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ORIGINAL RESEARCH

Association Between Patient Survival and 
Clinician Variability in Treatment Rates for 
Aortic Valve Stenosis
J. Matthew Brennan , MD, MPH; Angela Lowenstern , MD; Paige Sheridan , MPH; Isabel J. Boero, MD, MS; 
Vinod H. Thourani, MD; Sreekanth Vemulapalli , MD; Tracy Y. Wang, MD, MHS, MSc; Otto Liska, BA;  
Stuart Gander, BCom; Jason Jager, MS, MEng; Martin B. Leon, MD; Eric D. Peterson , MD, MPH

BACKGROUND: Patients with symptomatic severe aortic stenosis (ssAS) have a high mortality risk and compromised quality of 
life. Surgical/transcatheter aortic valve replacement (AVR) is a Class I recommendation, but it is unclear if this recommendation 
is uniformly applied. We determined the impact of managing cardiologists on the likelihood of ssAS treatment.

METHODS AND RESULTS: Using natural language processing of Optum electronic health records, we identified 26 438 patients 
with newly diagnosed ssAS (2011–2016). Multilevel, multivariable Fine-Gray competing risk models clustered by cardiologists 
were used to determine the impact of cardiologists on the likelihood of 1-year AVR treatment. Within 1 year of diagnosis, 
35.6% of patients with ssAS received an AVR; however, rates varied widely among managing cardiologists (0%, lowest quar-
tile; 100%, highest quartile [median, 29.6%; 25th–75th percentiles, 13.3%–47.0%]). The odds of receiving AVR varied >2-fold 
depending on the cardiologist (median odds ratio for AVR, 2.25; 95% CI, 2.14–2.36). Compared with patients with ssAS of car-
diologists with the highest treatment rates, those treated by cardiologists with the lowest AVR rates experienced significantly 
higher 1-year mortality (lowest quartile, adjusted hazard ratio, 1.22, 95% CI, 1.13–1.33).

CONCLUSIONS: Overall AVR rates for ssAS were low, highlighting a potential challenge for ssAS management in the United 
States. Cardiologist AVR use varied substantially; patients treated by cardiologists with lower AVR rates had higher mortality 
rates than those treated by cardiologists with higher AVR rates.
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Symptomatic severe aortic stenosis (ssAS) is as-
sociated with a poor prognosis if left untreated. 
Aortic valve replacement (AVR) improves sur-

vival among patients with ssAS and is a Class IA rec-
ommendation by the American Heart Association/
American College of Cardiology and European Society 
of Cardiology.1 Although valve replacement was tradi-
tionally performed via open heart surgery (surgical AVR 
[SAVR]), the development of transcatheter AVR (TAVR) 
expanded options for AVR to the majority of patients 
with ssAS.2–5 Yet despite the widespread availability 
of effective treatment options, barriers to treatment 

persist, and the contemporary penetrance of AVR re-
mains unknown.6,7

Clinicians have a strong influence on the likelihood 
of many cardiovascular therapies, including amputa-
tion8 in lower extremity peripheral arterial disease and 
the use of cardiac defibrillators9 in heart failure. To date, 
the role of the managing cardiologist in shaping ssAS 
treatment has not been evaluated. In this analysis, we 
examined contemporary rates of AVR for the treatment 
of ssAS in the United States using the Optum data-
base, which has been used for previous cardiac stud-
ies.10,11 In addition, we evaluated clinician-level variation 
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in the management of ssAS among cardiologists and 
its association with 1-year survival.

METHODS
Data Source
This retrospective study was conducted using Optum 
deidentified electronic health records (EHRs),12 which is 
a patient-level database that aggregates EHR systems 
from >2000 US hospitals and 7000 clinics, including 
82  million distinct patients, into a tabular format for 
research purposes. This data set is available through 
contract with Optum. Available information includes 
patient-level data from both the ambulatory and inpa-
tient settings and provides unique identification num-
bers to physicians, allowing clinicians to be followed 
over time. The Optum database has been employed 
using similar methods from relevant previously pub-
lished studies.10,11

Study Population
This study included patients newly diagnosed with 
ssAS between 2011 and 2016 within Optum’s inte-
grated delivery network, where care and coverage 
are offered through the same provider reducing the 
risk of missing records. Because the Optum data set 
does not routinely contain structured data elements for 
echocardiographic variables other than ejection frac-
tion (Table S1), a review of physician notes was used 
to identify patients with severe aortic stenosis (AS).13 
Severe AS was defined by the inclusion of the terms 
severe or critical or a combination in the presence of 
the words aortic stenosis.14–16 We excluded patients 
with neutral or negative terms associated with their AS 
diagnosis such as negative, deny, not, suspect, po-
tential, or rule out or a combination thereof. Sensitivity 
analyses were performed to validate reported sever-
ity—a Kaplan–Meier analysis to stratify survival by AS 
grade and a review of 1206 patients with data for each 
of 3 metrics of aortic valve stenosis to evaluate cor-
respondence with physician reports (Figure S1, Data 
S1, Tables S2 through S4). To address variability in the 
assignment of AS severity (particularly among low flow, 
low gradient cases), a sensitivity analysis was con-
ducted limiting the analysis to patients with recorded 
left ventricular ejection fraction (LVEF) values, stratified 
by LVEF (LVEF <35, 35–49, <50, and ≥50).

