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Abstract
Background/objectives To analyze the refractive predictability and outcomes of cataract surgery in the very elderly (≥85
years old).
Subjects/methods A retrospective case-series performed at the Shiley Eye Institute, University of California San Diego,
USA. Electronically pulled data of 2444 surgeries revealed 147 surgeries on 133 very elderly patients. Chart review was
conducted for all very elderly and corresponding control patients (75–84 years old). The first operated eyes of patients with
final best-corrected visual acuity ≥20/40, axial length (AL) 22–26 mm, and implanted SN60WF IOL were included. Patients
with ocular comorbidities and/or intra- or post-operative complications were excluded. Prediction errors of refractive
outcome and percentage of eyes within ±0.50D and ±1.00D were compared between the groups for the Holladay 1 and
Barrett Universal II (Barrett) formulas. Logistic regression analysis for achievement of ±1.00D was conducted.
Results Final analysis included 90 eyes (n= 44, very elderly, n= 46, control patients). Median absolute refractive error
(MedAE) with Holladay 1, but not Barrett formula, was significantly higher in the older group (p= 0.02 and p= 0.07,
respectively). The MedAE in the older group was lower using the Barrett compared to Holladay 1 (p= 0.02). Fewer older
patients than younger patients achieved refraction within ±0.50D and ±1.00D from goal, using the Holladay 1 (p= 0.049
and p= 0.002 respectively). Logistic regression analysis supported the relationship between Holladay 1 predictive refractive
error of >1.00D and patient’s age (p= 0.046).
Conclusions Very elderly patients undergoing cataract surgery may be prone to reduced refractive precision, particularly
with utilization of the Holladay 1 formula.

Introduction

With increased aging of the world’s population, the very
elderly (aged ≥ 85) [1] are now expected to constitute a
higher percentage of patients undergoing cataract surgery,
and this number is expected to rise [2]. Few previous
studies evaluating the outcomes of cataract surgery have
focused on this subpopulation. Of these studies, most
have compared the safety profile of cataract surgery in
these very elderly patients to their younger counterparts
[3–5] or have focused on visual outcomes and quality of

life after surgery [5–9]. While acknowledging that
comorbidities like wet age-related macular degeneration
or advanced glaucoma may limit visual outcomes in this
subpopulation, these studies have shown that cataract
surgery is safe in this age group [3, 10, 11] and leads to
improvement of patients’ daily functioning and quality of
life measures [8, 11, 12]. More patients than ever before
reach their 80 s with good general and ocular health, as
they are still mobile and continue daily routines and
recreational activities. This increase in years of good
health warrants fully addressing refractive expectations
as well.

Older age has been associated with collagen structural
changes impacting scleral fiber alignment and matrix
stiffness [13] as well as stretching qualities of the anterior
capsule and lens zonule. This changes elastic properties
over time [14, 15]. Moreover, age has been shown to affect
the morphology of the Schlemm’s canal (SC) and trabe-
cular meshwork (TM) [16]. Evidence of changes of the
anterior chamber depth (ACD) have also been reported in
the elderly [17].

* Natalie A. Afshari
naafshari@ucsd.edu

1 Shiley Eye Institute, Viterbi Family Department of
Ophthalmology, University of California San Diego, La Jolla, CA,
USA

2 Department of Ophthalmology, University Medical Center of the
Johannes Gutenberg University Mainz, Mainz, Germany

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-019-0752-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-019-0752-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-019-0752-0&domain=pdf
mailto:naafshari@ucsd.edu


While studies indicate that refractive results in the very
elderly are overall good [11, 18] and that a patient’s age
may impact intraocular lens (IOL) prediction error of the
SRK/T formula [19, 20], there has been no attempt to assess
refractive predictabilities of more modern IOL calculation
formulas in this specific age group. We therefore analyzed
the accuracy of IOL calculations in the very elderly in
comparison to their younger counterparts (aged 75–84)
using two widely used formulas: the Holladay 1 and the
Barrett Universal II.

Materials (subjects) and methods

This study was performed in a single tertiary setting at the
Shiley Eye Institute, University of California, San Diego.
Prospective Institutional Review Board (IRB) approval was
granted for this study by the IRB office of University of
California San Diego, and it conformed to the tenets of the
Declaration of Helsinki.

