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Objective: To compare the association of glaucoma and glaucoma suspect diagnoses with frailty, quantified via an 

electronic frailty index (eFI), and to evaluate whether a glaucoma diagnosis moderates the association between 

frailty and the cumulative risk of acute healthcare encounters for incident falls or fractures. 

Design: Retrospective study of electronic health record (EHR) data. 

Subjects, Participants, and/or Controls: Adults ≥ 65 years old with an ICD-10 diagnosis code for glaucoma or 

glaucoma suspect who had a calculable eFI score as of 10/1/2017. 

Methods: Ordinal logistic regression was used to examine the cross-sectional association between glaucoma (pre- 

dictor) and frailty status (outcome) based on the eFI. The relationship of glaucoma and frailty with the cumulative 

incidence of hospital or emergency room visits for injurious falls or fractures over time was modeled using cause- 

specific recurrent event survival models that account for censoring and the competing risk of death. 

Main Outcome Measures: Frailty status based on the eFI and cumulative incidence of falls or fractures. 

Results: Glaucoma patients were significantly more likely to be frail compared to glaucoma suspects (adjusted 

odds ratio = 1.36, 95 % CI(1.16, 1.60)). Both pre-frailty and frailty were associated with an increased risk of 

incident falls/fractures in older adults: prefrail (hazard ratio = 2.07, 95 % CI (1.40, 3.06)), frail (hazard ratio = 3.35, 

95 % CI (2.24, 5.03)), but there was no interaction of frailty with glaucoma status on falls/fractures risk. Also, 

the risk of incident falls/fractures did not significantly differ between glaucoma versus glaucoma suspects. 

Conclusions: Glaucoma patients were more likely to be frail or pre-frail based on an EHR-derived index than 

glaucoma suspects. Both pre-frailty and frailty were associated with increased cumulative risk of injurious falls 

or fractures but there was no interaction of frailty with glaucoma. Frailty based on the eFI was better at discrim- 

inating who is at risk of acute healthcare utilization for falls/fractures than a glaucoma diagnosis. 
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. Introduction 

Glaucoma is the most common cause of irreversible blindness world-

ide and is projected to impact 111.8 million people by the year 2040

 1 ]. Several clinical and population-based studies have suggested an as-

ociation between a glaucoma diagnosis and risk of falls [ 2–7 ]. How-

ver, the underlying pathophysiologic mechanisms explaining this re-

ationship are complex and not well understood. Moreover, a majority
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f these studies have collected self-reported falls [ 7–9 ], many of which

ay not result in any serious injury. Little has been done to investi-

ate whether patients with glaucoma are more likely than patients with-

ut glaucoma or glaucoma suspects to suffer injurious falls or fractures

hat could result in an emergency room or inpatient hospitalization, and

igher healthcare utilization and costs. According to Hoffman, et al. fall-

elated injuries in particular are estimated to cost $9389 per instance,

ith an average out-of-pocket cost of $1363 [ 10 ]. Prager et al. found
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hat patients with glaucoma incurred an additional $2903 (95 % CI

$2247, $3558)) in overall annual health costs, [ 11 ] though the amount

ttributable to fall-related injuries was not specified. 

The mechanisms linking glaucoma to falls are also complex and mul-

ifactorial, and currently, the literature is mixed as to whether functional

obility mediates the relationship between glaucomatous visual impair-

ent and fall risk [ 7 , 12 ]. Several recent studies have postulated that

oor vision in general may be associated with frailty, a condition with

 high prevalence of impaired mobility function, though the intricacies

f the relationship between frailty and visual impairment have not been

ell-characterized [ 13–17 ]. Whether frailty may be related to glaucoma

r whether there may be an interaction between frailty and glaucoma

ith the risk of injurious falls and fractures in older adults is unclear.

ne study failed to find an association between increased cup to disc ra-

io or elevated intraocular pressure, which are risk factors for glaucoma,

nd either cognitive or physical frailty [ 18 ]. Another study showed that

railty but not pre-frailty was cross-sectionally associated with a glau-

omatous appearing optic nerve on graded color photographs [ 19 ]. 