Patients were classified as symptomatic if there 
were at least 2 positive entries for cardinal symptoms 
(heart failure, angina, dyspnea on exertion, dyspnea, 
presyncope, syncope) in the 6 months before severe 
AS diagnosis, similar to previously described meth-
odologies.15,17,18 Again, the use of negative terms was 
excluded from the symptomatic definition. Newly diag-
nosed patients with ssAS had either no documented 
history of severe AS within the year before their diag-
nosis or had severe AS, but no mention of symptoms 
in the 6 months before their diagnosis.

Included patients had at least 1  year of history in 
the EHR before ssAS diagnosis and at least 1 year of 
follow-up or a record of death in the year after the date 
of ssAS to allow for the evaluation of patient status. 
A total of 10 patients with a preexisting left ventricu-
lar assist device were excluded. An additional 11 461 
patients without an identifiable managing cardiologist 
(defined in Exposure) were also excluded. The final co-
hort included 26 438 patients (Figure 1).

Risk-Adjustment Covariates
The risk-adjustment set was chosen a priori based 
on clinical factors that could impact the likelihood of 
treatment. Patient history was evaluated in the year 
before diagnosis using both International Classification 
of Diseases, Ninth Revision, Clinical Modification (ICD-
9-CM) and International Classification of Diseases, 

CLINICAL PERSPECTIVE

What Is New?
•	 We identified patients with symptomatic severe 

aortic stenosis (ssAS) from a large database, 
evaluated the receipt of aortic valve replace-
ment (AVR) within a year of ssAS diagnosis, and 
found that overall AVR rates for ssAS were low; 
the majority of patients with ssAS (64.4%) did 
not have an AVR within 1 year of diagnosis.

•	 AVR rates varied widely by managing cardiolo-
gist (>2-fold depending on cardiologist); patients 
with ssAS treated by cardiologists with lower 
AVR rates had higher mortality rates than those 
treated by cardiologists with higher AVR rates.

What Are the Clinical Implications?
•	 Given the availability of effective treatments, 

these findings underscore the need to im-
plement targeted initiatives to raise disease 
awareness, promote more objective diagnostic 
criteria, and reduce barriers to treatment for pa-
tients with ssAS.

Nonstandard Abbreviations and Acronyms

AS	 aortic stenosis
AVR	 aortic valve replacement
MOR	 median odds ratio
SAVR	 surgical aortic valve replacement
ssAS	 symptomatic severe aortic stenosis
TAVR	 transcatheter aortic valve replacement
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Tenth Revision, Clinical Modification (ICD-10-CM) 
codes with characteristics listed in Table. Records re-
lated to inpatient visits were reviewed to identify hos-
pitalizations in the year before AS diagnosis and to 
determine the setting of the initial ssAS diagnosis. ICD-
9-CM/ICD-10-CM and Current Procedural Terminology 
codes were used to assess select cardiac procedures 
and dialysis. Multimorbidity was assessed using the 
Deyo modification of the Charlson Comorbidity Index.19 
The full list of ICD-9-CM and ICD-10-CM codes used 
in this analysis is presented in Table S5. LVEF was ob-
tained from structured extracts of echocardiography 
reports, as were patient age, sex, area income and 
education level, census region/division, insurance, and 
smoking status.

Exposure
A managing cardiologist for each patient with ssAS 
was identified in the Optum records using unique pro-
vider identification numbers and the reported specialty. 
The managing cardiologist was defined as the majority 
provider cardiologist most frequently seen by a patient 

(as an inpatient or outpatient) in the 3 months before 
and after ssAS diagnosis. If multiple cardiologists met 
these criteria, then the cardiologist with visits closest 
to diagnosis was selected. We performed a sensitiv-
ity analysis focusing only on outpatient cardiologists to 
comment on the physician most likely responsible for 
long-term care (Data S2). Furthermore, to understand 
if an interventional subspecialty shaped treatment like-
lihood, we stratified cardiologists based on whether 
they performed percutaneous interventions.

Outcomes
The primary outcome of this study was treatment of 
ssAS using AVR (SAVR or TAVR) in the year following 
the first report of symptoms. Specific ICD-9-CM/ICD-
10-CM and Current Procedural Terminology codes are 
listed in Table S5. In addition, we examined all-cause 
mortality at 1 year after diagnosis to evaluate the im-
pact of provider treatment rates on patient outcomes. 
Date of death was captured in Optum using the Social 
Security Death Master File. Follow-up was evaluated 
through 2017.

