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Abstract

Background: Intraocular lens (IOL) calculation using traditional formulas for post-corneal refractive surgery eyes can
yield inaccurate results. This study aimed to compare the clinical accuracy of the newly developed Zhang & Zheng
(ZZ) formula with previously reported IOL formulas.

Study design: Retrospective study.

Methods: Post-corneal refractive surgery eyes were assessed for IOL power using the ZZ, Haigis-L, Shammas, Barrett
True-K (no history), and ray tracing (C.S.O Sirius) IOL formulas, and their accuracy was compared. No pre-refractive
surgery information was used in the calculations.

Results: This study included 38 eyes in 26 patients. ZZ IOL yielded a lower arithmetic IOL prediction error
(PE) compared with ray tracing (P = 0.04), whereas the other formulas had values like that of ZZ IOL (P >
0.05). The arithmetic IOL PE for the ZZ IOL formula was not significantly different from zero (P = 0.96). ZZ
IOL yielded a lower absolute IOL PE compared with Shammas (P < 0.01), Haigis-L (P = 0.02), Barrett true K
(P = 0.03), and ray tracing (P < 0.01). The variance of the mean arithmetic IOL PE for ZZ IOL was significantly
smaller than those of Shammas (P < 0.01), Haigis-L (P = 0.03), Barrett True K (P = 0.02), and ray tracing (P <
0.01). The percentages of eyes within ± 0.5 D of the target refraction with the ZZ IOL, Shammas, Haigis-L,
Barrett True-K, and ray-tracing formulas were 86.8 %, 45.5 %, 66.7 %, 73.7 %, and 50.0 %, respectively (P < 0.05
for Shammas and ray tracing vs. ZZ IOL).

Conclusions: The ZZ IOL formula might offer superior outcomes for IOL power calculation for post-corneal
refractive surgery eyes without prior refractive data.
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Background
Corneal refractive surgery has been used for nearly 30
years, and many treated patients are reaching the age at
which senile cataracts might develop [1]. Cataract
surgery is a very common surgical procedure [2]. It is
expected that patients with a history of corneal refractive
surgery will eventually represent an important propor-
tion of the patients with cataracts [3]. While corneal re-
fractive surgery results in excellent uncorrected distance
visual activity (UCDVA), it complicates the accurate
calculation of the intraocular lens (IOL) power [4, 5].
Many patients who underwent corneal refractive sur-

gery have high requirements for quality of life and high
expectations for achieving spectacle independence after
cataract surgery. In order to avoid patient dissatisfaction
after IOL implantation, achieving the expected diopter
(D) is the primary goal [6]. Notwithstanding modern for-
mulas and instruments, calculating IOL power in post-
corneal refractive surgery eyes remains a challenging
task. In particular, a hyperopic refractive surprise is
common in patients with post-myopic corneal refractive
surgery [7, 8], which represents the most extensive
group of patients with refractive surgery, and seriously
affects patient satisfaction.
A number of studies were conducted to select the op-

timal formula for IOL power calculation. A recent study
in patients after corneal refractive surgery revealed that
the Barrett True-K formula was superior to the Haigis-L
formula [9]. In addition, techniques not requiring prior
refraction data (Haigis-L; Shammas; Barrett True-K no-
history; Wang-Koch-Maloney; ‘average’, ‘minimum’ and
‘maximum’ IOL power on the ASCRS IOL calculator)
showed no significant differences in IOL PE for post-
LASIK eyes [10]. A robust study assessing the accuracy
of 12 IOL power formulas and revealed that the Olsen
and Barrett formulas have excellent accuracy for overall
eyes [11]. However, traditional empirical formulas are
mainly based on statistical regression methods, making
it difficult to calculate IOL power accurately. There are
two major causes of error in IOL calculation for post-
corneal refractive surgery eyes: (1) incorrect corneal
refractive power estimation [12, 13]; and (2) incorrect
effective lens position (ELP) estimation [14, 15]. Both
problems are related to the empirical formula of irregu-
lar cornea deviation. Some formulas also attempt to
circumvent the above issues using historical data (e.g.,
the Double K [8], Diehl-Miller nomogram [16], and
Feiz-Mannis formula [17]), but the proportion of pa-
tients with available historical data is limited, and the
outcome is also affected by multiple factors such as his-
torical data accuracy, corneal curvature changes caused
by the relaxation of orbicularis oculi muscle, and eye
axis growth. Therefore, these methods cannot solve the
two issues above [18]. In order to avoid these two issues,