Frailty is a multi-system pathologic clinical syndrome that is more

revalent in older adults and is characterized by weakness and de-

reased physiologic reserve [ 20 ]. Frailty has been associated with a

umber of downstream adverse outcomes, including falls, hospitaliza-

ions (including increased hospital utilization and cost), institutional-

zation, and mortality [ 21–25 ]. The prevalence of frailty among older

dults ranges from 24 % in the community [ 26 ] to 70 % in institution-

lized settings [ 27 ], and is expected to increase as the U.S. population

ges. 

The measurement of frailty has evolved over time since the syndrome

as initially described. Multi-dimensional frailty indices based on the

heory of deficit accumulation have shown excellent prognostic capa-

ility for prediction of adverse health outcomes [ 28–31 ]. Clegg et al.

eveloped an electronic frailty index (eFI) capable of identifying and

taging frailty in older adults solely leveraging data from the EHR [ 32 ].

ithin our institution, this approach has been adapted with an eFI in-

egrated within the EHR (Epic, Verona, WI) since October 2019 on all

atients 55 years or older. This eFI implementation leverages routine en-

ounters, diagnosis codes, laboratory, medication, vital signs, and Medi-

are Annual Wellness Visit data housed within the EHR. The eFI has

een examined across a myriad of settings and populations, including

re-operative screening, de-prescribing in patients with type 2 diabetes,

nd examining the relationship between frailty and socioeconomic dis-

dvantage with healthcare utilization [ 33–35 ]. 

The goal of this study was to compare the relationship of glaucoma

nd glaucoma suspect diagnoses with frailty, quantified via the eFI.

 secondary goal was to examine whether a glaucoma diagnosis con-

ributes to the association between frailty and the risk of acute emer-

ency room or hospitalization encounters for incident falls and frac-

ures as captured in the EHR. Our overarching hypothesis was that pa-

ients with a glaucoma diagnosis would be more likely to be frail than

lder adults with glaucoma suspect diagnoses and that the association

etween frailty and falls may be moderated by glaucoma. 

. Methods 

A retrospective single-center analysis of EHR data was performed for

dults ≥ 65 years old who had an ICD-10-CM diagnosis for glaucoma or

laucoma suspect (Supplemental Table 1) [ 36 ] between 10/1/2015 –

0/1/2017, with follow-up through 2022. The index date was chosen

o avoid the system-wide conversion from ICD-9 to ICD-10 codes on

0/1/2015. Patients with any baseline diagnosis of glaucoma in at least

ne eye during the 2015–2017 look-back window were categorized as

aving a glaucoma diagnosis. Patients were categorized as a glaucoma

uspect if they had a stable glaucoma suspect diagnoses in at least one

ye but did not develop any glaucoma diagnosis in either eye. In the

urrent study, we leveraged cumulative EHR data from the preceding

 years to estimate a single eFI score as of 10/1/2017. At minimum
2

atients needed to have at least two outpatient encounters during that

-year window with a measured blood pressure in order to be able to

stimate the eFI. Details of the eFI calculation can be found in the sup-

lemental material of Pajewski et al., with recent updates to the scor-

ng algorithm described in Khanna et al. (Supplemental Table 2) [ 37 ].

railty status based on the eFI was categorized as Fit (FI ≤ 0.10), Pre-

rail (0.10 < FI ≤ 0.21), and Frail (0.21 < FI) [ 38 , 39 ]. Institutional Review

oard (IRB) approval was obtained. A waiver of informed consent was

rovided due to the retrospective nature of this analysis. 

EHR and Humphrey visual field imaging (Zeiss Meditec, Inc.) from

 random subset of patients with glaucoma were manually reviewed

o ascertain reliability and glaucoma severity based on the Ameri-

an Academy of Ophthalmology Preferred Practice Pattern Guidelines

 40 , 41 ]. Patients were categorized as having severe (both superior and

nferior hemifields or central 10 degrees) vs. Moderate (one hemifield

nd not involving central 10 degrees) vs. No field loss in the worse eye.

ver three years of follow-up, we also examined the cumulative inci-

ence of emergency department (ED) visits or inpatient hospitalizations

ith a diagnosis of a fall or fracture (Supplemental Table 3). A new ED

isit or inpatient hospital event for fall or fracture was defined as an

vent that occurred more than 1 month after a prior fall or fracture. 

