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Abstract

Introduction: Frailty assessment adds important prognostic information during pre-operative
decision-making but can be cumbersome to implement into routine clinical care. We developed
and tested an abbreviated method of frailty assessment using variables routinely collected by the
Vascular Quality Initiative (VQI) registry.

Methods: An abbreviated frailty score (VQI-FS) was developed using eleven or fewer VQI
variables (hypertension, congestive heart failure, coronary artery disease, peripheral vascular
disease, diabetes, COPD, renal impairment, anemia, underweight, non-home residence, non-
ambulatory status) that map to recognized frailty domains in the Comprehensive Geriatric
Assessment and the literature. Non-emergent cases registered in the VQI from 2010-2017
(n=265,632) in seven registries (CEA, N=77,111; CAS, N=13,215; EVAR, N=29,607; OAAA,
N=7442; INFRA, N=33,128; SUPRA, N=10,661; PVI, N=94,468) were analyzed using logistic
regression models to determine the predictive power of the VVQI-FS for perioperative and longer-
term (9-month) mortality. Nomograms were created using weighted regression coefficients to
assist in individualized frailty assessment and estimation of 9-month mortality.

Results: The VQI-FS using equal weighting of eleven VVQI variables effectively predicted 9-
month mortality with an area under the curve (AUC) of 0.724 by receiver operating characteristic
(ROC) curve analysis. However, differential weighting of the variables allowed simplification

of the model to only seven variables (CHF, renal impairment, COPD, not living at home, not
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ambulatory, anemia, underweight status) as hypertension, coronary artery disease, peripheral
vascular disease and diabetes had relatively low predictive power. Adding procedure-specific risk
further improved performance of the model with a final AUC on ROC analysis of 0.758. Model
calibration was excellent with predicted/observed regression line slope of 0.991 and intercept of
5.449¢-04.

Conclusions: A differentially weighted abbreviated VVQI-FS using seven variables in addition to
procedure-specific risk has strong correlation with 9-month mortality. Nomograms incorporating
patient- and procedure-adjusted risk can effectively predict 9-month mortality. Reliable estimates
of longer-term mortality should assist in pre-operative decision-making for vascular procedures
that often carry substantial risk of mortality.

Table of Contents Summary

This retrospective analysis of arterial reconstructions recorded in VQI supported development

of a simple frailty assessment tool (VQI-FS) that accurately predicted longer term (9-month) post-
operative mortality. VQI users can use simple frailty assessment in clinic to assist in pre-operative
counseling before arterial reconstruction.

INTRODUCTION

Frailty is a multidimensional syndrome of loss of reserves (energy, physical ability,
cognition, health) that gives rise to vulnerability to adverse events 1. In a surgical context,
frailty implies loss of physiological resilience and increased susceptibility to catastrophic
outcomes because of inability to sustain operative stress or withstand adverse post-operative
events 2. Frailty has become widely accepted within the surgical community as a pre-
operative risk factor to take into account when contemplating a procedure 3. In response,
various methods of assessing frailty have been proposed although no single instrument has
gained consensus acceptance and widespread use 4.

The Comprehensive Geriatric Assessment (CGA) used in the Canadian Study of Health &
Aging is an exhaustive, validated evaluation that uses up to 70 domains to assess frailty
which in turn predicts need for institutionalization or mortality in community-living older
adults (Supplementary Table 1) 1. With the widespread adoption of surgical registries such
as NSQIP that collect patient-specific clinical information, frailty instruments using registry
data have been proposed. Velanovich et al ® mapped various domains used in the CGA

to data elements captured by the American College of Surgeons National Surgical Quality
Improvement Project (ACS-NSQIP). They showed that an instrument that measured only
eleven variables (diabetes, dependent functional status, history of COPD/current pneumonia,
CHF, Ml/angina, prior cardiac intervention, hypertension requiring medication, delirium,
history of TIA, CVA, history of critical limb ischemia/intervention for PAD) correlated
strongly with post-operative outcomes in a mixed general surgical population. Subsequently,
others have shown that the NSQIP-based frailty instrument applied specifically to vascular
surgery procedures also correlates strongly with post-operative mortality and morbidity

6.7, More recently, the Risk Analysis Index (RAI) developed and validated in veterans 8

has been applied to the Vascular Quality Initiative (VQI) 2 but the original RAI includes
some variables (cancer, cognitive function) not captured by VQI. The VQI also collects

J Vasc Surg. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kraiss et al.