Patient selection

Figure 1 summarizes patient selection criteria for this study.
A total of 7090 cataract surgeries were performed by
experienced surgeons of cornea and glaucoma services of
the Shiley Eye Institute, University of California, San
Diego, between January 2015 and May 2018. Power cal-
culation for this study was based on the two-sided
Mann–Whitney-U test in median absolute refractive error
(MedAE) between very elderly (≥85 years old) patients and
the younger (75–84 years old) patients (controls). With a
calculated minimal sample size of n= 88 (44 in each
group), this test was expected to have 80% power at the
0.05 significance level to detect an effect size of d= 0.6
between the groups. Internal data query showed 425/
7090 surgeries (6%) were performed on patients ≥85 years
old. Data was electronically queried solely for surgeries
performed on the first two days of each week, yielding
2444 surgical cases, out of which 147 surgeries were per-
formed on the very elderly.

After exclusion of all second eye surgeries, 133 patient
charts in the very elderly group and their paired surgical
date consecutive 75–84-year-old patients were reviewed.
Patient demographic data were collected as well as each
eye’s preoperative manifest refraction and biometry mea-
surements including ACD, keratometry (K) values, axial
length (AL), and selected IOL power. The ACD was
defined as axial distance from the corneal epithelium to
lens. IOL calculations were performed with the Holladay 1
and the Barret Universal II formulas, and the predictive
refractive error (RE) of each formula using the IOL power
that was implanted was documented. Postoperatively, best

spectacle-corrected visual acuity (BCVA) and stable man-
ifest refraction were documented. Refractive and absolute
refractive errors for each formula, in addition to the per-
centage of eyes within ±0.50D and ±1.00D of the predicted
refraction of the IOL that was implanted were compared
between the age groups.

In adherence with the Hoffer et al. protocols for studies of
intraocular lens formula accuracy [21, 22], only patients with a
final BCVA better than 20/40, an AL of 22–26mm, who all
underwent implantation of the same model of IOL (SN60WF,
Alcon Laboratories, Inc., Fort Worth, TX) were included. All
included patients underwent ocular biometry 1 month prior to
surgery, using the partial coherence interferometer (IOL-
Master, V. 5.2.1, Carl Zeiss Meditec, Inc., Dublin, CA), and a
corneal tomography exam (Pentacam HR, Version 6.08r30;
Oculus, Wetzlar, Germany). When AL measurements were
not achievable or when a difference of ≥ 0.3mm in the mea-
sured AL between the eyes was noted, immersion ultrasound
biometry was performed. All included patients had a docu-
mented follow-up visit 1–3 months post operatively, at which
time a manifest refraction was performed by a licensed
optometrist. Exclusion criteria included patients with partial
follow-up data (missing stable refraction information, lost to
follow-up, or missing charts), low quality of biometry mea-
surements defined by a signal-to-noise ratio (SNR) ≤2 by the
IOLMaster, eyes with significant ocular comorbidities, history
of refractive surgery, and/or intra- or postoperative
complications.

Intraocular lens calculations

All cataract surgeries involved a temporal clear corneal
incision, phacoemulsification, and implantation of an IOL
into the capsular bag. IOL choice was made at the discretion
of the surgeon. IOL calculations output based on biometry
using the Holladay 1 formula and the Barrett Universal II
(v1.05, available at http://calc.apacrs.org/barrett_universa
l2105) were documented in all cases. The nominal A-
constant (118.7) for the SN60WF IOL and Surgeon Factor
for the Holladay 1 formula (1.84) were optimized for the
Zeiss IOLMaster as specified by the User Group for Laser
Interference Biometry (ULIB) website (available online at:
http://ocusoft.de/ulib) and were not optimized per surgeon.
Predicted refractive error (PE) was defined as the difference
between the RE, the formula predicted, and the patient’s
actual stable refraction postoperatively [21]. No adjustment
of the PE to zero was applied in this study due to a very low
mean refractive PE in both groups (0.15D in each of the
groups) [23]. Moreover, this study reflects the current
practice in many centers today where personalization of the
lens constant is not routinely applied.