Figure 1.  Modified consort diagram.
The 26 438 patients were managed by 1627 cardiologists. EHR indicates electronic health record; IDN, 
integrated delivery network; LVAD, left ventricular assist device; and ssAS, symptomatic severe aortic 
stenosis.
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Table.  Patient Characteristics for the Overall Cohort and Stratified by Quartiles of AVR Treatment Rates by Managing 
Cardiologists

Patient characteristics
Overall, 
n=26 438

Quartiles of AVR treatment rates by managing cardiologists

P value

First quartile 
lowest AVR, 
n=4257

Second 
quartile, 
n=7062

Third 
quartile, 
n=7138

Fourth 
quartile* 
highest AVR, 
n=7981

Treatment in 1 y from first symptom report, n (%)

SAVR 5894 (22.29) 146 (3.43) 1156 (16.37) 1902 (26.65) 2690 (33.70) <0.001

TAVR 3513 (13.29) 58 (28.43) 412 (5.83) 736 (10.31) 2307 (28.91) <0.001

SAVR or TAVR 9407 (35.58) 204 (4.79) 1568 (22.20) 2638 (36.96) 4997 (62.61) <0.001

Sex, n (%)

Female patient 12 140 (45.92) 2070 (48.63) 3313 (46.91) 3193 (44.73) 3564 (44.66) <0.001

Age, y, n (%) <0.001

Unknown 48 (0.18) 6 (0.14) 15 (0.21) 11 (0.15) 16 (0.20)

<65 3685 (13.94) 665 (15.62) 960 (13.59) 1013 (14.19) 1047 (13.12)

65–79 9892 (37.42) 1431 (33.62) 2635 (37.31) 2707 (37.92) 3119 (39.08)

80+ 12 813 (48.46) 2155 (50.62) 3452 (48.88) 3407 (47.73) 3799 (47.60)

Charlson Comorbidity Index, n (%) 0.476

0 6821 (25.80) 1096 (25.75) 1813 (25.67) 1839 (25.76) 2073 (25.97)

1 5657 (21.40) 903 (21.21) 1520 (21.52) 1470 (20.59) 1764 (22.10)

2 4114 (15.56) 631 (14.82) 1114 (15.77) 1160 (16.25) 1209 (15.15)

3 3287 (12.43) 534 (12.54) 863 (12.22) 892 (12.50) 998 (12.50)

4+ 6559 (24.81) 1093 (25.68) 1752 (24.81) 1777 (24.89) 1937 (24.27)

Atrial fibrillation, n (%) 7521 (28.45) 1318 (30.96) 2135 (30.23) 2135 (29.91) 1933 (24.22) <0.001

Cancer, n (%) 3408 (12.89) 478 (11.23) 870 (12.32) 990 (13.87) 1070 (13.41) <0.001

Conduction, n (%) 2628 (9.94) 441 (10.36) 749 (10.61) 708 (9.92) 730 (9.15) 0.019

COPD, n (%) 2650 (10.02) 479 (11.25) 702 (9.94) 672 (9.41) 797 (9.99) <0.001

Dementia, n (%) 607 (2.30) 133 (3.12) 186 (2.63) 157 (2.20) 131 (1.64) <0.001

Diabetes mellitus without complications, n (%) 7401 (27.99) 1182 (27.77) 2021 (28.62) 1986 (27.82) 2212 (27.72) 0.597

Diabetes mellitus with complications, n (%) 1622 (6.14) 214 (5.03) 442 (6.26) 461 (6.46) 505 (6.33) 0.011

Prior MI, n (%) 3049 (11.53) 491 (11.53) 853 (12.08) 797 (11.17) 908 (11.38) 0.362

Osteoarthritis, n (%) 3756 (14.21) 624 (14.66) 1034 (14.64) 1018 (14.26) 1080 (13.53) 0.187

Peripheral vascular disease, n (%) 4164 (15.75) 609 (14.31) 1047 (14.83) 1170 (16.39) 1338 (16.76) <0.001

Heart failure, n (%) 5535 (20.94) 940 (22.08) 1457 (20.63) 1538 (21.55) 1600 (20.05) 0.027

Moderate to severe renal disease, n (%) 5652 (21.38) 983 (23.09) 1522 (21.55) 1575 (22.07) 1572 (19.7) <0.001

Current smoking, n (%) 2917 (11.03) 490 (11.51) 776 (10.99) 782 (10.96) 869 (10.89) 0.156

Use of supplemental oxygen, n (%) 1057 (4.00) 166 (3.90) 288 (4.08) 279 (3.91) 324 (4.06) 0.929

PCI, n (%) 583 (2.21) 75 (1.76) 131 (1.85) 134 (1.88) 243 (3.04) <0.001

Pacemaker, n (%) 275 (1.04) 57 (1.34) 81 (1.15) 66 (0.92) 71 (0.89) 0.067

Hemodialysis, n (%) 379 (1.43) 86 (2.02) 103 (1.46) 96 (1.34) 94 (1.18) 0.002

Dyspnea, n (%) 23 910 (90.44) 3761 (88.35) 6320 (89.49) 6432 (90.11) 7397 (92.68) <0.001

Dyspnea on exertion, n (%) 3941 (14.91) 616 (14.47) 1006 (14.25) 1027 (14.39) 1292 (16.19) 0.002

Angina, n (%) 7851 (29.70) 1269 (29.81) 2150 (30.44) 2029 (28.43) 2403 (30.11) 0.044

Syncope, n (%) 7183 (27.17) 1203 (28.26) 2012 (28.49) 1920 (26.90) 2048 (25.66) <0.001

Ejection fraction, n (%) <0.001

<35 2076 (7.85) 360 (8.46) 559 (7.92) 569 (7.97) 588 (7.37)

35–49 2784 (10.53) 413 (9.70) 756 (10.71) 752 (10.54) 863 (10.81)

50+ 14 100 (53.33) 1914 (44.96) 3803 (53.85) 3904 (54.69) 4479 (56.12)

Unknown 7478 (28.29) 1570 (36.88) 1944 (27.53) 1913 (26.80) 2051 (25.7)

 (Continued)
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Statistical Analyses
We compared patient characteristics across quartiles of 
observed AVR rates for managing cardiologists using 
chi-square tests. The quartiles were established via the 
PROC RANK SAS procedure, which assigns quartiles 
without ties, assigning the 0% treatment rate to the 
lowest quartile and then building the other quartiles 
based on patient numbers. This procedure can result 

in quartiles being of unequal size. For the initial assess-
ment of the variability in treatment, we evaluated the ob-
served and adjusted rates of AVR across quartiles of 
observed AVR rate using previously described method-
ology20,21 and the multilevel model described in the next 
paragraph. Similar analysis was performed for TAVR.

