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Background: Delirium is a major risk factor for poor recovery after surgical aortic valve 
replacement (SAVR) and transcatheter aortic valve replacement (TAVR). It is unclear 
whether preoperative physical performance tests improve delirium prediction.
Objective: To examine whether physical performance tests can predict delirium after SAVR 
and TAVR, and adapt an existing delirium prediction rule for cardiac surgery, which includes 
Mini-Mental State Examination (MMSE), depression, prior stroke, and albumin level.
Design: Prospective cohort, 2014–2017.
Setting: Single academic center.
Subjects: A total of 187 patients undergoing SAVR (n=77) or TAVR (n=110).
Methods: The Short Physical Performance Battery (SPPB) score was calculated based on 
gait speed, balance, and chair stands (range: 0–12 points, lower scores indicate poor 
performance). Delirium was assessed using the Confusion Assessment Method. We fitted 
logistic regression to predict delirium using SPPB components and risk factors of 
delirium.
Results: Delirium occurred in 35.8% (50.7% in SAVR and 25.5% in TAVR). The risk of 
delirium increased for lower SPPB scores: 10–12 (28.2%), 7–9 (34.5%), 4–6 (37.5%) and 0–3 
(44.1%) (p-for-trend=0.001). A model that included gait speed <0.46 meter/second (OR, 2.7; 
95% CI, 1.2–6.4), chair stands time ≥11.2 seconds (OR, 3.5; 95% CI, 1.0–12.4), MMSE <24 
points (OR, 2.9; 95% CI, 1.3–6.4), isolated SAVR (OR, 5.4; 95% CI, 2.1–13.8), and SAVR and 
coronary artery bypass grafting (OR, 15.8; 95% CI, 5.5–45.7) predicted delirium better than the 
existing prediction rule (C statistics: 0.71 vs 0.61; p=0.035).
Conclusion: Assessing physical performance, in addition to cognitive function, can help 
identify high-risk patients for delirium after SAVR and TAVR.
Keywords: delirium, physical performance, aortic valve replacement, prediction

Introduction
Postoperative delirium is a life-threatening complication after aortic valve replace-
ment—surgical (SAVR) and transcatheter (TAVR) procedures—characterized by an 
acute onset of fluctuating cognitive dysfunction.1–3 It most commonly affects older 
patients as a result of predisposing risk factors (eg, cognitive impairment, severe 
illness) and precipitating stressors (eg, surgery, hospitalization).3 Contrary to earlier 
views of delirium as a transient change in mental status with full recovery, recent 
evidence suggests that delirium after cardiac surgery can result in persistent cogni-
tive impairment, functional decline, and mortality.2,4,5
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Patients undergoing SAVR appear to be at a higher risk of 
postoperative delirium compared to those undergoing other 
cardiac surgeries.6 While TAVR is a less invasive treatment 
option for high-risk patients,7 TAVR patients seem to 
develop more severe delirium with worse functional decline 
compared to SAVR patients, likely as a result of their 
advanced age, multimorbidity, and lower physiologic 
reserve.1,8 Balancing the risks of postoperative delirium 
with the need for aortic valve replacement to prevent the 
fatal progression of symptomatic aortic stenosis9 can be 
challenging for physicians. Given the lack of effective treat-
ments for delirium, prevention currently remains the most 
important strategy for mitigating the potential long-term 
complications of postoperative delirium.10

Delirium prediction rules enable healthcare providers to 
identify high-risk patients who are most likely to benefit from 
screening and prevention efforts. In 2009, Rudolph et al 
developed and validated a delirium prediction rule (hereafter 
referred to as the Rudolph model) after cardiac surgery11 

based on established risk factors for delirium, namely, cog-
nitive impairment, depression, prior stroke or transient 
ischemic attack, and abnormal serum albumin.12–14 As this 
model was derived from patients (mean age: 74.7 years) 
primarily undergoing urgent coronary artery bypass grafting 
surgery (CABG), it is unclear whether the model can predict 
delirium in elective aortic valve replacement patients, parti-
cularly TAVR patients, who are older, frailer, and with 
a higher burden of delirium risk factors than CABG 
patients.7 Furthermore, due to the urgent nature of the sur-
gery, the Rudolph model could not incorporate physical 
performance measures. Recent evidence indicates that poor 
physical performance may predispose older adults to delir-
ium across various surgeries, including cardiac surgery.15 As 
such, it may be beneficial to adapt the Rudolph model for 
SAVR and TAVR patients by including physical performance 
measures.