To further validate our calculations, we used the online
lens formula performance audit calculator (Version 1.6,
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Fig. 1 Summary of criteria for patient selection. Asterisk indicates
January 2015 until July 2018. Double asterisks indicate that total
number of cases queried electronically was based on power analysis
and internal data indicating that 6% of total cataract surgeries at the

Shiley Eye Institute were performed on patients over the age of 85.
ACD anterior chamber depth, IOL intraocular lens, AL axial length,
BCVA best-corrected visual acuity, S/P status post, AMD age-related
macular degeneration.
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available online at http://saurabhsawhney.wix.com/calcula
tors; http://www.insighteyeclinic.in/SIA_calculator.php).

Final analysis included 44 patients in the very elderly
group and 46 patients in the younger group.

Statistical analysis

Baseline AL, ACD, and mean K, as well as biometric SNR,
baseline BCVA, post-operative BCVA, and the improvement
of BCVA and the MedAE with each of the formulas were
compared between the age groups using the two-sided non-
parametric Mann–Whitney test. The percentage of eyes within
a refractive goal of ±0.50D and ±1.00D of the predicted
refraction from the IOL that was implanted was compared
between the age groups using the Fisher’s exact test for each
formula. The two-sided Wilcoxon matched-pairs signed rank
test was used to compare the MedAE in the very elderly group
between the Holladay 1 and the Barrett formulas. Multiple
logistic regression analysis for the achievement of ±1.00D was
carried out including age, sex, mean corneal power, ACD, and
AL. A p value < 0.05 was considered statistically significant.

Results

Table 1 summarizes patients’ preoperative collected data.
The two age groups did not differ in mean keratometry
values, BCVA prior to surgery, biometry axial lens SNR, or
AL. ACD was lower in the very elderly group compared to
the controls (p= 0.02).

Postoperatively, logMAR BCVA was 0.13 ± 0.10 in
the very elderly group, and 0.11 ± 0.09 in the younger group
(p= 0.435). LogMAR BCVA improved by 0.35 ± 0.39 in
the very elderly group and by 0.28 ± 0.29 in the younger
group (p= 0.291). Data summarizing refractive outcomes
compared to predicted RE with each of the two formulas are
presented in Table 2.

MedAE with the Holladay 1 formula but not with the
Barrett Universal II formula was significantly higher in
the very elderly group in comparison to the younger group
(p= 0.02 and p= 0.07, respectively). The MedAE within
the very elderly group was lower using the Barrett Uni-
versal II formula in comparison to the Holladay 1 formula
(p= 0.02).

Table 1 Demographics and preoperative characteristics of the two age groups.

Age (years) 75–84 ≥85

n (%) Mean ± SD Min–Max n (%) Mean ± SD Min–Max

– 78.24 ± 2.93 75–84 86.75 ± 2.08 85–95

Sex

Female 33 (72%) – – 24 (55%) – –

Male 13 (28%) – – 20 (45%) – –

OD 24 (52%) – – 18 (41%) – –

OS 22 (48%) – – 26 (59%) – –

AL (mm) – 23.67 ± 0.89 22.06-25.89 – 23.86 ± 0.95 22.11–25.72

Average K (D) – 44.05 ± 1.74 40.68–48.81 – 43.61 ± 1.49 40.96–46.08

ACD (mm) – 3.09 ± 0.34 2.49–3.77 – 2.89 ± 0.36ǂ 2.20–3.57

IOL power (D) – 20.93 ± 2.04 16.50–24.50 – 21.08 ± 2.57 15.00–25.50

BCVA prior surgery (logMAR) – 0.39 ± 0.32 0.00–2.00 – 0.48 ± 0.43 0.10–2.00

BCVA post surgery (logMAR) – 0.11 ± 0.10 0.00–0.30 – 0.13 ± 0.10 0.00–0.30

Biometry SNR – 215.40 ± 124.61 28.50–560.70 207.02 ± 95.34 90.40–386.20

AL axial length, mean K mean keratometry, ACD anterior chamber depth, IOL intraocular lens, BCVA best-corrected visual acuity, SNR signal
noise ratio
ǂACD was significantly lower in the older group in comparison to the younger group (p= 0.0186)

Table 2 Predictive refractive error per two intraocular lens calculation formulas compared by age at time of surgery.