The primary analysis in this study used a multi-
variable, multilevel, logistic model with the managing 

Patient characteristics
Overall, 
n=26 438

Quartiles of AVR treatment rates by managing cardiologists

P value

First quartile 
lowest AVR, 
n=4257

Second 
quartile, 
n=7062

Third 
quartile, 
n=7138

Fourth 
quartile* 
highest AVR, 
n=7981

Creatinine, mg/dL, n (%) <0.001

<1.0 8571 (32.42) 1282 (30.12) 2265 (32.07) 2306 (32.31) 2718 (34.06)

1.0–1.4 8269 (31.28) 1250 (29.36) 2145 (30.37) 2286 (32.03) 2588 (32.43)

1.5–1.9 2383 (9.01) 399 (9.37) 638 (9.03) 636 (8.91) 710 (8.90)

2.0+ 2053 (7.77) 410 (9.63) 567 (8.03) 556 (7.79) 520 (6.52)

Unknown 5162 (19.52) 916 (21.52) 1447 (20.49) 1354 (18.97) 1445 (18.11)

BMI, kg/m2, n (%) <0.001

<20.1 1248 (4.72) 276 (6.48) 344 (4.87) 298 (4.17) 330 (4.13)

20.1–25.0 5970 (22.58) 1079 (25.35) 1616 (22.88) 1599 (22.40) 1676 (21.00)

25.1–30.0 8331 (31.51) 1270 (29.83) 2252 (31.89) 2230 (31.24) 2579 (32.31)

30.1+ 9228 (34.90) 1358 (31.90) 2409 (34.11) 2590 (36.28) 2871 (35.97)

Unknown 1661 (6.28) 274 (6.44) 441 (6.24) 421 (5.90) 525 (6.58)

Diagnosed in inpatient 10 013 (37.87) 1881 (44.19) 2653 (37.57) 2720 (38.11) 2759 (34.57) <0.001

Percent hospitalized in year prior 12 329 (46.63) 2214 (52.01) 3325 (47.08) 3351 (46.95) 3439 (43.09) <0.001

Region, n (%) <0.001

Midwest 13 332 (50.43) 1793 (42.12) 3684 (52.17) 3937 (55.16) 3918 (49.09)

Northeast 3037 (11.49) 928 (21.80) 780 (11.05) 574 (8.04) 755 (9.46)

Other/unknown 600 (2.27) 104 (2.44) 183 (2.59) 141 (1.98) 172 (2.16)

South 6244 (23.62) 890 (20.91) 1571 (22.25) 1610 (22.56) 2173 (27.23)

West 3225 (12.20) 542 (12.73) 844 (11.95) 876 (12.27) 963 (12.07)

Year of diagnosis, n (%) <0.001

2011–2012 5688 (21.51) 1041 (24.45) 1545 (21.88) 1651 (23.13) 1451 (18.18)

2013–2014 8910 (33.7) 1520 (35.71) 2457 (34.79) 2352 (32.95) 2581 (32.34)

2015–2016 11 840 (44.78) 1696 (39.84) 3060 (43.33) 3135 (43.92) 3949 (49.48)

Insurance, n (%) <0.001

Commercial 4914 (18.59) 769 (18.06) 1311 (18.56) 1282 (17.96) 1552 (19.45)

Medicaid 673 (2.55) 105 (2.47) 151 (2.14) 241 (3.38) 176 (2.21)

Medicare 13 089 (49.51) 2401 (56.4) 3676 (52.05) 3372 (47.24) 3640 (45.61)

Other or unknown 7232 (27.35) 906 (21.28) 1755 (24.86) 2128 (29.81) 2443 (30.61)

Uninsured 530 (2.00) 76 (1.79) 169 (2.39) 115 (1.61) 170 (2.13)

Income level (25th, 75th percentiles)† $40 125 
($35 814, 
$46 714)

$42 046 
($35 229, 
$47 758)

$40 125 
($35 268, 
$46 955)

$39 816 
($35 981, 
$44 376)

$40 550 
($35 020, 
$46 454)

<0.001

Percent college educated (25th, 75th 
percentiles)†

22.00 (18.00, 
27.00)

23.00 (17.00, 
29.00)

22.00 (19.00, 
27.00)

22.00 (19.00, 
27.00)

22.00 (18.00, 
27.00)

<0.001

AVR indicates aortic valve replacement; BMI, body mass index; COPD, chronic obstructive pulmonary disease; MI, myocardial infarction; PCI, percutaneous 
coronary intervention; SAVR, surgical aortic valve replacement; and TAVR, transcatheter aortic valve replacement.