IOL calculation based on Snell’s law and ray tracing
might be a good option because the ray tracing algo-
rithm is based on the actual refractive state of the cornea
[19] and could relatively reduce the error source of cor-
neal refractive power.
We recently developed the Zhang & Zheng IOL power

formula (ZZ IOL), for which a patent application has
been filed (application number: 2,019,100,304,230 on the
Chinese invention patent website, www.cpquery.sipo.gov.
cn). ZZ IOL can be accessed at www.zzcal.com. We hy-
pothesized that ZZ IOL is more accurate in calculating
IOL power compared with existing traditional formulas.
The purpose of this study was to compare the clinical
accuracy of ZZ IOL and formulas on the ASCRS post-
refractive IOL calculator and the ray tracing method.

Methods
Study design and patients
This retrospective study included patients with a history
of corneal refractive surgery and eventually underwent
cataract surgery between February 2018 and April 2021
at the First Affiliated Hospital to the College of Medicine
of Zhejiang University.
The inclusion criteria were 1) ≥ 18 years of age, 2) a

history of phacoemulsification cataract surgery and pri-
mary in-the-bag implantation of posterior chamber IOL,
3) corneal refractive surgery before the cataract surgery,
and 4) manifest refractive spherical equivalent (MRSE)
applied at 1 month after cataract surgery. The exclusion
criteria were (1) complications during or after the cata-
ract surgery, (2) corneal sutures, (3) corneal astigma-
tism > 1.50 D, (4) lens nucleus opacity that might
interfere with ocular biometry measurements, or (5)
neurological condition that might interfere with the per-
formances of the required tests.

This study was approved by the Institutional Review
Board of the First Affiliated Hospital to the College of
Medicine of Zhejiang University [MSKLL20190505]. All
procedures adhered to the Declaration of Helsinki. The
requirement for informed consent was waived because
of the retrospective nature of the study.

Data collection
All patients underwent complete ophthalmic examina-
tions, including UCDVA (Snellen lines), spherical equiva-
lent (SE), slit-lamp microscopy, intraocular pressure (IOP)
measurement, anterior segment tomography (Sirius; CSO,
Florence, Italy), biometry (IOLMaster 700; Carl Zeiss,
Jena, Germany), and optical coherence tomography
(OCT) (Cirrus HD-OCT 5000; Carl Zeiss, Jena, Germany).
Anterior segment tomography was performed by an inde-
pendent physician. Each eye had at least three measure-
ments with good reproducibility. If the breakup time of
tear film (BUT) was too short to allow a good

Zhang et al. BMC Ophthalmology          (2021) 21:231 Page 2 of 9

http://www.cpquery.sipo.gov.cn
http://www.cpquery.sipo.gov.cn
http://www.zzcal.com


measurement, artificial tear drops were used, and BUT
was measured 10 min later.
According to whether the cornea had a radial scar and

whether the central corneal thickness was significantly
thinner than the surrounding area, the previous corneal
refractive operation method could be determined, in-
cluding laser-assisted in situ keratomileusis (LASIK), ra-
dial keratotomy (RK), and RK + LASIK. The reference
information was obtained through slit lamp, corneal
tomography, and OCT examination.