This study aimed to evaluate how well the Rudolph 
model predicts delirium in older patients undergoing aortic 
valve replacement. We then examined whether physical 
performance tests can improve delirium prediction when 
added to the Rudolph model.

Methods
Study Design and Participants
This single-center prospective cohort study was conducted to 
evaluate functional outcomes after aortic valve replacement. 
Details of study design are described elsewhere.1,2 Between 

February 2014 and March 2016, we screened 446 patients 
who were 70 years or older and undergoing evaluation for 
SAVR or TAVR. We excluded 96 patients based on the 
following criteria (not mutually exclusive): did not have 
severe aortic stenosis (n=35), had a concurrent surgery invol-
ving the aorta or other heart valves (n=28), were medically 
unstable for study assessment (eg, active myocardial ische-
mia or unstable vital signs) (n=9), had severe neuropsycho-
logical impairment (eg, Mini-Mental State Examination 
[MMSE] score <15 points or active psychosis) (n=4), or 
were non-English speaking (n=25). We further excluded 
104 patients due to unavailability of the research team 
(n=60), patient refusal (n=39), or other reasons (eg, those 
who did not undergo the planned procedure, were enrolled in 
an interventional study, or withdrew consent after baseline 
assessment) (n=5), leaving 246 patients for the study of 
functional outcomes.2

The standardized assessment of delirium (delirium sub- 
study) began in October 2014, and included 187 consecutive 
patients who were enrolled between October 2014 and 
March 2016 (see a flow diagram in Supplementary Figure 
1). Patients included in the delirium sub-study had a lower 30- 
day predicted risk of mortality than those enrolled prior to the 
sub-study (5.8% vs 4.2%); however, other characteristics were 
similar (Supplementary Table 1). The Beth Israel Deaconess 
Medical Center Institutional Review Board approved this 
study. Study procedures were performed in accordance with 
the Declaration of Helsinki. All participants provided written 
informed consent.

Baseline Measurements
A research nurse or a trained research assistant assessed 
participants in the ambulatory testing center or hospital 
ward prior to the procedure and reviewed medical records 
to obtain the following information: demographic charac-
teristics; Charlson index; the Society of Thoracic Surgeons 
Predicted Risk of Mortality;16 5-item Geriatric Depression 
Scale;17 MMSE; and the Short Physical Performance 
Battery (SPPB) (described below).18

The Rudolph Delirium Prediction Model
The delirium risk score by the Rudolph model (range: 0–5 
points) was calculated based on the following scoring 
system: MMSE ≤23 points received 2 points; MMSE 
24–27 1 point, positive screening for depression (5-item 
Geriatric Depression Scale ≥2 points), prior stroke or 
transient ischemic attack, and abnormal serum albumin 
level (<3.5 or >5.2 g/dL) received 1 point each. We 
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stratified patients into the following risk categories: 0, 1, 2, 
and 3–5 points.11

Short Physical Performance Battery
The SPPB is a measure of lower extremity function that 
consists of gait speed from a timed 5-meter walk test, 
5-chair stands, and a hierarchal standing balance test.18 

To measure gait speed (meters/second), participants were 
asked to walk 5-meters at their usual pace (use of assisted 
device was allowed). For 5-chair stands test, participants 
were asked to stand up from a chair 5 times as quickly as 
possible with their arms folded across their chests. If they 
were unable to complete the task, 60 seconds were 
assigned (60 seconds were the maximum time we allowed 
for the task). To assess standing balance, participants were 
asked to stand in 3 progressively challenging positions for 
up to 10-seconds each, only advancing after successful 
completion of the easier stance: side-by-side (when feet 
are together), semi-tandem (when one foot is partially in 
front of the other), and tandem positions (when one foot is 
completely in front of the other).18 Each task is scored 0 to 
4 points based on the previously defined population quar-
tile cutpoints, with 0 points for tasks individuals are unable 
to complete and 4 points for the highest level of 
performance.18 The scores for each task are summed for 
a total score ranging from 0–12 points. Lower scores are 
associated with mortality and disability.19,20 We stratified 
patients into the following categories using the original 
cutpoints:19,20 0–3, 4–6, 7–9, and 10–12 points.