.1. Statistical analysis 

We used ordinal logistic regression models to estimate the cross-

ectional association between a glaucoma diagnosis (independent vari-

ble) and frailty based on eFI (outcome) as of 10/1/2017. In a random

ubset of glaucoma patients, we analyzed the relationship between glau-

oma severity in the eye with more advanced disease and frailty. Next,

e used the mean cumulative count estimator (MCC), which estimates

he average number of events (incident or recurrent) per individual over

 specified time interval, to estimate and visualize the cumulative in-

idence of emergency room or inpatient hospitalizations for an injuri-

us fall or fracture that occurred after 10/1/2017 among glaucoma vs.

laucoma suspects and among frail vs. pre-fail vs. fit individuals. First,

eparate unadjusted models were constructed, and then both glaucoma

nd frailty status were placed in the same adjusted multivariable sur-

ival model. We also examined models that included a statistical inter-

ction between glaucoma diagnosis and frailty status. To address poten-

ial confounding effects within the context of recurrent events, we used

he gap-time model proposed by Prentice, Williams, and Peterson [ 42 ].

oth the MCC estimator and the gap-time survival model account for

ensoring and the competing risk of death. Also, since eFI summarizes

any aspects of health status (e.g. co-morbidities, physical and cogni-

ive function, etc.), we considered a very limited number of covariates in

nalyses, namely age, sex, race/ethnicity, and the number of outpatient

ncounters during 2015–2017 to attempt to account for informed pres-

nce bias [ 43 ]. A p-value < 0.05 was considered statistically significant.

tatistical analyses were conducted in R Statistical Computing Environ-

ent (R Core Team, Vienna, Austria) or SAS v9.4 (SAS, Cary, NC). 

. Results 

We identified 4147 older adults with an ICD-10-CM diagnosis code

or glaucoma or glaucoma suspect who also had a calculable eFI score

s of 10/1/2017. Table 1 compares the patient characteristics of those

ith an ICD-10 diagnosis of glaucoma versus glaucoma suspect. The dis-

ributions of sex and race were similar for the two groups, but glaucoma

ases were slightly older. We had 2710 total glaucoma cases and 1437

laucoma suspects with a calculable eFI score using data from the 2-year

ookback (2015–2017). Among older adults with a glaucoma diagnosis,

30 (23.2 %) were classified as fit, 1375 (50.7 %) were classified as pre-

rail, and 705 (26 %) were classified as frail. Among glaucoma suspects,

80 (33.4 %) were classified as fit, 681 (47.4 %) were classified as pre-

rail, and 276 (19.2 %) were classified as frail. Glaucoma patients were
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Table 1 

Patient study characteristics stratified by glaucoma status. 

Characteristic Glaucoma Suspect ( N = 1437) Glaucoma ( N = 2710) P value 

Age, years, mean (SD) 74.9 (7.1) 77.6 (7.8) < 0.001 

Male sex, No. (%) 560 (39.0 %) 1117 (41.2 %) 0.17 

Race/Ethnicity, No. (%) < 0.001 

White 1135 (79.0 %) 2000 (73.8 %) 

Black 237 (16.5 %) 614 (22.7 %) 

Hispanic 29 (2.0 %) 35 (1.3 %) 

Other 36 (2.5 %) 61 (2.3 %) 

No. of outpatient visits in last 2 years, median [IQR] 7 [3, 14] 5 [3, 10] < 0.001 

Frailty status based on eFI, No. (%) < 0.001 

Fit (eFI ≤ 0.10) 480 (33.4 %) 630 (23.2 %) 

Pre-frail (eFI > 0.10 & eFI ≤ 0.21) 681 (47.4 %) 1375 (50.7 %) 

Frail (eFI > 0.21) 276 (19.2 %) 705 (26.0 %) 

Died during follow-up 115 (8.0 %) 272 (10.0 %) 0.04 

SD = Standard deviation; IQR = interquartile range; eFI = electronic frailty index. 