Surgery
All cataract surgeries were performed by the same sur-
geon (SY). After topical anesthesia (Alcaine; Alcon, Fort
Worth, TX, USA), capsulorhexis, lens fragmentation, and
double incisions (main incision and lateral incision) were
performed with a femtosecond laser (LenSx; Alcon, Fort
Worth, TX, USA). The main clear corneal incision was in
the axis of the steep corneal curvature. After the femtosec-
ond laser procedure, the surgeon opened two incisions
with a bladeless hook and injected ophthalmic viscoelastic
devices (OVDs) (DisCoVisc; Alcon, Fort Worth, TX,
USA) to maintain the anterior chamber. Then, free-
floating anterior capsule removal was performed, followed
by cortical-cleaving hydrodissection and the stop-and-
chop technique for phacoemulsification. The irrigation-
aspiration (I/A) probe was used for cortical removal and
polishing, and the IOL was implanted into the capsular
pouch directly via the 2.2-mm main incision (Centurion;
Alcon, Fort Worth, TX, USA). IOL power was selected ac-
cording to the ZZ IOL formula. The type of IOL (AT
LISA tri 839MP, AT LISA 809MP, or CT ASPHINA
509MP, Carl Zeiss, Table 1) was selected based on anter-
ior segment tomography. After OVDs removal with the I/
A probe, stromal hydration was used to close the inci-
sions. Postoperative eyedrops included topical antibiotics
and corticosteroids (levofloxacin, Santen, Japan, and
Tobradex, Alcon, Fort Worth, TX, USA).

The ZZ IOL formula
The ZZ IOL formula considers three major refractions
(including the anterior corneal surface, posterior corneal
surface, and IOL) in the process of focusing the incident

ray on the retina. The IOL was modeled as a thin lens.
The anterior corneal tangential curvature (Kf), central
corneal thickness (CCT), posterior corneal tangential
curvature (Kb), and anterior chamber depth (ACD) were
obtained by anterior segment tomography. Notably, Kf

and Kb were the average curvatures of the anterior and
posterior corneal surfaces of the effective optical zone
which was determined by the physician. The axial length
(AL) and lens thickness (LT) were obtained by biometry.
Lens constants referred to the User Group for Laser
Interference Biometry website (ULIB, www.ocusoft.de/
ulib/).
The distance S1 from the incident ray source to the

anterior corneal surface was calculated using the target
D (Dt) after cataract surgery (Eq. 1).

S1 ≈ � 1
Dt

1�0:012Dt
� 0:0001

ð1Þ

where “-0.0001” must be added to avoid a denominator
of 0 and an infinite S1 value.
The selection of Kf, CCT, and Kb was based on the

lower curvature region around the vertex in the refract-
ive equivalent power map, which was obtained from
Sirius. The refractive equivalent power map was
expressed in D and calculated by ray tracing through the
anterior and posterior corneal surfaces for each point.
The reference indices for the two interfaces were the air
index (N1 = 1), stroma index (N3 = 1.376), and an index
for the aqueous humor (N4 = 1.336).
The distance S2 from the image focus of the incident

ray source to the anterior corneal surface after the first
refraction was calculated (Eq. 2).

S2 ¼ N2
N2�N1ð ÞKf

1:3775�N1
� N1

S1

ð2Þ

where N2 = 1.376 for the corneal index.
The distance S3 from the image focus of the incident

ray source to the posterior corneal surface after the sec-
ond refraction was calculated (Eq. 3).

Table 1 The IOLs used in the included patients

AT LISA tri 839MP AT LISA 809MP CT ASPHINA 509MP

Clinical Tri-focal IOL Bi-focal IOL Mono-focal IOL

Optical + 3.33 D for near focus and + 1.66 D for intermediate focus + 3.75 D for near focus No additional diopter

Advantages Can assist in near and intermediate visual acuity Can assist in near visual acuity High contrast sensitivity; suitable for
patients with corneal irregularity

Disadvantages Not suitable for patients with corneal irregularity Visual acuity might be slightly
affected by corneal irregularity

No assistance in near or intermediate
visual acuity

Manufacturer Carl Zeiss (Jena, Germany) Carl Zeiss (Jena, Germany) Carl Zeiss (Jena, Germany)

IOL intraocular lens, D diopters
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S3 ¼ N3

�Kb � N2
Z1�S2

ð3Þ

where Z1 is related to CCT. The purpose of introducing
Z1 is to determine the approximate image focus of a
thick lens using a formula for a thin lens.
The distance (S4) from the image focus of the incident

ray source to the IOL after the third refraction was cal-
culated (Eq. 4).