Mean error (D) ± SD Median absolute
error (D)

% of eyes Maximal plus
error (D)

Maximal minus
error (D)

Range of
error (D)

Within ±0.50D Within ±1.00D Beyond ±2.00D

Age 75–84 ≥85 75–84 ≥85 75–84 ≥85 75–84 ≥85 75–84 ≥85 75–84 ≥85 75–84 ≥85 75–84 ≥85

Holladay 1 −0.10 ± 0.42 −0.12 ± 0.69 0.28 0.48ǂ 74.00 52.00ǂ 100.00 82.00ǂ 0.00 0.00 0.79 1.32 −1.00 −1.91 1.79 3.23

Barrett
Universal II

0.00 ± 0.46 0.05 ± 0.70 0.31 0.39 78.00 66.00 98.00 86.00 0.00 0.00 0.97 1.89 −1.38 −1.56 2.34 3.45

D diopters, SD standard deviation
ǂp < 0.05 for value compared between the two age groups
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Figure 2 presents the refractive outcomes within the
range of ±0.50D and ±1.00D using the Holladay I formula
and the Barrett Universal II formula. Logistic regression
analysis supported the relationship between a Holladay 1
PE of >1.00D and patient’s age (p= 0.046), while sex,
ACD, mean keratometry, or AL were not associated
(Table 3). No such relationship was found with the Barrett
Universal II formula (Table 3).

Discussion

The results of this study demonstrate a higher median
absolute predictive error in the very elderly in comparison
to younger patients using two very popular IOL formulas,
though this difference is statistically significant between the
age groups only when using the Holladay 1 formula. Direct
comparison between formulas in the very elderly shows

Fig. 2 Refractive outcomes within the range of ±0.50D and ±1.00D
using the Holladay I formula and the Barrett Universal II formula
among the age groups. a Percentage of eyes within a refractive
outcome of ±0.50D and ±1.00D with the Holladay 1 formula. b Mean
refractive error and standard deviation in both age groups with the
Holladay 1 formula. Dashed lines represent the ±1.00D border, the
±0.50D border and the mean. Orange rectangle – area within ± 0.50D.

Red striped rectangle—area within ±1.00D. c. Percentage of eyes
within a refractive outcome of ±0.50D and ±1.00D with the Barrett
Universal II formula. d Mean refractive error and standard deviation in
both age groups with the Barrett Universal II formula. Dashed lines
represent the ±1.00D border, the ± 0.50D border and the mean. Orange
rectangle—area within ± 0.50D. Red striped rectangle—area within ±
1.00D.

Table 3 Multiple logistic
regression analysis on >1.00D
absolute refractive error for
Holladay I formula and the
Barrett Universal II formula.

Parameter Holladay 1 formula Barrett Universal II formula

p value OR 95% confidence
interval for OR

p value OR 95% confidence
interval for OR

Gender 0.22 0.3 0.04–2.06 0.54 0.55 0.08–3.65

Age 0.046ǂ 1.25 1.00–1.56 0.41 1.08 0.90–1.30

ACD 0.18 0.16 0.01–2.30 0.1 0.09 0.01–1.54

AL 0.83 0.89 0.30–2.61 0.74 1.21 0.39–3.77

Mean K 0.93 0.98 0.54–1.75 0.49 1.23 0.69–2.20

OR odds ratio, ACD anterior chamber depth, AL axial length, mean K mean keratometry
ǂRepresents p value < 0.05
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superiority of the Barrett Universal II formula in prediction
accuracy. Regression analysis supports age’s contribution to
a higher predictive error, and, as visible in Fig. 2, a higher
standard deviation around the mean RE is present in the
very elderly, with more patients outside the ±0.50D and
±1.00D desirable refractive goals with both formulas.