*The fourth quartile represents the highest treating clinicians. 
†Area-level variable (zip 3). 

Table 1.  Continued
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cardiologist as the random intercept to assess the 
contribution of unique cardiologists on the likelihood 
of AVR at 1 year following ssAS diagnosis. The risk-
adjustment set included variables presented in the 
Table. The median odds ratio (MOR)22–24 was used 
to express the relative association of the managing 
cardiologist on the likelihood of AVR. The MOR ex-
presses the likelihood of a patient receiving a differ-
ent outcome if the patient were to switch to another 
randomly selected cardiologist. For example, a MOR 
of 1 would indicate no difference in the likelihood of 
AVR between managing cardiologists; however, a 
MOR of 1.5 would indicate a 50% greater odds of 
a different outcome if a patient was treated by an-
other randomly selected cardiologist. A subsequent 
analysis examined the relative contribution of the 
cardiologist on receipt of TAVR compared with SAVR 
using similar methods. A sensitivity analysis was 
performed in a claims-linked set of 926 patients to 
confirm the results (Data S3) and in a patient subset 
with recorded ejection fraction, creatinine, and body 
mass index to better control for patient status (Data 
S4, Tables S6 and S7, and Figure S2). An additional 
sensitivity analysis was conducted to evaluate the 
impact of cardiologist caseload (which included both 
volume of patients with ssAS and AVR procedure vol-
ume) on the likelihood of AVR.

Kaplan–Meier curves were used to evaluate the 
survival associated with each quartile of AVR rates 
for managing cardiologists. Multilevel, multivariable 
Fine-Gray competing risk models clustered by cardi-
ologists were used to determine the impact of cardi-
ologists on the likelihood of 1-year AVR treatment. We 
adjusted for patient demographics and comorbidities 
listed in the Table. Subdistribution hazard ratios (HRs) 
were used to describe the impact of fixed covariates, 
and the MOR was used to describe the relative impact 
of the individual cardiologists on the likelihood of re-
ceiving the 1-year AVR treatment. A cubic spline was 
used to assess the proportional hazards assump-
tion.25 To model the relationship between cardiologist 
AVR treatment rate and 1-year all-cause mortality, the 
AVR rate was modeled as a restricted cubic spline 
with 4 degrees of freedom. A sensitivity analysis was 
performed to limit the impact of immortal time bias 
(Data S5). To evaluate the relative impact of cardiolo-
gists with high AVR rates on 1-year all-cause mortal-
ity, we conducted a sensitivity analysis by restricting 
the cohort to patients treated by cardiologists with 
AVR rates ≤70% (Data S6).

Imputation of missing variables with <10% of miss-
ing data was accomplished via multivariate imputation 
by chained equations using the version 2.9 package.26 
Details are found in Data S7. All analyses were con-
ducted using SAS 9.4 and R version 3.5.2 with P≤0.05 
considered significant.

Ethical/Institutional Review Board
We did not obtain ethical/institutional review board ap-
proval because this was a retrospective study of dei-
dentified EHR data.

RESULTS
The study cohort of 26 438 patients with ssAS included 
45.9% women with a median age of 79 years (25th–
75th percentiles, 70–84  years) and median Charlson 
Comorbidity Index of 2 (25th–75th percentiles, 0–3). 
Median follow-up was 701 days (25th–75th percentiles, 
395–1179 days). Dyspnea was the predominant symp-
tom, affecting 90.4% of patients, with angina affecting 
29.7% of patients. ssAS was primarily diagnosed in the 
outpatient setting (62.1%). Complete characteristics 
are presented in the Table.

Clinician Variability in AVR Use
The average general cardiologist saw a median of 10 
newly diagnosed patients with ssAS during the study 
interval (25th–75th percentiles, 5–20). Within a year of 
the first report of symptoms, 35.6% of patients with 
ssAS underwent AVR (13.3% TAVR, 22.3% SAVR), 
and treatment rates increased from 26.8% in 2011 to 
2012 to 40.9% for patients diagnosed in 2015 to 2016 
(Figure 2).

Rates of AVR within a year of the first symptom re-
port varied substantially by cardiologist from 0% in the 
lowest quartile to 100% in the highest (median, 29.6%; 
25th–75th percentiles, 13.3%–47.0%). The distribution 
of AVR rates is provided in Figure S3 and by quartiles 
in Figure  S4. Ranges for AVR rates by quartile were 
the following: quartile 1 (lowest treatment rates), 0 to 
0.130; quartile 2, 0.133 to 0.294; quartile 3, 0.296 to 
0.469; and quartile 4 (highest treatment rates), 0.470 to 
1.000. Adjusted median AVR rates ranged from 13.6% 
in the lowest quartile to 57.2% in the highest quartile. 
Likewise, among patients who underwent AVR, sub-
stantial variation was observed in the use of TAVR, with 
0% in the lowest quartile to 100% in the highest (me-
dian, 25%; 25th–75th percentiles, 0%–50%; adjusted 
median TAVR rates [lowest, highest], 32.7, 46.3%).