Assessment of Delirium and Delirium 
Severity
From postoperative day 1 through the day before dis-
charge, a study geriatrician or a trained research assistant 
interviewed patients, nursing staff, and family members (if 
available), and administered standardized assessments of 
attention (digit span, day-of-the-week backwards, and 
month-of-the-year backwards), MMSE, and Delirium 
Symptom Interview.21 The in person assessments were 
completed in 15–25 minutes, during a consistent time 
of day. Based on this information, delirium was diagnosed 
according to the Confusion Assessment Methods (CAM) 
algorithm: 1) acute onset or fluctuating course, 2) inatten-
tion, and 3) either disorganized thinking or an altered level 
of consciousness.22 For intubated patients, we used CAM 
for Intensive Care Unit.23 The CAM has a sensitivity of 
94% and a specificity of 89% in detecting delirium.24 The 

inter-rater reliability for delirium diagnosis between the 
study geriatricians and research assistants assessed in 30 
assessments conducted in 10 patients were high (agree-
ment 95–100%, Cohen’s kappa 0.90–1.00).25 Delirium 
severity was assessed using a validated CAM-based sever-
ity scale, CAM-S, which ranges from 0 to 19 with high 
scores indicating greater severity.23 No severity score was 
assigned when CAM for Intensive Care Unit was used. For 
each individual, we assigned the maximum CAM-S score 
for the index hospitalization.

Statistical Analysis
As some patients were unable to complete physical per-
formance testing, in order to minimize bias from missing 
data, we imputed missing data on gait speed (n=25), SPPB 
balance score (n=19) using a multivariable imputation by 
chained equations26 based on preoperative clinical charac-
teristics, complications, functional status, and mortality 
during the 12-month follow-up. Including variables col-
lected in the postoperative follow-up period in the imputa-
tion model is important to maintain the strength of 
associations among these variables.27 Baseline character-
istics of patients who developed delirium and those who 
did not were compared using two-sample t-test or chi- 
square test.

To evaluate the predictive performance of the Rudolph 
model, we estimated delirium risk for 0, 1, 2, and 3–5 
points in the total population, and separately in procedural 
cohorts. We also estimated the risk of delirium for total 
SPPB score categories (0–3, 4–6, 7–9, 10–12 points) and 
individual component scores. We fitted logistic regression 
to estimate the odds ratio (OR) and 95% confidence inter-
val (CI) of delirium associated with the risk categories 
according to the Rudolph model and SPPB, adjusting for 
procedure type. Discrimination was evaluated using 
C-statistics. In addition, we examined the independent 
association between individual SPPB components and 
delirium in the logistic model.

Because not all of the components of the Rudolph 
model and SPPB may be equally important for predicting 
delirium, we performed variable selection to minimize the 
Akaike Information Criterion. When there was a non- 
linear association (or threshold effect) between 
a predictor and delirium, the variables were dichotomized 
at a cutpoint where the strength of association changed. 
The C-statistic of the final model was compared with that 
of Rudolph model using 1000 bootstrap resampling. We 
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developed a revised risk scoring system by assigning inte-
ger points proportional to the regression coefficients.

As a secondary analysis, we examined whether the 
Rudolph model, SPPB score, and the new risk score 
from our adapted model were correlated with delirium 
severity by scatter plots and Spearman correlation coeffi-
cients. All analyses were performed with Stata Release 14 
(StataCorp, College Station, Texas). A 2-sided 
p-value<0.05 was considered statistically significant.

Results
Of the 187 patients, delirium occurred in 67 (35.8%) (39 
SAVR patients and 28 TAVR patients) (Table 1). Patients 
who developed delirium had lower mean MMSE scores 
(25.0 vs 26.0 points), lower balance scores (2.3 vs 2.8 
points), and were more likely to have undergone conco-
mitant SAVR and CABG (31.3% vs 8.3%). Other baseline 
characteristics did not differ between patients who did or 
did not develop delirium. The maximum CAM-S score 
was higher in those with delirium (8.9 vs 3.3 points).