Previous studies have concluded that cataract surgery is a
safe and desirable procedure at any age in the presence of
visually significant cataract, with favorable visual outcomes
and positive impact on quality of life and cognitive status in
the very elderly [5, 8, 9, 11, 24–26]. As summarized in a
thorough review by Li et al, the very elderly fare as well as
younger patients across different studies, with similar
complication rates when adjusting for age-related systemic
and ocular comorbidities [3, 7, 8, 11]. Moreover, it may be
safe to assume that patients who are undergoing cataract
extraction at an older age may be in better health than
average for their age as they feel well enough to choose an
elective surgery. It is crucial to achieve the best possible
refractive outcome while addressing this group’s specific
anatomical characteristics [13, 14, 16, 17, 20]. Prior studies
do not reflect the latest techniques and technologies avail-
able at the service of cataract extraction and IOL calcula-
tions. The scarcity of such studies may stem from the
relatively low number of patients undergoing cataract sur-
gery as nonagenarians and octogenarians in the absence of
visually significant ocular comorbidities.

Based on the Swedish National Cataract Register, 4% of
patients undergoing cataract surgery were older than 90 years
[18]. Similarly, in our study, only 6% of cataract surgeries
performed at a tertiary center belonged to the very elderly age
group. However, 29% (25/86 patients undergoing phacoe-
mulsification with implantation of SN60WF IOL) of the
patients in this age group were excluded for ocular comor-
bidities. This makes the analysis of refractive outcome and
accuracy of intraocular lens calculations formulas in this
subgroup of patients challenging. Mental status and systemic
comorbidities may also challenge the ability of the very
elderly to cooperate with meticulous manifest refraction or
fixating to achieve technically decent biometry. We therefore
defined good quality of preoperative biometry and post-
operative BCVA of 20/40 or better as inclusion criteria, which
may have excluded even more patients but may have cor-
rected for this possible bias. The biometry SNR comparison,
showing no difference in biometry quality between groups
(p= 0.28), reduces the chance our results are attributable to
cognitive factors impacting the ability of the very elderly to
hold steady fixation during biometry.

We were therefore able to summarize pre- and post-
operative data of 44 eyes of 44 very elderly patients that
achieved favorable visual outcomes.

Previous studies have evaluated IOL power calculation
formula accuracy in the pediatric population, acknowledging

anatomical differences and different biometric profiles
compared to adults [27, 28]. Unique anatomical features
characterize the very elderly population as well. With older
age, collagen fiber structure becomes less aligned, and the
scleral matrix stiffens [13, 29]. It is unclear, however, how
this change translates into change of AL, if at all, or phy-
siological/refractive consequences. In addition, ACD was
shown to decrease with age [17, 20, 30]. Our study found
nearly identical ACD values in the elderly (2.89 ± 0.36 mm)
as Hayashi et al. (2.89 ± 0.35 mm), which are significantly
lower than ACD in younger patients [20]. While their study
also states that AL shortens with increasing age, no such
difference was found when comparing the 70–79-year-old
patients to the 80–89-year-old ones, correlating with our
findings. Moreover, the angle structures change with age,
with a decrease in the diameter of the SC and an increase of
TM thickness [16]. Assia et al. reported a decrease in
maximal zonular stretch with age and increase of zonular
fragility [14]. These variations can potentially influence
flexibility of the capsular bag. All aforementioned differ-
ences may impact the preoperatively estimated lens position
(ELP) but are not currently taken into account when
choosing the IOL formula for cataract surgeries in this age
group. We are unaware of studies comparing the ELP with
the actual postoperative IOL position in the very elderly.
Performing the necessary ancillary exams to prove such
differences in our cohort of patients was beyond the scope of
our study.

A former study by Nuzzi et al. searched for risk factors
that could explain deviation from emmetropia post cataract
extraction. The authors concluded there is a higher RE in
patients older than 73 years using the SRK II and SRK/T
formulas and suggested age as a risk factor for deviation
from emmetropia. Patients older than 85 years of age were
excluded from analysis. Hayashi et al. [20] prospectively
examined the IOL PE in younger versus older patients. In
their study, four age groups (59 and younger, 60–69, 70–79,
and 80–89 years of age) were compared for median absolute
RE using the SRK/T formula only. The authors evaluated
only eyes which were targeted for emmetropia and con-
cluded that the mean post-operative SE was more myopic as
age increased, and the mean PE was less myopic as age
increased. In contrast to our results, they did not find a
difference in the median absolute RE between the age
groups. The authors’ conclusion was, nevertheless, that age
should be considered when selecting IOL power. A possible
explanation for the different results is the definition of the
very elderly in our study as ≥ 85 years old, as currently
accepted [1]. The formulas compared were also different, as
we have compared a fourth-generation formula to the
widely used Holladay 1 formula.