Page 3

information about other characteristics of frailty such as renal impairment, anemia and
underweight status not included in the CGA.

A limitation of ACS-NSQIP is that it only assesses in-hospital or post-operative events
that occur within 30 days of the index procedure. Given that the true clinical value of
many vascular surgical procedures is not apparent within such a short post-operative time
frame, the VQI was specifically designed to capture longer term outcomes around one year
following surgery to better assess the enduring value of vascular surgical intervention 10,
Following the example of those who mapped various CGA domains to registry-based data
elements, we sought to develop a similar frailty assessment instrument using VQI data
elements. We hypothesized that a VQI-based frailty assessment tool would correlate with
longer-term (~1 year) outcomes.

METHODS

The University of Utah Institutional Review Board reviewed the protocol and determined
that it did not meet the definition of Human Subjects Research according to Federal
regulations. IRB oversight was thus waived.

The domains that correlate with frailty as assessed in the CGA were compared to data
elements captured by the VQI. Eleven VQI variables were identified that mapped to eight
CGA domains (Table I). Three additional domains represented by VVQI data elements
commonly associated with frailty (renal impairment 1. 12, anemia 13 14 and underweight
status 14-16) were also included. Similar to the method originally used by Rockwood et
al 1, an equally weighted simple VQI-Frailty Score (sVQI-FS) was taken as the number
of positive VQI data elements divided by the total number of data elements available for
assessment:

Simple VQI-FS = ( # Variables Positive/ # Variables Evaluated).

A sVQI-FS was not calculated if information for fewer than five frailty domains was present.
The sVQI-FS was then pilot-tested on a single institution’s VQI cases registered from 2010—
2015 (n=735) 17,

Following promising initial results from our pilot, a VQI dataset including non-emergent
procedures performed from 2010-2017 was obtained from the Society for Vascular Surgery
Patient Safety Organization for analysis. We included procedures from seven registries
within VQI: carotid artery stenting (CAS), carotid endarterectomy (CEA), open abdominal
aortic aneurysm repair (OAAA), endovascular abdominal aortic aneurysm repair (EVAR),
peripheral vascular intervention (PV1), infra- and supra-inguinal bypass (INFRA, SUPRA).

The primary outcome was mortality nine months after the procedure. VQI allows the “one-
year long-term” follow-up assessment to occur anytime between 9 and 21 months after the
index procedure which means that for some patients “one-year” follow-up could be more
than twice as long as for others. To address this uncertainty, only patients known to have
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died within 9 months of their index procedure were considered to have met the primary
outcome.

Statistical Methods

Descriptive and regression analyses were performed in R 3.1.2 (https://cran.r-project.org/)
18 patient characteristics were summarized for the full cohort and stratified by survival

at discharge and 9 months post-discharge. Categorical variables were summarized using
count (percentage) and compared using chi-squared or chi-squared tests using Monte Carlo
simulations.

Construction of weighted frailty measure—The differential frailty index weights
were constructed by fitting a model for 9-month mortality that included procedure type and
the 11 frailty domains as predictors. Weights (w4, ..., wyq) for each frailty domain and each
procedure (ap,) Were constructed using a nomogram framework, as described by Yang 1°.
The differentially weighted frailty index was created for each response, as follows:

a + Y jwi{ltemiis ‘Yes *
Frailty index (Dif f.) = Proc. + Xitil )

max a + Y,;wi{Item i is non missing}

*A few items have a weight for “No” instead. Thus, the weighted frailty measure is
constrained between 0 and 1.

Construction of prediction models—Logistic regression models were developed
comparing various expressions of frailty (see Results) with post-operative mortality
measured nine months after the procedure. Odds ratios (OR), 95% confidence intervals (ClIs)
and p-values were reported for all predictors. The accuracy of each model was analyzed
using a receiver operating characteristic curve (ROC) reporting the area under the curve
(AUC) from 100 random iterations of 10-fold cross-validation. On each iteration, we fit a
model to 90% of the data and tested it on the remaining 10% to estimate the AUC, and then
we averaged the AUC results across the 100 iterations 20,

Nomograms were developed using regression coefficients of the association of each frailty
element or procedure with the main outcome measure to allow estimation of 9-month
mortality based on a mixture of frailty elements and the procedure performed. The point
values for each variable in the nomogram were assigned using the methodology outlined by
Yang 1°.

RESULTS

The full VQI dataset included 265,632 arterial procedures registered in VQI from 2010-
2017. Descriptive statistics for this cohort are shown in Supplementary Table I1.