Factors Associated With AVR
Characteristics most strongly associated with no AVR 
within 1 year included age ≥80 years (adjusted HR for 
AVR, 0.56; 95% CI, 0.51–0.63) and dementia (adjusted 
HR, 0.32; 95% CI, 0.24–0.42). Among those treated, 
patient characteristics most strongly associated with 
TAVR (versus SAVR) included age ≥80 years (adjusted 
HR for TAVR, 20.8; 95% CI, 16.3–26.7) and prior per-
cutaneous coronary intervention (adjusted HR, 2.27; 
95% CI, 1.57–3.30). The full models are presented in 
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Table S8. There was a significant correlation between 
the managing cardiologist’s AVR rate and their rate of 
TAVR, with a Pearson correlation coefficient of 0.63 
(P<0.001; Figure S5).

The managing cardiologist was among the stron-
gest determinants of treatment for ssAS when com-
pared with other covariates. Using the MOR, patients 
had a 125% and 141% increased chance of receiving 
a different treatment strategy if they had randomly se-
lected a different managing cardiologist for AVR (MOR, 
2.25; 95% CI, 2.14–2.36) and TAVR (MOR, 2.41; 95% 
CI, 2.21–2.61), respectively. Similarly, the median HR27 
was 1.265 (95% CI, 1.209–1.315; P<0.001), which 
demonstrates that the median increase in the hazard 
of mortality in the year after AVR was 26% when com-
paring a patient treated by a cardiologist with a lower 
referral rate with a patient treated by a cardiologist with 
a higher referral rate.

The strength of this association persisted over time 
and did not vary substantively by region (Table S9) or 
whether the managing cardiologist performed inter-
ventional procedures (adjusted MOR, 2.10; 95% CI, 
1.89–2.31; non-cardiologist-adjusted MOR, 2.16; 95% 
CI, 2.04–2.28). By adjusting the model for volume of 
patients with ssAS and AVR volume, sensitivity anal-
ysis also showed the association persisted (Data S8). 
Treatment rates did vary substantively by the volume 
of patients with ssAS managed by the cardiologist 
(lowest tertile, highest tertile: 29.1%, 44.5%). Managing 
cardiologists with the highest volume of patients with 
ssAS by tertile had a slightly greater variation in AVR 
likelihood (adjusted MOR, 2.75; 95% CI, 2.37–3.12) 

compared with those with the lowest volume of pa-
tients with ssAS (adjusted MOR, 2.04; 95% CI, 1.89–
2.19). A sensitivity analysis among a subset of patients 
with ejection fraction data showed that for patients 
with LVEF <50 (which is a Class I indication for AVR 
treatment), the MOR of AVR was 2.08 (95% CI, 1.87–
2.28), similar to the MOR for the full model (2.25; 95% 
CI, 2.14–2.36). Further stratification showed similar re-
sults; the MOR of the likelihood of AVR was 2.03 (95% 
CI, 1.68–2.36) for LVEF <35, 2.01 (95% CI, 1.74–2.26) 
for LVEF 35–49, 2.18 (95% CI, 2.05–2.31) for LVEF ≥50, 
and 2.49 (95% CI, 2.30–2.69) for patients with LVEF 
“unknown,” indicating that similar results are observed 
when the analysis is stratified by LVEF (MOR 95% CIs 
overlap for groups LVEF <35 [most severe] to LVEF ≥50 
[less severe]; patients with unknown LVEF were most 
likely to undergo AVR).

Association Between the Managing 
Cardiologist’s ssAS Treatment Variability 
and Patient Survival
The managing cardiologists’ rates of AVR were di-
rectly associated with the likelihood of 1-year survival 
for their patients with ssAS (Figures 3 and 4). Patients 
managed by cardiologists in the highest quartile of 
treatment rates had a 1-year survival rate of 81% com-
pared with 73% for the lowest quartile. After adjusting 
for differences in patient characteristics, patients with 
ssAS cared for by cardiologists in the lowest quartile 
of AVR rates experienced a higher associated risk of 
mortality than those treated by managing cardiologists 

Figure 2.  Treatment rates stratified by TAVR/SAVR over time.
Overall, 35.6% patients with symptomatic severe aortic stenosis (ssAS) had aortic valve replacement 
(n=9407) in the year after date of first ssAS diagnosis, whereas 37.3% of patients who had aortic valve 
replacement underwent TAVR (n=3513). SAVR indicates surgical aortic valve replacement; and TAVR, 
transcatheter aortic valve replacement.
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in the highest quartile of AVR rates (adjusted HR, 1.22; 
95% CI, 1.13–1.33). The following 2 sensitivity analyses 
were conducted to evaluate the impact on mortality: 
(1) an analysis to limit the impact of immortal time bias 
by limiting the window for AVR treatment to 3 months 
showed similar results (results found in Data S5 and 
Figures S6 and S7), and (2) an evaluation of the impact 
of cardiologists when removing physicians with >70% 
AVR treatment rates also revealed similar findings (see 
Data S6 for analysis results).

DISCUSSION
A substantial body of evidence documents the ability 
of AVR to prolong survival and alleviate suffering in pa-
tients with ssAS, resulting in the highest recommen-
dation (Class 1A) for treating patients with ssAS with 
AVR in both US and European guidelines.1,28 Despite 
widespread availability of this therapy, the majority of 

patients with severe AS in our study did not undergo 
AVR within a year of symptom development. The cur-
rent study is unique in that we identified patients with 
ssAS from a large database, evaluated the receipt of 
AVR within a year of ssAS diagnosis, and were able 
to describe an association between patient outcomes 
and the AVR rate of the managing cardiologist.

