = 0.278) (Fig 5).

Discussion

Althought, the accuracy of IOL power calculation formulas for highly myopic eyes have been

assessed by Zhang et al. [5] (mean K: 43.61±2.22 D), our current study includes a higher range

of keratometric values (range: 46.00 to 51.03 D; mean K: 47.31±1.08 D). Our study did not

Table 1. Study population characteristics.

Parameter Mean SD Min Max

Age (year) 70.04 9.75 45 91

AL (mm) 23.30 2.37 19.83 31.92

K (D) 47.31 1.08 46.00 51.03

ACD (mm) 2.97 0.44 2.06 4.11

AL = axial length; K = keratometry; ACD = anterior chamber depth.

https://doi.org/10.1371/journal.pone.0241630.t001

Table 2. Mean absolute predicted error by five formulas.

Formula MAE (D)

AL�22mm (n = 41) 22<AL�24.5mm (n = 45) AL>24.5mm (n = 26) entire AL(n = 112)

SRK/T 0.47 0.46 0.78 0.54

Haigis 0.77 0.51 0.51 0.61

Hoffer Q 0.51 0.45 0.76 0.54

Holladay 0.47 0.41 0.68 0.49

Barrett 0.48 0.41 0.35 0.42

P value 0.024� 0.608 0.012� 0.037�

AL = axial length; MAE = Mean absolute error; Barrett = Barrett Universal II; �indicates P<0.05.

https://doi.org/10.1371/journal.pone.0241630.t002
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include keratoconic eyes but we had eyes with high corneal curvature, in general IOL power

calculation formulas are assumed for normal eyes. Studies such as Watson et al. [14] have

reported that while hyperopic error was low in eyes with mild (K < 48.00 D) and moderate

(K = 48.00–55.00 D) corneal curvature eyes following cataract surgery, However, errors can be

unpredictable in severe steepening of the cornea. Studies have found that in normal eyes, the

refractive outcomes predicted by modern formulas are within ± 0.5 D of the actual postopera-

tive refractive outcomes in about 75% of eyes with general curvature cornea [15–17]. However,

in this study, all the eyes are with steep curvature cornea, most formulas only achieved a ±0.5

D prediction accuracy in 70% of eyes with the short AL group and normal AL group. In the

long AL group, the Barrett Universal II formula achieved a ±0.5 D predictive accuracy in

76.9% of eyes, with most other formulas only achieving around 50% accuracy. Over the entire

AL range, the Barrett Universal II was the most accurate formula by a significant margin, had

a highest percentage of eyes with prediction errors between ±0.5 D, ±1.0 D, and ±1.50 D than

the other 4 formulas assessed. Cooke et al. [15] found Barrett Universal II had the highest per-

centage of eyes with prediction errors between± 0.5 D and ±1.0 D than other formulas in all

eyes. In this study, the percentage of eyes within ±0.5 D in most formulas is much lower than

the reported in normal eyes, probably because the relationship between corneal curvature,

ACD and IOL position changes, thus reducing the accuracy of formula in predicting the effec-

tive lens position.

In short AL group, the average refractive errors of the five formulas are negative, the mean

refractive error of the Haigis formula was the highest (-0.65), and the Holladay formula was

the lowest (-0.01D), which is close to the Barrett Universal II formula (-0.08D). All 5 formulas

assessed in this study resulted in mean myopic predicted errors. The same conclusion can be

found in the study by Kane et al. [17] For patients in short AL, the choice of intraocular lens

power can be appropriately small. In long AL group, except for the SRK / T formula, the mean

Table 3. Mean predicted error by five formulas.

Formula ME (D)

AL�22mm (n = 41) 22<AL�24.5mm (n = 45) AL>24.5mm (n = 26) entire AL(n = 112)

SRK/T -0.26 -0.28 -0.29 -0.28

Haigis -0.65 -0.29 0.27 -0.29

Hoffer Q -0.13 0.25 0.72 0.22

Holladay -0.01 0.11 0.30 0.11

Barrett -0.08 0.02 0.11 0.003

P value <0.001� <0.001� <0.001� <0.001�

AL = axial length; MAE = Mean predicted error; Barrett = Barrett Universal II; �indicates P<0.05.

https://doi.org/10.1371/journal.pone.0241630.t003

Table 4. Percentage of eyes within predicted error ranges.

Formula AL�22mm(%) 22<AL�24.5mm(%) AL>24.5mm(%) entire AL(%)

�±0.5D �±1.0D �±1.5D �±0.5D �±1.0D �±1.5D �±0.5D �±1.0D �±1.5D �±0.5D �±1.0D �±1.5D

SRK/T 65.9 90.2 97.6 66.7 91.1 95.6 46.2 73.1 80.8 61.6 86.6 92.9

Haigis 34.1 65.9 92.7 48.9 91.1 100 53.9 92.3 96.2 44.6 82.1 96.4

Hoffer Q 70.0 90.2 97.6 64.4 88.9 100 38.5 69.2 88.5 57.1 84.8 96.4

Holladay 68.3 90.2 97.6 66.7 97.8 100 46.2 76.9 92.3 62.5 90.2 97.3

Barrett 63.4 90.2 95.1 71.1 95.6 100 76.9 96.2 100 69.6 93.8 98.2

AL = axial length; Barrett = Barrett Universal II.

https://doi.org/10.1371/journal.pone.0241630.t004
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refractive error of the other four formulas are all positive, indicates that such patients have

hyperopic predicted errors. Chen et al. [18] found that most eyes with an AL of>33 mm pre-

sented with postoperative hyperopia of +2.0 D to +3.0 D. For patients with long ALs, especially

with extremely long ALs, the reserved intraocular lens power should be increased.