S4 ¼ AL
1000

� CT
1; 000; 000

� AC
1000

� Z2 ð4Þ

where Z2 is related to LT and IOL lens constant. The
purpose of introducing Z2 is to determine the distance
between the anterior capsule and the IOL.
The ZZ IOL-predicted power was calculated according

to S3 and S4 (Eq. 5).

IOLpower ¼
N3

Z3�S3
þ N3

S4

� �

Z4
ð5Þ

where Z3 is related to AC + Z2. Z3 was introduced for
the same purpose as Z1, with a similar formula. Z4 is the
IOL index used in the ZZ IOL formula.

Standard IOL formulas
Based on biometric data (including curvatures of flat axis
and steep axis, AL, ACD, LT, and white to white
[WTW]) obtained before cataract surgery, the ASCRS
post-refractive IOL calculator was used to assess IOL
power using Haigis-L [20], Shammas [21], and Barrett
True-K (no history) [22]. No pre-corneal refractive sur-
gery information was used in any of the calculations.
Based on anterior segment tomography data, the Sirius
internal IOL calculator was used to obtain the IOL
power of ray tracing [23].

IOL prediction error
The manifest refractive SE was obtained 1 month after
cataract surgery. The predicted IOL power for each for-
mula was calculated by targeting the actual SE following
cataract surgery, and the IOL prediction error (PE) was
then calculated (Eq. 8) [24].

IOLPE ¼ ImplantedIOLPower
� PredictedIOLPower ð8Þ

A positive value indicated that the method predicted
an IOL of lower power than the implanted IOL, leaving
the patient hyperopic. Mean arithmetic and absolute
IOL PEs and variances of the mean were calculated.

Refractive prediction error
Using the assumption that an IOL PE of 1.00 D pro-
duces 0.70 D of refractive error at the spectacle plane,
the absolute refractive PEs and the percentages of eyes
with a refractive PE within ± 0.50 D and ± 1.00 D were
calculated for each formula.

Statistical analysis
Continuous variables were tested for distribution nor-
mality by the Kolmogorov-Smirnov test, and homosce-
dasticity was determined by Levene’s test. Those with a
normal distribution are presented as means ± standard
deviations (SD) (ranges were also provided). Arithmetic
and absolute IOL PEs, variances of mean arithmetic IOL
PE, and absolute refractive PEs are expressed as means ±
SD and medians (quartiles). Categorical variables are
expressed as numbers and percentages. Of all parame-
ters, only the arithmetic PE of ZZ IOL had a normal dis-
tribution. Therefore, the one-sample t-test was used to
compare the arithmetic PE of ZZ IOL data with a target
of zero, and Friedman’s test was used to compare ZZ
IOL with the other four formulas. The Wilcoxon signed-
rank test was used for the comparison of two related
samples. After chi-square segmentation, McNemar’s
paired chi-square test was performed to assess the per-
centages of refractive PE within ± 0.50 D and ± 1.00 D,
as well as for multiple group comparisons. The Bonfer-
roni method was used for pairwise comparisons. All stat-
istical analyses were performed using SPSS 19.0 (IBM,
Armonk, NY, USA). Two-sided P < 0.05 was considered
statistically significant.