Fig. 1. Incidence of falls and fractures by glaucoma diagnosis and frailty status. 
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lder and a higher proportion were black compared to the glaucoma

uspects ( p < 0.05). 

From our analysis of the overall cohort, we found that older adults

ith glaucoma were significantly more likely to be classified as frail

ompared to glaucoma suspects (adjusted odds ratio = 1.36, 95 % CI

1.16, 1.60)), adjusting for age, sex, and race/ethnicity. Within the chart

eview subset of patients ( N = 207), those with severe glaucoma were

ore likely to be categorized as frail based on the eFI compared to those

ith either mild or moderate glaucoma in the worse eye (26.3 % vs

0.2 %, odds ratio = 1.40, 95 % CI (0.69, 2.90)) though this was not

tatistically significant ( p > 0.05). 

Fig. 1 shows a graphical representation of the cumulative incidence

f falls/fractures for glaucoma vs. glaucoma suspect patients (left graph)

nd for frail vs. pre-frail vs. fit patients (right graph). Table 2 de-

cribes the unadjusted and adjusted Hazard Ratios (HR) for incident

alls/fractures by frailty status and comparing glaucoma to glaucoma

uspect patients. Glaucoma and glaucoma suspect patients classified as

refrail (HR = 2.38, 95 % CI (1.60, 3.53)) or frail (HR = 5.81, 95 %

I (3.90, 8.70)) were significantly more likely to experience an incident

all or fracture in unadjusted analyses. Patients with a glaucoma diagno-
3

is were slightly more likely to have an incident fall/fracture than those

ith a glaucoma suspect diagnosis, but this was not statistically signif-

cant. In the adjusted model which included glaucoma status, eFI, age,

ex, and race/ethnicity, both pre-frail (HR = 2.07, 95 % CI (1.40, 3.06))

nd frail (HR = 3.35, 95 % CI (2.24, 5.03)) patients had a significantly

igher risk of falls/fractures compared to fit patients. However, there

as not a significant difference in the incidence of falls or fractures be-

ween glaucoma and glaucoma suspect patients. We also explored mod-

ls that included a statistical interaction between glaucoma diagnosis

nd frailty status (results not shown). There was no statistical evidence

hat the association of pre-frailty ( p = 0.12) or frailty ( p = 0.51) varied

s a function of glaucoma diagnosis. 

. Discussion 

This study used an electronic frailty index within the electronic med-

cal record to demonstrate that patients with glaucoma are more likely

o be frail than glaucoma suspects. We also showed that in this cohort of

atients with either a glaucoma or suspect diagnosis, frail older adults

ere at a much higher risk of emergency room visits or hospitalizations
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Table 2 

Multivariable modeling for incident emergency room or hospital encounters for fall/fracture including 

frailty status and glaucoma diagnosis. 

Unadjusted a Adjusted b 

Hazard Ratio 95 % CI Hazard Ratio 95 % CI 

Frailty status (Reference = Fit) 

Pre-frail (0.10 < eFI ≤ 0.21) 2.38 1.60 - 3.53 2.07 1.40 – 3.06 

Frail (eFI > 0.21) 5.81 3.90 - 8.70 3.35 2.24 – 5.03 

Glaucoma (Reference = Glaucoma Suspect) 1.09 0.85 - 1.40 1.03 0.81 – 1.31 

a Unadjusted models for frailty and glaucoma were fit separately. 
b The final adjusted multivariable model included both frailty and glaucoma status as well as age, 

sex, race/ethnicity, and number of outpatient encounters. 
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or incident falls or fractures, but that a glaucoma diagnosis did not

oderate the risk. These data suggest that frailty drives fall risk in older

dults with a highly prevalent visual disorder, estimated to affect 2–7 %

f older white adults and 4.6–9.8 % of older black adults in the United

tates over the age of 65 [ 44 ]. Use of the eFI, which can be passively cal-

ulated in the EHR, could help to identify older adults at risk for acute

ealthcare utilization related to injurious falls and could be leveraged

o develop targeted interventions to reduce this risk. 