Sufficient information to calculate a VQI-FS (data pertaining to five or more of the eleven
frailty domains, Table I) existed for 99.8% of patients with only 635 (0.2%) VQI records
missing adequate data. Complete data regarding all eleven frailty domains were available for
208,785 (78.6%) records while 56,212 (21.2%) procedures contained information regarding
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5-10 frailty items. The prevalence of the various frailty characteristics is also shown in
Supplementary Table I. The most prevalent frailty characteristics were peripheral vascular
disease (99%), hypertension (88%), coronary artery disease (45%), anemia (40%) diabetes
(40%) and COPD (26%). All other frailty characteristics had a prevalence of < 20%. Figure
1A shows a histogram of sVQI-FS values for the entire cohort; the mean and median
sVQI-FS is 0.3 (see also Supplementary Table ). However, there was poor correlation of
sVQI-FS with age except for patients = 80 years (Figure 1B)

For the entire cohort (N=265,632), inpatient mortality was 0.79% (N=2094). Vital status

at 9 months was available for 239,776 patients or 91.2% of patients alive at discharge.
Mortality at 9 months was 5.4% (N=14,316). Table Il lists characteristics associated

with both inpatient and 9-month mortality. Although statistically significant, age had a
comparatively weak association with mortality, becoming most apparent for age = 60 years.
The relationship between sVQI-FS and 9-month mortality was stronger (Figures 2A and B).

An examination of the relationship of the various elements included in VQI-FS with
9-month mortality indicated that significant predictive information relative to mortality is
lost by arbitrarily assigning equal weights to each frailty element (Table I11). For instance,
patients not living at home, or functionally dependent, were 3—4x more likely than the entire
cohort (19.9% v 5.4%) to die within 9 months of the procedure.

Differential weighting also showed that three of the original frailty characteristics
(hypertension, diabetes and peripheral vascular disease) were not significantly associated
with 9-month mortality (Table I11). Coronary artery disease was also removed from the
model because of its relatively low odds ratio for 9-month mortality (OR=1.12) despite its
statistical significance.

The procedure performed was also predictive of 9-month mortality with a nearly 3-fold
increased risk for initial survivors of open infra-inguinal revascularization (INFRA, 8.4%)
compared to CEA (2.9%, Table IlI).

A model incorporating only seven differentially weighted frailty characteristics along with
procedure-specific risk improved the predictive power of the model for 9-month mortality
(AUC = 0.758) compared to the original complete but equally weighted s\VQI-FS frailty
model (AUC = 0.724; Supplementary Figure 1A). Of note, the AUC for the differentially
weighted model including all characteristics was also 0.758 so there was no loss of
predictive power by deleting hypertension, diabetes, peripheral vascular and coronary artery
disease from the model. The model also showed good calibration of observed to predicted
events with a regression line slope of 0.991 and intercept of 5.449e-04 (Supplementary
Figure 1B).

A key objective of frailty assessment is to assist in pre-operative shared decision-making. To
operationalize use of VQI elements to assess frailty, the regression coefficients were used to
construct a nomogram allowing summation of the estimated risk represented by the concise
(seven variables) differentially weighted frailty assessment (VQI-FS) as well as the proposed
procedure (Figure 3).

J Vasc Surg. Author manuscript; available in PMC 2023 November 01.
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DISCUSSION

Frailty assessment in surgery has gained wide acceptance as a valid method of estimating a
patient’s fitness for surgery 2 3. A major limitation to the routine use of frailty assessment
instruments in the outpatient clinic is the burden of their implementation. A comprehensive
evaluation such as the CGA (requiring up to 90 minutes) is clearly impractical in a surgical
clinic. Shorter, abbreviated methods of frailty assessment using ACS-NSQIP variables
have correlated well with 30-day morbidity and mortality >/, The VQI-FS shares the
advantage of these abbreviated methods but can also be correlated with outcomes longer
than the perioperative period. However, methods that assign equal weighting to all frailty
characteristics or do not include procedure-specific risk may lack sufficient granularity

to add meaningful value to the pre-operative decision-making process. Our addition of
differential weighting and procedure-specific risk to estimate 9-month mortality is another
advantage in this regard. (The term VQI-FS refers to the differentially-weighted model. We
do not recommend use of the equally-weighted sVQI-FS to estimate 9-month mortality.)