Results
Characteristics of the patients
Patient characteristics are shown in Table 2. Thirty-eight
eyes in 26 patients were included. The patients were
56.7 ± 8.0 years old, ranging from 41 to 72 years, and in-
cluded eight males. Of the 38 eyes, 33 (86.8 %), three
(7.9 %), and two (5.3 %) underwent LASIK, RK, and RK +
LASIK, respectively. Concerning the IOL types, 21
(55.3 %), eight (21.1 %), and nine (23.7 %) eyes received
AT LISA trifocal 839MP, AT LISA bifocal 809MP, and
CT ASPHINA 509MP IOLs, respectively.

Mean arithmetic and absolute IOL PEs
The mean arithmetic and absolute IOL PEs and vari-
ances of mean arithmetic IOL PEs are shown in Table 3;
Fig. 1. ZZ IOL yielded a lower arithmetic IOL PE com-
pared with ray tracing (P = 0.04), whereas the other for-
mulas had values like that of ZZ IOL (P > 0.05). In
addition, the arithmetic IOL PE for the ZZ IOL formula
was not significantly different from zero (P = 0.96). ZZ
IOL yielded a lower absolute IOL PE compared with
Shammas (P < 0.01), Haigis-L (P = 0.02), Barrett true K
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(P = 0.03), and ray tracing (P < 0.01). The variance of the
mean arithmetic IOL PE for ZZ IOL was significantly
smaller than those of Shammas (P < 0.01), Haigis-L (P =
0.03), Barrett True K (P = 0.02), and ray tracing (P <
0.01).

Frequencies of refractive PEs within ± 0.50 and ± 1.00 D
The mean absolute refractive PEs and the percentages of
eyes with refractive PEs within ± 0.50 and ± 1.00 D are
shown in Table 4. The absolute refractive PE for ZZ IOL
was significantly lower than those of Shammas (P <

0.01), Haigis-L (P = 0.02), Barrett true K (P = 0.04), and
ray tracing (P < 0.01). In addition, ZZ IOL had a signifi-
cantly greater percentage of eyes within ± 0.50 D of re-
fractive PE compared with Shammas (P < 0.01) and ray
tracing (P < 0.01). Meanwhile, all eyes had a refractive
PE within ± 1.00 D for the ZZ IOL formula.

Discussion
Corneal refractive surgery complicates IOL power calcu-
lation for cataract surgery [6–8]. Formulas are available
but associated with an inaccuracy of ± 0.5 D [21, 25, 26],
leading to patient dissatisfaction. This study aimed to
compare the clinical accuracy of the ZZ IOL formula
with those of previously developed formulas and
methods. The results suggested that the ZZ IOL formula
might offer superior outcomes in IOL power calculation
for eyes with previous corneal refractive surgery without
prior refractive data.
Cataract surgery outcomes include more than simple

visual restoration. The patients wish to improve their
quality of life by achieving spectacle independence, espe-
cially individuals who solicited post-corneal refractive
surgery technologies for quality of life improvement.
Notwithstanding modern technology and materials,
spectacle independence for all distances after cataract
surgery remains a huge challenge [27]. Multifocal IOL is
a major modality used to achieve this goal [6]. Selecting
a proper IOL is an important factor in improving patient
satisfaction, not only the model but also its power.
Incorrect corneal refractive power estimation and in-

correct ELP estimation are two major causes of refract-
ive error. Various factors can lead to corneal refractive
power errors. First, traditional IOL power calculators,
for normal or irregular cornea, use a fixed ratio to deter-
mine the posterior corneal refractive power, and differ-
ent calculators have different fixed values [28, 29].
Corneal refractive power bias will be positively corre-
lated with the ratio bias, which is significant for an ir-
regular cornea. This should be the main reason why
formulas for post-corneal refractive surgery need to be
used according to the classification of corneal refractive

Table 3 Arithmetic and absolute IOL PEs (implanted IOL power - predicted IOL power), and variances of mean arithmetic IOL PE

Formula N Arithmetic IOL PE (D) Absolute IOL PE (D) Variances (D2)

Mean ± SD Median (Quartile ) Mean ± SD Median (Quartile) Median (Quartile)