The percentage of patients treated with AVR in 
our study is similar to a previously published study 
by Lancellotti et al, which showed AVR treatment 
rates of 30% for patients with moderate AS and 
45.1% for patients with severe AS upon study entry.29 
Nevertheless, these rates are not directly comparable 
with our results because the study by Lancellotti et al 
had longer follow-up time, excluded symptomatic pa-
tients with AS, and included non-US-based clinics.29

Across managing cardiologists, there was marked 
variability in a patient’s likelihood for AVR, with the 
managing cardiologist among the strongest determi-
nants of AVR. This variation was clinically important; 

Figure 3.  Survival stratified by managing cardiologist treatment rate.
Kaplan–Meier curves for survival when stratified by managing cardiologist AVR treatment rate with 1 representing the lowest quartile 
of AVR rates at the 1-year AVR rate and 4 the highest. Patients treated by cardiologists with higher AVR rates have a significantly higher 
survival at 1 year. The colored bands around each survival cure represent the 95% CI. The number of patients at risk at each 60-day 
interval for each quartile are displayed below the survival curves. AVR indicates aortic valve replacement.
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patients treated by cardiologists with low treatment 
rates had significantly lower 1-year survival compared 
with those treated by cardiologists with high treatment 
rates. Although more research is needed to determine 
what exactly drives the apparent variability in use of 
AVR by cardiologists, our findings show that there 
might potentially be issues in the current management 
of patients diagnosed with ssAS and that reducing 
variability in AVR treatment rates may present an op-
portunity for meaningful improvement.

The decision not to treat a patient with ssAS is com-
plex, including anatomic considerations, comorbidities 
that affect the likelihood of therapeutic benefit, and a 
patient’s individual values and preferences. A recent 
analysis of 407 patients with ssAS evaluated at 9 US 
heart valve treatment centers from 2013 to 2014 (in-
cluding 17% who were ultimately medically managed) 
demonstrated a 31% rate of patient refusal.30 Yet nearly 
one-third of these patients also expressed uncertainty 
with their ultimate treatment strategy; this uncertainty 
raises concerns as to whether patients were adequately 
educated as well as whether they were encouraged to 
be participants in a shared clinician–patient decision-
making process. Nonetheless, considerations other 
than these affect the treatment options offered, including 
a patient’s race and sex, as well as the local availability of 
treatment options.31 As a result, patients who would be 
candidates for treatment may not be given the option.

Our analysis revealed that although there are some 
predictable factors (such as increased patient age and 
dementia) that were negatively associated with AVR 
(versus no AVR; age >80  years HR, 0.52 [95% CI, 
0.45–0.61]; dementia HR, 0.33 [95% CI, 0.23–0.46]; 
Table  S8), other factors, such as education and the 
Charlson Comorbidity Index (up through 3) were not 
found to be associated with AVR versus no AVR (ed-
ucation in 80th quantile HR, 0.90 [95% CI, 0.76–1.07]; 
Charlson Comorbidity Index 3 HR, 0.94 [95% CI, 0.79–
1.11]; Table S8). Our study is consistent with other re-
search that has shown a gradual decline in number 
of SAVR cases and a dramatic increase in number of 
TAVR cases in recent years.32,33 Because TAVR is rec-
ommended for patients with comorbidities that would 
preclude them from referral for SAVR,34 this may ex-
plain why our findings (our study used a definition of 
AVR that includes both TAVR and SAVR) showed no 
association between Charlson Comorbidity Index of 
0 to 3 and AVR versus non-AVR. Of note, increasing 
Charlson comorbidity scores (2, 3, or 4+) were associ-
ated with an increased likelihood of TAVR versus SAVR 
(HR, 1.65–2.43, respectively; Table S8), corresponding 
with recommendations for the use of TAVR in higher 
risk individuals. The lack of association between in-
come or education and propensity for AVR versus non-
AVR may in part be attributed to insufficient granularity 
of the Optum database to accurately assess patient 

Figure 4.  Association between the managing cardiologists’ AVR treatment rate and 1-year all-
cause mortality.
Association between managing cardiologists’ 1-year AVR treatment rate and 1-year all-cause mortality 
was modeled as a restricted cubic spline with 4 degrees of freedom. The hazard presented was adjusted 
for patient factors and demographics and demonstrates that a higher clinician 1-year treatment rate is 
associated with a significantly reduced 1-year mortality risk. The distribution of clinicians by 1-year AVR 
rate is shown below the curve with each strike representing an individual clinician. The light blue band 
around the line represents the 95% CI. AVR indicates aortic valve replacement.
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socioeconomic status because it provides geographic 
information only at the zip-code level.