Evaluation of the Rudolph Delirium 
Prediction Model
According to the Rudolph model risk categories, the inci-
dence of delirium was 31.7% (13/41 patients) for 0 points, 
33.9% (20/59 patients) for 1 point, 32.6% (15/46 patients) 
for 2 points, and 46.3% (19/41 patients) for 3–5 points 
(Supplementary Table 2). After adjusting for procedure 
type, higher Rudolph model risk categories were asso-
ciated with delirium (p-value for trend=0.007). The 
Rudolph model C-statistic was 0.61 (95% CI, 0.50–0.70) 
in the total population, 0.60 (0.49–0.71) in SAVR cohort, 
and 0.62 (0.51–0.73) in TAVR cohort. The results for each 
procedure cohort were similar.

Physical Performance and Risk of 
Delirium
The risk of delirium increased for with lower SPPB scores: 
28.2% (11/39 patients) for 10–12 points, 34.5% (20/58 
patients) for 7–9 points, 37.5% (21/56 patients) for 4–6 
points, and 44.1% (15/34 patients) for 0–3 points 
(Table 2). Delirium risk rose with lower SPPB scores 
category (p-value for trend=0.001), after adjusting for 
procedure type. The results were similar in each procedure 
cohort (Supplementary Table 3). As scores of the indivi-
dual SPPB components (balance, gait speed, and chair 
stand) decreased, risk of delirium increased (Table 2, 

model 1) after adjusting for procedure type. However, 
when all 3 components were included in the model, none 
of the components were associated with the risk of delir-
ium (Table 2, model 2).

The C-statistic of total SPPB score after adjusting for 
procedure type was 0.66 (95% CI, 0.55–0.75) in the total 
population, 0.71 (0.59–0.81) in SAVR, and 0.62 (0.52–-
0.73) in TAVR (Supplementary Table 3). Adding SPPB to 
the Rudolph model improved the C-statistic in the total 
population (0.61 to 0.68; p-value=0.038) and SAVR cohort 
(0.60 to 0.75; p-value=0.030), but not in TAVR cohort 
(0.62 to 0.67; p-value=0.305).

An Adapted Delirium Risk Scoring System
When we fitted a multivariable logistic model that included 4 
components of the Rudolph model, SPPB components, and 
procedure type, the final model that achieved the lowest 
Akaike Information Criterion included gait speed, chair 
stand time, MMSE score, and procedure type 
(Supplementary Table 4). This model showed a C-statistic of 
0.71 (95% CI, 0.61–0.80) in the total population, which was 
better than that of Rudolph model (p=0.035). The predicted 
risk of delirium from this model corresponded well to the 
observed risk of delirium in our population (Figure 1).

Delirium Risk Scores and Delirium 
Severity
Both the Rudolph risk score (correlation=0.29) and SPPB 
total score (correlation=−0.19) were correlated with the max-
imum CAM-S score (Figure 2). The correlation was stronger 
for the adapted model risk score (correlation=0.40).

Discussion
In this prospective cohort study of older adults undergoing 
elective aortic valve replacement, we showed that poor 
physical performance, as measured using the SPPB, was 
associated with higher risk of postoperative delirium and 
its severity. Adding physical performance measures 
improved the predictive performance of a validated 
Rudolph delirium prediction model.11 We then adapted 
the Rudolph model for aortic valve replacement patients 
by developing a simple scoring system based on gait 
speed, chair stands, MMSE, and procedure type.

The Rudolph model is one of the few validated pre- 
operative delirium prediction models for cardiac surgery.11 

This model achieved a C-statistic of 0.75 in the original 
cohort of predominantly urgent CABG patients. However, 
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its lower C-statistic of 0.61 in our cohort suggests that 
predictors of delirium in older and frailer patients under-
going elective SAVR and TAVR may differ from those in 
urgent CABG patients. Low MMSE score was strongly 
associated with delirium in the Rudolph’s cohort and in 
our cohort, but high Geriatric Depression Scale score, 
history of stroke, and abnormal albumin level were not 
predictive of delirium in our study. Because the pathophy-
siology of calcific aortic stenosis differs from that of 
atherosclerotic coronary artery disease,28 risk factors that 
are sequelae of long-term cerebrovascular disease, such as 
prior stroke and depressive symptoms, may be less pre-
dictive of delirium in elective aortic valve replacement 
patients.