Older adults with glaucoma were significantly more likely to be frail

ased on eFI compared to older adults with glaucoma suspect diagnoses,

ven when adjusting for age, sex, and race/ethnicity. Also, glaucoma

atients with more severe visual deficits were more likely to be frail

ased on the eFI in a random subset, though the smaller sample lim-

ted the statistical significance. Shang et al. similarly found that near

nd distance visual impairment was associated with a higher prevalence

f frailty, independent of confounders [ 45 ]. Since the eFI definition of

railty was based on deficit accumulation, this could suggest that pa-

ients with vision-threatening diseases like glaucoma are more likely to

ave multiple serious health co-morbidities [ 20 , 32 , 38 , 39 ]. A recently

ublished study using US National Health and Nutrition Examination

urvey data described a cross-sectional association with frailty but not

re-frailty being associated with a grading of probable or definite glau-

oma on color optic disc photographs [ 19 ]. Mendelian randomization

odels have also shown that genetically predicted frailty was associ-

ted with increased odds of several subtypes of glaucoma such as pri-

ary open angle, primary angle closure glaucoma, and exfoliation glau-

oma, but not normal tension glaucoma [ 19 ]. Others have failed to find

n association between vertical cup to disc ratio or elevated intraocular

ressure, which are risk factors for glaucoma, and cognitive frailty or

hysical frailty [ 18 ]. Some of the reasons for these differences could be

he different definitions of glaucoma being utilized. For example, grad-

ngs of color photographs relying on cup to disc ratio and other features

re not sensitive or specific for glaucoma, as eyes with large optic nerve

eads can have physiologic cupping while it can be difficult to detect

upping in eyes with small optic nerve heads. Eyes with myopia can also

e difficult to interpret on color photographs. Similarly, high intraocular

ressure is not synonymous with glaucoma as some types of glaucoma

ave low intraocular pressure and some individuals have high intraocu-

ar pressure but do not have glaucoma. Our study utilized ICD-10 codes

o define glaucoma based on ophthalmic examination and testing by

ye providers, rather than relying on risk factors for glaucoma or color

maging. 

After adjusting for age, sex, and race/ethnicity, and accounting for

he competing risk of death, being pre-frail or frail was also strongly

ssociated with a higher cumulative incidence of ED visits or hospi-

alizations for falls or fractures among glaucoma and glaucoma sus-

ects in our study. Similarly, frailty has been associated with acute

ealthcare utilization in other studies [ 46–48 ]. Theou et al. found that

atients with mild/moderate frailty had a higher number of hospi-

alizations (adjusted incidence rate ratio 1.57, 95 % CI (1.11, 2.20))

nd hospital days (incidence rate ratio 1.48, 95 % CI (1.32, 1.66))
4

 46 ]. Chang, et al. also did a meta-analysis demonstrating that frail

lder persons were at the highest risk for hospitalizations compared

o pre-frail and fit older adults [ 47 ]. Halawa et al. showed that com-

ared to nonfrail/prefrail individuals, moderate-to-severely frail indi-

iduals had higher rates of inpatient and ED encounters (incident rate

atio = 5.03, 95 % CI (2.36, 10.71) [ 48 ]. They also found that in

ndividuals with glaucoma, moderate-to-severely frail Medicare bene-

ciaries had higher rates of acute care setting utilization and lower

ates of outpatient care compared to nonfrail/prefrail beneficiaries [ 48 ].

iven that frailty is a marker of poor health and predicts numerous ad-

erse health outcomes, our findings are similarly important as the eFI

ould be used to identify which glaucoma or glaucoma suspect patients

ay be at risk of higher acute care utilization for falls or fractures in

articular. 