Gavin et al. [2] analyzed the British short eyes patients and found that the Hoffer Q formula

is more accurate. Aristodemou et al. [19] showed that HofferQ performed the best on AL from

20.00 to 20.99 mm, and Hoffer Q and Holladay 1 performed best on AL from 21.00 to 21.49

mm. Day et al. [20] reported that in patients with AL� 22mm, the Hoffer Q, Holladay, and

Haigis formulas have best accuracy, and the SRK / T formula has a large error. In our study, in

short group, the Holladay and SRK/T formulas having the lowest MAE followed by Barrett

Universal II and Hoffer Q formulas. The Haigis formulas had the highest MAE. There were

Fig 1. Correlations between axial length and absolute error. The associations between axial length and absolute

error were analyzed using absolute errors derived from SRK/T formula (r = 0.247, r2 = 0.061; P = 0 .009).

https://doi.org/10.1371/journal.pone.0241630.g001

Fig 2. Correlations between axial length and absolute error. The associations between axial length and absolute

error were analyzed using absolute errors derived from Hoffer Q formula (r = 0.388, r2 = 0.151; P<0.001).

https://doi.org/10.1371/journal.pone.0241630.g002
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statistically significant differences in MAE between the 5 formulas (P = 0.024). Similar to Kane

et al. [17] we also found that short ALs, the Holladay 1 formula had the lowest MAE followed

by SRK/T, Holladay 2, and Barrett Universal II formulas, while Haigis and Hoffer Q formulas

had the higher MAE.

In the normal axis group, the lowest MAE was achieved with the Barrett Universal II and

Holladay formulas (0.41), but the difference between formulas was not statistically significant.

The most accurate IOL power formula in the normal AL group was not clearly defined. Most

researchers believe that the accuracy of various formulas is similar. Reitblat et al. [3] study on

Holladay 1, SRK/T, Hoffer Q, Haigis, Holladay 2, Barrett Universal II and Olsen formulas in

this AL range did not find any formula to be more accurate.

Fig 3. Correlations between axial length and absolute error. The associations between axial length and absolute

error were analyzed using absolute errors derived from Holladay formula (r = 0.412, r2 = 0.170; P<0.001).

https://doi.org/10.1371/journal.pone.0241630.g003

Fig 4. Correlations between axial length and absolute error. The associations between axial length and absolute

error were analyzed using absolute errors derived from Haggis formula (r = -0.076, r2 = 0.006; P = 0.428).

https://doi.org/10.1371/journal.pone.0241630.g004
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In our study, we found that the most accurate formula was Barrett Universal II followed by

SRK/T, Haigis, Holladay and Hoffer Q in long AL group. There were statistically significant

differences in MAE between the 5 formulas (P = 0.012). Zhang Y et al. [5] found through com-

parison and analysis of patients with AL of 26.00 mm or above, Barrett Universal II formula

has the lowest absolute refractive error compared to Haigis, Hoffer Q, Holladay, and SRK / T

formulas.

Over the entire AL range, Barrett Universal II formula has the lowest absolute refractive

error and was the most accurate formula than the other 4 formulas. Melles et al. [16] found

that the MAE of Barrett Universal II formula in each eye axis group is the lower. Barrett Uni-

versal II formula is still more accurately with steep corneal curvatures. Kendrick et al. [21]

found that Barrett Universal II formula was superior in eyes with stage I (corneal powers of 48

D or lower) and stage II (corneal power between 48.01 D and 53 D) keratoconus. The results

are the same as our research.

Our study has several limitations. First, this study is retrospective, and a randomized con-

trolled study may provide more detailed clinical information. Second, the sample size was

small, especially for long axis. However, this is the first paper to present the IOLs calculation in

the eyes with steep curvature corneal curvature� 46.0 diopters. Additionally, modern formu-

las such as Holladay 2 and Oslen were not available at our disposal and therefore we were

unable to assess their performance. Since the Olsen is a ray-tracing thick-lens formula and

includes variables such as the AL, K value, ACD, lens thickness, and age of the patient for cal-

culation [22], it theoretically can perform at par with that Barrett Universal Ⅱ formula [4].

In conclusion, Barrett Universal Ⅱ formula is more accurate than other calculation formulas

in predicting the IOL degrees in cataract patients with steep curvature cornea, and the impact

of AL is less compared to others. Further research is warranted using modern IOL formulas in

order to understand the impact of steep curvature cornea on post-surgical refractive outcomes

in cataract and clear lens extraction patients.
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