ZZ IOL 38 -0.00 ± 0.47 -0.02 (-0.33 to 0.35) 0.38 ± 0.26 0.33 (0.18 to 0.57) 0.11 (0.03 to 0.33)

Shammas 33a -0.40 ± 1.84 -0.69 (-1.23 to -0.31) 1.18 ± 1.46 0.77 (0.42 to 1.34)b 0.60 (0.18 to 1.81)b

Haigis-L 33a 0.21 ± 2.07 -0.08 (-0.52 to 0.48) 1.09 ± 1.76 0.46 (0.29 to 0.93)b 0.22 (0.08 to 0.87)b

Barrett True K (no history) 38 0.19 ± 1.98 -0.16 (-0.59 to 0.30) 1.04 ± 1.68 0.52 (0.28 to 0.80)b 0.27 (0.08 to 0.65)b

Ray tracing 38 0.65 ± 1.97 0.20 (-0.24 to 1.11)b 1.10 ± 1.76 0.71 (0.20 to 1.25)b 0.51(0.04 to 1.57)b

IOL intraocular lens, D diopters
aNo IOL calculation results obtained with Shammas and Haigis-L formula in one eye since post-radial keratotomy was not available
bSignificantly different versus ZZ IOL (P < 0.05, with Bonferroni correction)

Table 2 Patient characteristics

Variable N Mean ± SD/% Range

Age (years) 26 56.7 ± 8.0 41 − 72

Sex (male) 8 30.8 % -

Eye used

Right 19 50.0 % -

Left 19 50.0 % -

Kf 38 35.27 ± 3.21 28.37 − 40.85

Kb 38 -6.08 ± 1.03 -8.10−-3.49

Central corneal thickness (mm) 38 472.37 ± 36.00 417 − 590

Axial length (mm) 38 27.61 ± 2.28 24.85 − 32.26

Anterior chamber depth (mm) 38 3.12 ± 0.36 2.17 − 3.90

Lens thickness (mm) 38 4.49 ± 0.42 3.98 − 5.49

White to white (mm) 38 11.80 ± 0.41 11.00 − 12.60

Corneal refractive surgery

LASIK 33 86.8 % -

RK 3 7.9 % -

RK + LASIK 2 5.3 % -

Type of IOL

AT LISA tri 839MP 21 55.3 % -

AT LISA 809MP 8 21.1 % -

CT ASPHINA 509MP 9 23.7 % -

IOL power (D) 38 19.74 ± 3.99 12.50 − 28.00

Kf the anterior corneal tangential curvature, Kb posterior corneal tangential
curvature, LASIK laser-assisted in situ keratomileusis, RK radial keratotomy,
IOL intraocular lens, D diopters
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surgery. In order to avoid this error, the actual posterior
corneal refractive power must be used instead of calcula-
tion data. Modern corneal tomography provides accurate
and reproducible estimates of the anterior and posterior
corneal refractive power, but determining the refractive
power for calculation remains a challenge, compounded
by no available formula developed to date. Secondly, in
traditional IOL power calculators, K1 and K2 represent
the mean values of two keratometry readings, symmet-
rical to the corneal apex, on the flattest and steepest
axes, respectively. Certainly, this method is feasible for a
normal cornea with small high-order aberrations
(HOAs), but an irregular cornea with high HOAs would
have larger errors. In addition, corneal asphericity plays
a role in the error, and all HOAs have certain effects

[30]. In order to avoid the complex aberration problem
and reduce this error, anterior and posterior corneal re-
fractive power selection assisted by a corneal refractive
equivalent power map should be performed. Thirdly, like
the above situation, the more deviation is present, the
more error induced. Although this error is hardly greater
than 0.10 D, introducing CCT should also be beneficial.
In terms of ELP, errors may be introduced because of
the use of corneal power to predict ELP (such as Hoffer
Q, Holladay 1, and SRK/T), the use of ACD and AL to
predict ELP (such as Haigis et al. [31]), the use of pre-
refractive surgery K to predict ELP (such as double-K
[32]), and the use of ACD and anterior chamber angle to
predict ELP (such as ray tracing). Indeed, all these
methods are similar and based on some standard