The RAI as applied to aneurysm procedures in VQI also uses differential weighting
recognizing the particularly increased risk of poor nutritional status as reflected in the
body mass index (BMI), CHF, renal insufficiency, COPD and functional independence °. A
number of similarities and differences between our analysis and the RAI are worth noting.
Similar to our findings, the RAI does not include diabetes, hypertension or coronary artery
disease as predictors of longer-term mortality. The combination of dependent functional
status and dependent ambulation were strong predictors of longer-term mortality in both the
RAI and our analysis. We found anemia to be predictive of longer-term mortality but this
variable is not included in the RAIL. While RAI considers age as a risk, we did not include
age in our frailty model given the notion that frailty and age do not automatically correlate
and age is not specifically listed as a frailty element in the CGA. In the VQI, frailty did not
measurably increase until age reached > 80 years (Figure 1).

At first glance, it may be surprising that classic vascular risk factors such as hypertension,
coronary artery disease, peripheral vascular disease or diabetes lacked predictive power for
estimating 9-month mortality after an arterial reconstruction. There are probably at least
three reasons for this finding. First, these risk factors are so prevalent in the vascular
population that they may lose discriminating power. Second, the VQI is not immune to
selection bias on the part of the surgeon; surgical decision-making in the VVQI, representing
real-world evidence, is not controlled. Third, while these are recognized as risk factors for
cardiovascular death, nine months is still a relatively short period for a mortal event to occur
and be strongly correlated to the presence of one of these risk factors.

A substantial number of elective vascular surgical procedures are performed for preventive
(asymptomatic carotid, intact AAA) or lifestyle indications (claudication). For these
procedures in particular, there is a need to estimate a patient’s chances of survival outside

of the typical perioperative period of 30 days. However, very few clinical registries offer
insight into survival at these relevant time points. The VQI mandate of “one-year” follow-up
is unique in general or vascular surgical registries (actual follow-up can occur between 9-21
months after the index procedure). While longer follow-up out to two years may be desirable

J Vasc Surg. Author manuscript; available in PMC 2023 November 01.
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for procedures such as asymptomatic carotid stenosis 21 or lower extremity revascularization
22,23 the VVQI represents the longest clinically assessed follow-up available.

Patients whose frailty index measured by equal weighting is in the range of 0.3 are
considered “frail” 1. The mean and median sVQS-FI for the entire cohort in this analysis
was 0.3 (Figure 1, Supplementary Table I) indicating that the average patient receiving
arterial surgery in VQI is frail. This average level of frailty is greater than reported in other
series using a modified frailty index ®=7 so special attention to longer-term prognosis in the
vascular surgery clinic seems necessary and would likely be beneficial during pre-operative
decision-making.

The pragmatic routine! use of differential weights in pre-operative risk assessment can

be cumbersome if complicated polynomial equations must be solved. We have found
nomograms to be relatively straightforward tools that obviate that problem. Consider a
vascular patient with an AAA who has COPD, anemia and is underweight. According to
Figure 3, if that patient requires open AAA to accomplish successful repair, the estimated 9-
month mortality is 15-20%. With EVAR, the estimated mortality falls to ~10%. These risks
can be compared in relative straightforward fashion for an aneurysm patient whose annual
rupture risk can be estimated based on size 24. It should be a relatively straightforward
decision to defer repair in a patient whose operative risk for 9-month mortality exceeds their
natural history risk by a considerable margin. Similar decision-making considerations apply
to a patient with asymptomatic carotid stenosis whose natural history risk of stroke 21 at
two or five years might be substantially lower than their estimated 9-month mortality after
carotid endarterectomy or stenting. Notably, an analysis of CEA in VQI showed that frailty
as measured by the RAI was associated with longer term mortality but not post-operative
stroke 2. Even in situations in which there are no randomized trials to confidently estimate
natural history risk, some patients might hesitate to undergo a procedure if the estimated
9-month mortality exceeded a certain threshold, say 50%. According to our findings and the
nomogram in Figure 3, any combination of frailty-based and procedural-specific risk that
accumulates more than 440 points would carry a =50% risk of dying within nine months of
the procedure.

The value of incorporating procedure-specific risk into the 9-month mortality estimate

is illustrated by comparing the risk of open AAA repair with CEA. If this same

underweight patient with COPD and anemia was being considered for carotid intervention
for symptomatic stenosis, the estimated 9-month mortality is less than 10%. When compared
with the two-year risk of stroke of 25-30% 25, the decision to offer intervention becomes
relatively straightforward and data-driven.