Impairment in physical performance is highly prevalent 
in older adults undergoing SAVR and TAVR.2,29 Recent 
literature has increasingly demonstrated an association 
between physical performance measures or frailty and post-
operative delirium.13,30 Studies of patients undergoing 
CABG and TAVR have found that low SPPB scores are 

associated with an increased risk of delirium (OR for 4–6 
vs 10–12 points: 8.26).31 Similarly, in non-cardiac patients, 
physical frailty was associated with delirium (OR for frail vs 
non-frail group ranged from 1.54 to 1.96).32,33 Our study 
builds upon this previous research by showing that lower 
SPPB scores are associated with delirium risk (OR for 0–3 vs 
10–12 points: 6.9) and that adding SPPB to the Rudolph 
model significantly improved the predictive power of the 
Rudolph model in the total population (C-statistics 0.61 to 
0.68). The improvement was notable in SAVR patients (0.60 
to 0.75) and less so in TAVR patients (0.62 to 0.67). 
Furthermore, our adapted model was more strongly corre-
lated with delirium severity than the Rudolph model.

Our findings shed light on a potential underlying mechan-
ism of poor physical performance as a risk factor for post-
operative delirium. The independent association between 
SPPB and delirium suggests that an evaluation of physical 
performance may provide an indirect assessment of brain 
vulnerabilities that are distinct from the memory pathways 
assessed by MMSE.34 Similarly, slower gait speed has been 

Table 1 Characteristics of Study Population

Characteristics Total (N=187) No Delirium (N=120) Delirium (N=67) P-value

Age, years, mean ± SD 81.3 ± 6.4 81.5 ± 6.8 81.0 ± 5.7 0.579
Female, n (%) 90 (48.1) 58 (48.3) 32 (47.8) 0.940

White race, n (%) 180 (96.3) 115 (95.8) 65 (97.0) 0.683

Charlson index (range: 0–33),a mean ± SD 3.1 ± 2.2 3.2 ± 2.3 3.0 ± 2.0 0.534
STS-PROM,a %, mean ± SD 4.2 ± 2.5 4.4 ± 2.6 3.9 ± 2.2 0.207

Gait speed, meters/second, mean ± SD 0.7 ± 0.3 0.7 ± 0.3 0.7 ± 0.3 0.646

Chair stands, seconds, mean ± SD 33.1 ± 21.5 32.6 ± 21.6 33.9 ± 21.4 0.709

Rudolph delirium prediction model
Total score (range: 0–5), mean ± SD 1.5 ± 1.2 1.5 ± 1.2 1.6 ± 1.2 0.378

MMSE (range: 0–30),b mean ± SD 25.6 ± 3.2 26.0 ± 3.1 25.0 ± 3.4 0.046

Depression, n (%) 59 (32.0) 35 (29.2) 24 (35.8) 0.348
Stroke or TIA, n (%) 28 (15.0) 22 (18.3) 6 (9.0) 0.085

Abnormal albumin, n (%) 19 (10.2) 12 (10.0) 7 (10.5) 0.952

SPPBb

Total score (range: 0–12), mean ± SD 6.8 ± 2.9 7.0 ± 2.9 6.4 ± 2.9 0.199

Gait speed score (range: 0–4), mean ± SD 2.5 ± 1.2 2.5 ± 1.2 2.5 ± 1.2 0.894
Chair stand score (range: 0–4), mean ± SD 1.6 ± 1.0 1.7 ± 1.0 1.6 ± 0.9 0.449

Balance score (range: 0–4), mean ± SD 2.6 ± 1.4 2.8 ± 1.3 2.3 ± 1.5 0.040

Procedure type <0.001

SAVR isolated, n (%) 46 (24.6) 28 (23.3) 18 (26.9)

SAVR and CABG, n (%) 31 (16.6) 10 (8.3) 21 (31.3)
TAVR, n (%) 110 (58.8) 82 (68.3) 28 (41.8)