Fig. 1 Box diagram of IOL prediction errors. a Arithmetic IOL prediction error. b Absolute IOL prediction error. c Variance of mean arithmetic IOL
prediction error

Table 4 Absolute refractive PEs and the numbers and percentages of eyes with refractive PE within ± 0.50 and ± 1.00 D

Formula N Absolute refractive PE ± 0.50 D ± 1.00 D

Mean ± SD Median (Quartile) N (%) N (%)

ZZ IOL 38 0.27 ± 0.18 0.24 (0.13 to 0.40) 33 (86.8 %) 38 (100.0 %)

Shammas 33a 0.83 ± 1.02 0.54 (0.29 to 0.94)b 15 (45.5 %)b 26 (78.8 %)

Haigis-L 33a 0.76 ± 1.23 0.33 (0.20 to 0.65)b 22 (66.7 %) 27 (81.8 %)

Barrett True K (no history) 38 0.73 ± 1.18 0.36 (0.20 to 0.57)b 28 (73.7 %) 32 (84.2 %)

Ray tracing 38 0.77 ± 1.23 0.50 (0.14 to 0.88)b 19 (50.0 %)b 32 (84.2 %)

IOL intraocular lens, D diopters
aNo IOL calculation results obtained with Shammas and Haigis-L formula in five eyes since post-radial keratotomy was not available
bSignificantly different versus ZZ IOL (P < 0.05, with Bonferroni correction)
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coefficients through regression calculation. Of course,
the actual ELP cannot be obtained before the operation,
but modern partial coherence interferometry can deter-
mine the ACD and thickness of the crystalline lens [14].
The IOL would be implanted into the crystalline lens
capsule. Then, the effective IOL foot position could be
calculated by LT and a specific coefficient. The distance
from the optical plane of effective IOL to the foot plane
of effective IOL could be calculated by lens constant.
Therefore, we consider that the ELP obtained by the
sum of these two could introduce a smaller error due to
fewer variables and narrower ranges of variables. Based
on the above considerations and Snell’s law, the ZZ IOL
formula was designed. The main optical theory of ZZ
IOL is as follows. First, the effective optical zone was de-
termined by a corneal refractive equivalent power map,
which could be obtained by a corneal tomography de-
vice. The selection of the effective optical zone mainly
depends on two points: the zone within 4.0 mm around
the corneal apex and the relatively concentrated focus
zone after parallel light passing through the cornea. Sec-
ond, the mean values of the corneal anterior surface
curvature, posterior surface curvature, and thickness in
the effective optical zone are used to participate in the
ray tracing calculation, i.e., the first and second refrac-
tion of the incoming light. Third, ELP was estimated by
anterior chamber depth plus the percentage of crystal-
line lens thickness. Finally, according to the outgoing
light after the second refraction, ELP, and the outgoing
light of the third refraction focus on the retina, i.e., the
end of the ocular axis, the refractive power required for
the third refraction can be calculated, i.e., the IOL
power.
The ZZ IOL formula might have some advantages

over the existing methods. Theoretically, ZZ IOL could
be used in a wide range of patients and is not limited by
the AL or the type of pre-refractive surgery. In this
study, only post-corneal refractive surgery eyes were in-
cluded to compare its clinical accuracy with formulas on
the ASCRS post-refractive IOL calculator and ray tra-
cing. According to the above results, ZZ IOL might
show good predictability and accuracy for post-corneal
refractive surgery eyes, even in post-RK and post-RK +
LASIK eyes. We did not compare the previous formulas
among themselves, solely focusing in this study on ZZ
IOL comparison with individual formulas, respectively.
Concerning the absolute IOL PE, the variances of arith-
metic IOL PE and refractive PE, ZZ IOL showed a sig-
nificant advantage over the Shammas, Haigis-L, Barrett
true K, and ray tracing formulas. Future studies with lar-
ger sample sizes are required to confirm these findings.
In addition, ZZ IOL does not require clinical history in-
formation, which can be easily lost during the decades
separating corneal refractive surgery from cataract