The Holladay 1 formula is a theoretical vergence for-
mula. To predict the ELP, it uses two variables of
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prediction, AL and keratometry, and incorporates the
“surgeon factor” into the formula [31]. The Holladay 1
does not take ACD into consideration, which can partially
explain the differences in accuracy when used for younger
versus very elderly patients. The Barrett universal II for-
mula, on the other hand, is expected to account for dif-
ferences in optical ACD, which can explain the better
accuracy in this age group. The effect of ACD on the
choice of intraocular lens calculation formula was pre-
viously compared between the SRK/T, Holladay 1, Hoffer
Q, and Haigis formulas in different eye lengths [32]. The
Holladay 1 was inferior to the Hoffer Q formula in short
eyes with an ACD shallower than 2.5 mm, but no statisti-
cally significant difference was noted with ACD between
2.5 and 3.5 mm. In our practice, however, as in many
others across the world, the choice of formula is principally
based on AL, not ACD, and the Holladay 1 and Barrett
universal II serve interchangeably as formulas of choice for
eyes with AL between 22–26 mm. Moreover, had the ACD
been associated with RE in regression analysis, this would
point to inferiority of the Holladay 1 two-variable formula
in eyes with shorter ACD. However, the significant asso-
ciation of age alone to refractive outcome by logistic
regression, and the similar Barrett trend toward poorer
refractive outcomes in the older age group, suggest
patient’s age as an important variable.

This study has a few limitations. To comply with the
recommendations of Hoffer et al. for studies of IOL cal-
culation formulas accuracy and to avoid errors of optimi-
zation, only one IOL model was hereby analyzed [21, 22].
While the 1-piece SN60WF is one of the most commonly
used IOLs in use in the US, our results may not be extra-
polatable to other IOL types. Additionally, given the scar-
city of patients who met our inclusion criteria, surgeries by
multiple surgeons were included in the analysis. Lastly,
only the Barrett Universal II and the Holladay 1 formulas
were compared based on their accuracies and popularity of
use, especially in eyes 22–26 mm long [33]. The above,
however, may very well represent real-life experiences of
practices worldwide.

As future studies search for rationale for the differences
in refractive outcomes between age groups, it would be
interesting to compare lens thickness and grading of cat-
aract in both groups prior to surgery, as well as the IOL
stable postoperative anatomical location using anterior
segment optical coherence tomography. It would also be of
interest to investigate correlation of ACD and lens thick-
ness with the prediction of refractive outcome in a larger
series of patients. In our study, we wanted to compare the
very elderly group to another age group, and chose the one
of 75–84, assuming a manifest difference between two
consecutive age groups may signify an even more notice-
able difference with younger patients as well. Fortunately,

we found a statistically significant difference with this
comparison, however, comparing the refractive outcomes
of the very elderly to younger age groups, specifically
patients aged 65–75 years, would be of value in the future
as well.

In conclusion, this preliminary study points at a more
predictable refractive outcome in younger versus very
elderly patients undergoing cataract extraction, with more
accurate refractive results achieved and a lower median
absolute RE achieved using the Barrett Universal II formula
in this age group. This should be taken into consideration
when an IOL calculation formula is chosen in the very
elderly and during preoperative patient consult, if the Hol-
laday 1 formula is to be used. In a following larger cohort
study, a best-fit regression equation will be obtained to
improve the predictability of the Holladay 1 formula for this
age group.

Summary

What was known before

● The number of cataract surgeries performed in the very
elderly (over the age of 85) is on the rise.

● Refractive outcomes are not frequently analysed in this
subgroup of elderly patients and none have investigated
the use of modern intraocular lens calculation formulas
in this age group.

What this study adds

● This study evaluates the intraocular lens calculations
accuracy in this age group.

● Very elderly patients undergoing cataract surgery may
be prone to reduced refractive precision.

● Predicting refractive outcomes in the very elderly may
improve with the Barrett Universal II formula.
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