CAM-S maximum (range: 0–19),a mean ± SD 5.3 ± 3.4 3.3 ± 1.8 8.9 ± 2.6 <0.001

Notes: aHigher scores indicate higher mortality for Charlson index and STS-PROM and severe delirium for CAM-S. bLower scores indicate lower performance. 
Abbreviations: CABG, coronary artery bypass grafting; CAM-S, Confusion Assessment Methods-Based Severity scale; MMSE, Mini-Mental Status Examination; SAVR, 
surgical aortic valve replacement; SD, standard deviation; SPPB, Short Physical Performance Battery; STS-PROM, Society of Thoracic Surgeons Predicted Risk of Mortality; 
TAVR, transcatheter aortic valve replacement; TIA, transient ischemic attack.
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associated with postoperative delirium after urological 
surgery.35 Previous work has demonstrated that regular exer-
cise is significantly protective against incident delirium, 
potentially by improving cognitive function due to increases 
in gray and white matter volume in prefrontal and temporal 
cortices. Thus those able to engage in regular exercise may 
experience less neural decline.36 Alternatively, exercise may 
upregulate production of brain-derived neurotrophic factor, 
which is involved in neurogenesis and neuroprotection.37 

Other evidence suggests that patients with impaired mobility 
often have white matter lesions,38 which in turn may predis-
pose them to delirium in the face of surgical stressors. SPPB 
improves delirium prediction in cardiac surgery patients; 
however, these were done in cohorts that are generally 
lower risk, compared to the frailer TAVR cohort.31 Our 
results also support an intriguing hypothesis that prehabilita-
tion and preoperative optimization of physical performance 
through exercise and nutritional intervention may be effec-
tive in preventing delirium.39 This hypothesis should be 
investigated in future research.

Based on our findings, it may be beneficial to include 
an assessment of physical performance into pre-operative 
evaluation of elective aortic valve replacement patients, in 
addition to a cognitive assessment. To this end, we adapted 
the Rudolph model, which accounted for gait speed, chair 
stands, MMSE, and procedure type, to estimate the risk of 
delirium after aortic valve replacement. While C-statistics 
were not significantly improved in the TAVR cohort due to 
being underpowered, there was a statistically significant 
improvement in discrimination in the overall population 
and SAVR cohort. In the United States, measurement of 
gait speed is mandatory before TAVR. Chair stands test is 
practical because it can be completed within 60 seconds 
with a chair and a stopwatch in a clinic room. Those who 
are unable to complete a task are assigned 0 points, 
thereby allowing assessment of physical performance in 
a full spectrum. From the perspective of pre-operative 
prediction, our model can be useful for deciding about 
the type of aortic valve replacement procedure and identi-
fying target patients for delirium prevention. Candidate 

Table 2 Physical Performance and Risk of Delirium After Aortic Valve Replacement

SPPB NAt Risk NDelirium (%) Model 1 OR (95% CI)a Model 2 OR (95% CI)b

Total score
10–12 points 39 11 (28.2) Reference NA

7–9 points 58 20 (34.5) 2.8 (1.1–7.5) NA

4–6 points 56 21 (37.5) 4.1 (1.5–11.6) NA
0–3 points 34 15 (44.1) 6.9 (2.1–22.5) NA

Ptrend = 0.001 NA

Gait speed score
4 points 58 22 (37.9) Reference Reference
3 points 27 9 (33.3) 1.4 (0.5–4.1) 1.0 (0.3–3.1)

2 points 54 16 (29.6) 1.6 (0.6–4.0) 1.0 (0.3–2.9)

0–1 points 48 20 (41.7) 4.3 (1.5–12.6) 2.6 (0.7–9.2)
Ptrend = 0.012 Ptrend = 0.207

Chair stand score
4 points 18 4 (22.2) Reference Reference

3 points 18 8 (44.4) 4.2 (0.9–18.6) 3.8 (0.8–17.6)

2 points 30 10 (33.3) 3.4 (0.8–13.7) 3.3 (0.8–14.1)
0–1 points 121 45 (37.2) 5.6 (1.6–19.9) 3.8 (0.9–16.4)