surgery. For corneal conditions/procedures without spe-
cific IOL formulas, including keratoconus, post-corneal
trauma, post-keratoplasty, and post-stromal ring implant-
ation, ZZ IOL may also be a good option. Normal cornea,
irregular cornea, and AL will be examined in future stud-
ies. Evaluating the effects of ACD and lens thickness (LT)
on nine IOL power calculation formulas accuracy in indi-
viduals with normal axial lengths, it was found that new
generation formulas, particularly Kane, PEARL-DGS (Pre-
diction Enhanced by Artificial Intelligence and Output
Linearization) and Emmetropia Verifying Optical (EVO)
formula 26 (version 2.0), have higher reliability and stabil-
ity even in eyes with extreme ACD-LT combinations [33].
Furthermore, the improvement of post-IOL refractive ac-
curacy can provide doctors with more confidence for op-
erating on post-corneal refractive surgery patients, reduce
the proportion of refractive enhancement surgery, and
might help more people enjoy the advantages of multifocal
IOL in daily life.
However, ZZ IOL also has some disadvantages. In-

deed, it is greatly affected by the survey quality of cornea
tomography. For major corneal curvature data, Sirius
does not seem reproducible as the IOL master [34]. Poor
repeatability of corneal tomography would probably
make ZZ IOL-derived data fluctuate greatly. In addition,
the relatively poor tear film quality of the elderly might
reduce repeatability. In order to reduce this error, some
methods can be considered. First, the mean or median
value of multiple measurements could be used. Second,
anterior-segment OCT could be used instead of trad-
itional corneal tomography; the higher resolution, higher
definition, and relatively higher quality of anterior seg-
ment scans may produce better results [35]. Third,
Placido-disk, Scheimpflug, and anterior-segment OCT
protocols could all be used to measure the corneal
curvature, but each has its advantages [36]. For a specific
cornea, choosing the appropriate measurement technol-
ogy could provide real results. For example, the Sirius
device, which combines a rotating Scheimpflug camera
with Placido-disk topography, could have issues with
some corneas with poor transparency, which causes ser-
ious recognition errors in Scheimpflug raw images.
Mechanical instability of the cornea following incisional
surgery is another influencing factor. Phacoemulsifica-
tion may partially reopen keratorefractive incisions [37]
and cause varying central flattening and peripheral bul-
ging degrees. Fortunately, no significant abnormality was
found in both cases included in the present study, but
additional patients are needed to draw firm conclusions.
This study had several limitations. First, the sample

size was relatively small, with all patients treated in a
single center and selected based on specific criteria. In
these conditions, selection and information biases could
not be avoided. Analyses specific to RK could not be
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performed. Second, because of the limitation of the
number of samples, we included three kinds of IOLs in
the study, including multifocal and bifocal IOLs. Al-
though we only evaluated the diopter of the distant
focus, the difference in the optical properties of the IOLs
may also lead to deviation. Third, the study was retro-
spective, with inherent shortcomings. Fourth, the same
surgeon performed all procedures, and all lenses were
produced by the same manufacturer, further indicating
possible selection bias. Fifth, only Chinese eyes were in-
cluded, and high myopia and long AL are highly preva-
lent in the Chinese population, affecting IOL power
calculation [38]. Therefore, this method undoubtedly re-
quires further refinement and additional testing.

Conclusions
In conclusion, the ZZ IOL formula has reduced mean
absolute IOL, and refractive PE compared with the
Shammas, Haigis-L, Barrett true K, and ray tracing for-
mulas and shows good accuracy and predictability in
post-corneal refractive surgery eyes. Future studies com-
paring ZZ IOL and other formulas in various types of
eyes are warranted.
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