In a very practical sense, nomograms can be used on a daily basis in clinic when
laminated for repeated use with an erasable marker. The prediction equation could also
be automatically solved by embedded calculators in the electronic medical record.

The most notable limitation to our study is that we only conducted an internal validation
of our prediction model. Future studies will be needed, providing validation using external
data sets, to more comprehensively assess the predictive performance of our models. In
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particular, we plan to validate this model using more recent years of the VQI registry. While
the VQI registry is the largest available data base with longer-term patient outcomes, it
only contains procedures from contributing hospitals. Thus there may be some selection
bias, and our findings may not perfectly represent national data that would include hospitals
that do not participate in VQI. Further, additional selection bias is inherent in procedure-
based registries such as VQI that include only patients in whom a surgical operation was
performed. This is not unique to VQI but also afflicts registries such as ACS-NSQIP.
However, there is value in large datasets that contain real-world data 27. It should be
emphasized that the VQI-FS assessment tool only applies to patients who are selected to
undergo a vascular procedure; it is not a general frailty assessment tool and is inappropriate
to use to estimate longer-term survival in patients deemed ineligible for surgery.

In summary, a concise differentially weighted VQI-FS using only seven routinely collected
VQI data elements can be used to assess frailty in a clinically relevant and procedure-
specific manner. Future studies are needed to provide validation on external data before our
prediction models should be used to guide pre-operative shared decision-making.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ARTICLE HIGHLIGHTS
Type of Research:

Multicenter, retrospective analysis of prospectively collected VQI registry data; non-
randomized cohort

Key Findings:

An abbreviated frailty assessment instrument consisting of seven differentially weighted
VQI variables along with procedure-weighted risk accurately predicted 9-month
mortality following arterial reconstruction.

Take home M essage:

A simple VQI frailty assessment tool allows pre-operative estimation of 9-month
mortality risk after arterial reconstruction.
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procedures stratified by age.
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Panel A. Mortality at 9-months stratified by age group. Panel B. Mortality at 9-months

stratified by equally-weighted frailty score (sVQI-FS).
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Table I.

Frailty Domains Mapped to VQI Variables.

Frailty Domain

VQI Variable

Hypertension (CGA)

 Hypertension

Congestive Heart Failure - CHF (CGA)

» Congestive Heart Failure (CHF)

Myocardial Infarction (CGA)

« History of Angina/MI
« Prior coronary artery bypass/percutaneous coronary intervention
* Positive cardiac stress test

Peripheral vascular disease (CGA)

* Any ABI <0.7
« History of arterial intervention/amputation

Diabetes mellitus (CGA)

« Diabetes mellitus

Lung or Respiratory Problems (CGA)

« Chronic obstructive pulmonary disease (COPD)

Functional Independence (CGA)

* Pre-admission living (home v care facility)

Ambulation (CGA)

« Pre-admission ambulation status

Renal Impairment (VQI)

« Cr> 1.8 mg/dl
« Dialysis

Anemia (VQI)

» Hemoglobin <13 g/dI (male); <12 g/dl (female)

Underweight (VQI)

*BMI<19
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Table Il

Logistic Regression Analysis of Mortality at 9-Months

Variable 9-Month Mortality (%) OR (95% CI) P-value
Total Sample 5.4 REFERENCE
Hypertension 5.6 1.06 (0.98, 1.14) 0.17
CHF 12.9 2.02 (1.91,2.13) <0.001
CAD 6.4 1.12 (1.07,1.18) <0.001
PVD 5.4 0.83 (0.68, 1.02) 0.071
Renal Impairment 114 1.76 (1.31,1.88)  <0.001
Diabetes 7.1 1.04 (0.99, 1.09) 0.085
COPD 7.4 1.38(1.32,1.45) <0.001
Not Living at Home 19.9 2.09 (1.92,2.28) <0.001
Not Ambulatory 134 2.21(2.10,2.32) <0.001
Anemia 9.3 2.15(2.05,2.26)  <0.001
Underweight 11.4 2.07 (1.91,2.25)  <0.001
Procedure
CAS 5.0 REFERENCE
CEA 29 0.63 (0.57,0.71)  <0.001
EVAR 4.8 1.14 (1.00,1.30)  0.054
Open AAA 6.7 1.78 (1.52,2.08)  <0.001
INFRA 8.4 1.10(0.98,1.23)  0..095
SUPRA 7.3 1.31(1.15,1.50) <0.001
PVI 7.8 1.04 (0.94, 1.15) 0.44
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