While we observed a relationship between frailty and encounters for

alls/fractures, the risk of these encounters was not statistically differ-

nt between patients with glaucoma and GS diagnoses. The literature

as generally suggested that visual problems, especially low visual acu-

ty, are associated with higher fall and fracture risk [ 2 , 49–53 ]. However,

ur data raises the question of whether the risk of falls often attributed

o glaucoma or poor vision may also be related to underlying vulnera-

ility rather than visual impairment alone. One reason for the difference

n our findings could stem from the definition of falls used since we only

aptured injurious falls and fractures that resulted in a hospital or emer-

ency room encounter and did not capture self-reported falls or falls that

id not produce an EHR encounter. However, by defining the fall out-

ome in this way, we eliminated the bias that may accompany subjective

eporting, especially in frail older adults. Also, since visual changes re-

ated to glaucoma are typically gradual and peripheral, many patients

ay have preserved visual acuity until the end-stage of disease which

ould allow them to compensate. Moreover, the relationship of glau-

oma to falls may need to account for their degree of physical activity

hich could impact their incident fall risk [ 54–56 ]. Patients with glau-

oma/suspect diagnoses and worse visual field deficits have been shown

o spend less time in away-from-home activities [ 54 ], and glaucoma pa-

ients in particular demonstrate more fragmented sessions of physical

ctivity, lower activity levels during waking hours [ 55 ], and greater an-

ual declines in daily steps [ 56 ]. When accounting for their lower steps

y adjusting falls for the number of steps taken, Ramulu, et al. found

hat greater visual field damage was associated with a higher falls/step

atio [ 57 ]. However, investigating falls per step is a different outcome

han incident falls since it accounts for the lower amount of physical

ctivity performed. If glaucoma patients demonstrate less physical ac-

ivity and are less likely to leave their homes, this could not only con-

ribute to the development of frailty from muscle atrophy but also could

ccount for a lower incidence of ED visits or hospitalizations related to

alls or fractures captured in the EHR in this study. Another possibility is

hat patients went to a different hospital system for their care. A recent

tudy using UK Clinical Practice Datalink found that individuals with

laucoma had a higher risk of a first fall than those with no glaucoma

iagnosis, but this system has access to electronic data across hospitals
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n the UK [ 53 ] and so was able to capture all hospital-based falls and

ractures. 

.1. Limitations 

This study has several limitations related to the retrospective nature

f the analysis. This study is only generalizable to patients with a cal-

ulable eFI since they needed to meet the minimum criteria of at least

 outpatient visits within our health system over a two-year window.

laucoma patients without adequate connections to primary care could

e systematically different from those with primary care and could be

t higher fall risk. Another limitation is that we relied on ICD-10-CM

iagnosis codes from the EHR. There is always a possibility of misclas-

ification and incomplete data when utilizing large EHR datasets. Also,

atients with pre-perimetric glaucoma were grouped with patients with

oderate or severe glaucomatous field loss. This could have made it dif-

cult to detect a difference in incident falls compared to patients with

laucoma suspect diagnoses. However, a large proportion of patients

ith glaucoma diagnoses do not have severity indicated, and not all

atients had the same level of testing, which limited consideration of

isease severity in a more granular manner. We did not include visual

cuity in this analysis as it was difficult to standardize due to differences

n testing (distance or near, with or without correction or pinhole), and

as variably missing. Future studies should incorporate more sophisti-

ated integration of acuity and visual field data to better understand the

elationship of frailty with falls and glaucomatous visual changes. We

id not try to control for the occurrence of other eye diseases or surgeries

hich could have occurred over the follow-up period and which could

lso impact visual function. Finally, we did not capture falls that oc-

urred at home without hospital follow-up, and it is possible that some

atients sought care at another hospital system after a fall. However,

e do not have any reason to believe that there would be a systematic

eason that the glaucoma and glaucoma suspects would differ in this

egard. 

. Conclusions 

In summary, glaucoma patients were significantly more likely to be

rail than glaucoma suspect patients using an electronic frailty index.

oth pre-frailty and frailty were associated with an increased risk of

ncident emergency room or hospital admissions for injurious falls or

ractures but there was no statistical evidence that the association of

re-frailty or frailty varied as a function of glaucoma diagnosis. Overall,

railty based on the eFI was better at identifying who was at risk for

igher healthcare utilization for falls or fractures than a glaucoma di-

gnosis. Future studies should consider whether the eFI can be used to

etermine who might benefit from targeted fall prevention strategies. 
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