Ptrend = 0.014 Ptrend = 0.147

Balance score
4 points 74 22 (29.7) Reference Reference

3 points 33 11 (33.3) 1.7 (0.6–4.2) 1.5 (0.6–4.0)
2 points 24 9 (37.5) 2.1 (0.8–6.1) 1.5 (0.5–4.5)

0–1 points 56 25 (44.6) 2.8 (1.3–6.3) 1.5 (0.6–4.0)

Ptrend = 0.010 Ptrend = 0.365

Notes: aAdjusted for procedure type. bAdjusted for procedure type and other SPPB components. 
Abbreviations: CI, confidence interval; NA, not applicable; OR, odds ratio; SPPB, Short Physical Performance Battery.
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predictors that we considered for this model—SPPB com-
ponents and established risk factors from the Rudolph 
model—were chosen a priori, which avoids overfitting 
from screening a wide range of predictors. Nonetheless, 
our model should be validated in an independent sample.

Our study has a few limitations. First, as our study was 
conducted in a single academic center treating predomi-
nantly white patients (180 out of 187 patients), the delir-
ium incidence may be unique to our institution. While this 
limits generalizability of the absolute risk of delirium to 
other centers, we think that the relative increases remain 
applicable to other settings. Second, almost a quarter of 
screened patients were excluded due to refusal or logistical 

reasons (the research team was less available for assess-
ment for patients whose procedure was scheduled 
urgently). These exclusions may have resulted in exclusion 
of sicker and frailer patients, leading to underestimation of 
the delirium incidence and the association of physical 
performance with delirium. Third, our modest sample 
size resulted in imprecise estimates of ORs for certain 
risk categories. Additionally, this impacted our ability to 
detect clinically meaningful differences in model discrimi-
nation. While the improvement in C-statistics by adding 
SPPB to the Rudolph model (TAVR 0.62 to 0.67) was 
statistically non-significant, it does not exclude the possi-
bility of a clinically meaningful improvement in sensitivity 

Figure 1 An adapted delirium risk scoring system for aortic valve replacement. 
Abbreviations: CABG, coronary artery bypass grafting; MMSE, Mini-Mental Status Examination; SAVR, surgical aortic valve replacement.

Figure 2 Delirium prediction risk scores and delirium severity. (A) Spearman correlation coefficient between Rudolph risk score and CAM-S maximum score. (B) Spearman 
correlation coefficient between SPPB and CAM-S maximum score. (C) Spearman correlation coefficient between adapted model risk score and CAM-S maximum score. 
Abbreviations: CAM, Confusion Assessment Methods; SPPB, Short Physical Performance Battery.
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(ie, at a specificity of 0.70, sensitivity was 0.43 for the 
Rudolph model to 0.61 for the Rudolph model and SPPB 
combined). We acknowledge that our model showed mod-
erate discrimination (C-statistic of 0.71), which is compar-
able to the performance of other clinical prediction 
models.40 Fourth, patients who were enrolled in the delir-
ium sub-study tended to have lower surgical risk scores 
than patients enrolled prior to initiation of the delirium 
sub-study. This trend is consistent with the ongoing expan-
sion of TAVR to lower-risk patients,41 and suggests that 
our model should be evaluated in a more contemporary 
population.

In conclusion, we found that physical performance is 
an independent risk factor for postoperative delirium after 
SAVR and TAVR. Our results support assessment of phy-
sical performance in addition to cognitive function to 
improve delirium risk prediction in patients being evalu-
ated for aortic valve replacement.

Key Points
1. Poor physical performance, as measured using the 

Short Physical Performance Battery, is associated 
with higher risk of postoperative delirium.

2. Existing delirium prediction models do not generalize 
well to the unique setting of elective aortic valve 
replacement.

3. Delirium prediction improves when incorporating 
physical performance, depression, stroke, malnutri-
tion, and cognition.

Abbreviations
CABG, Coronary Artery Bypass Grafting Surgery; CAM, 
Confusion Assessment Method; CI, Confidence Interval; 
MMSE, Mini-Mental State Examination; OR, Odds Ratio; 
SPPB, Short Physical Performance Battery; SAVR, 
Surgical Aortic Valve Replacement; TAVR, Transcatheter 
Aortic Valve Replacement.
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