The use of a subjective surrogate (symptom report) 
for the recognition of clinically significant left ventric-
ular strain may limit a more standardized application 
of AVR therapy. Of the individuals in our study, >90% 
presented with dyspnea (a nonspecific symptom that 
is notoriously difficult to elicit) as their primary clinical 
complaint. This finding is similar to other series35–37 
and raises concerns regarding the use of subjective 
clinical symptoms as the primary trigger for the treat-
ment of this fatal disease. The low treatment rates 
of ssAS observed in this US cohort may speak to a 
broader challenge in symptom attribution for patients 
with ssAS. In an often debilitated, comorbid, and el-
derly population, symptoms of dyspnea can be diffi-
cult to elicit in a limited clinical visit.7,38 When a more 
intensive search for symptoms has been undertaken, 
3 separate studies have demonstrated that the vast 
majority (>80%) of patients with severe AS experience 
valve-associated symptoms.18,39,40 Likewise, objective 
markers such as pro–B-type natriuretic peptide levels 
and 6-minute walk distance41 have demonstrated left 
ventricular strain in large segments of patients who 
were otherwise asymptomatic. Clinical management 
guidelines have started a process of incorporating the 
use of these tests into their suggested treatment algo-
rithms, and a more widespread use of objective met-
rics to trigger valve replacement for patients with ssAS 
may simplify clinical care, reduce treatment variability, 
and improve overall treatment rates in this terminal dis-
ease state.

Recognition of the scope of this possible perfor-
mance gap is the first step to addressing the issue. 
Ensuring that AVR, a potentially life-saving treatment, 
is offered to all appropriate patients with ssAS in the 
United States will involve collaborative efforts through-
out the valvular heart disease ecosystem. An educated 
patient is more likely to choose treatment, and patient 
education cannot rely solely on clinician-initiated pro-
grams. Although shared decision-making is critical in 
this preference-sensitive field, direct-to-patient educa-
tional programs from professional societies and patient 
advocacy groups may be helpful. Furthermore, both cli-
nicians and health systems should examine their own 
practices to identify untreated patients and to imple-
ment systems that foster early recognition, active sur-
veillance, and timely treatment of this terminal illness. 
With the availability of EHR analytics, new opportunities 
are emerging to take a more holistic, data-driven view 
of patient status. Finally, policy makers should continue 
working to reduce barriers to care by ensuring local ac-
cess to treatment42 and addressing the existing profit-
margin differentials that have the potential to influence 
treatment decisions between TAVR and SAVR.

Limitations
This study has several notable limitations. First, the 
identification of severe AS for cohort development 
was based on a review of clinician notes rather than 
echocardiography reports. This approach may be 
subject to error, but it was subsequently validated 
through both evaluation of stratified survival curves 
and comparison to echocardiography reports in a 
subset of the cohort. Second, we were not able to 
validate symptom status in the Optum database, 
and although attempts were made to validate symp-
toms by evaluating treatment rates in the claims set, 
there were too few patients to conduct this analysis. 
Third, we used multivariate imputation by chained 
equations to impute missing variables with <10% of 
missing data and created an “unknown” category for 
variables in which data >10% were missing, which 
may have served a potential source of bias. Fourth, 
90.4% of patients in our study had dyspnea, which 
is a subjective symptom. Therefore, we acknowledge 
that there is a possibility that patients not referred for 
AVR were dyspneic for reasons other than severe AS 
or that the dyspnea was mild in the judgment of the 
clinician. Fifth, the treatment rates observed here are 
among patients with an existing diagnosis of severe 
AS. Although the scope of the problem has not been 
well described, it is expected that a sizable cohort of 
patients never reach diagnosis, including among cer-
tain vulnerable populations.43 As a result, the treat-
ment rates observed here are likely an overestimate of 
actual treatment rates for this disease. Sixth, we iden-
tified managing cardiologists based on the frequency 
of interactions. This definition may not have accurately 
determined the “cardiology home” for some patients, 
particularly those with frequent hospitalizations; how-
ever, our results were consistent when applied to 
cardiologists in the outpatient setting. Seventh, we 
recognize that the decision to receive AVR involves a 
complex interaction between patient and clinician, as 
well as including patient values and preferences, nei-
ther of which could be evaluated in this study. Rates of 
patient refusal of AVR procedures are not recorded in 
the database and present a limitation; refusal rates are 
reported to be 20% to 33% (depending on race and 
other patient-related characteristics).37 Eighth, in the 
survival benefit analysis, there is a risk of the immor-
tal time bias since patients must survive long enough 
to undergo an AVR. A sensitivity analysis conducted 
using a shorter time window (3 months) from diagno-
sis to treatment revealed results similar to our primary 
analysis (1-year window). Ninth, we acknowledge the 
possibility that cardiologists with higher AVR treatment 
rates (referring more often) also worked with surgeons 
with good outcomes and that this may have contrib-
uted to potential confounding. Tenth, our analyses 
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were based on the assumption of random distribu-
tion of unmeasured confounding; however, similar to 
any observational analysis, this assumption may not 
hold and should be considered when interpreting the 
results. Finally, we acknowledge that the current study 
was conducted before the expansion of TAVR as an 
option for patients and that our results will need to be 
verified in future studies with more recent data.

CONCLUSIONS
In conclusion, a majority of patients in the United 
States with severe AS do not undergo AVR within a 
year of symptom development. We have identified 
substantial variation at the level of the managing car-
diologist in the use of this therapy and an association 
between AVR treatment rates and 1-year survival of 
patients with ssAS. Given the availability of effective 
treatments, there may be value in implementing tar-
geted initiatives to raise disease awareness, promote 
more objective diagnostic criteria, and reduce barri-
ers to treatment.
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SUPPLEMENTAL MATERIAL 
 

  



 
 

Supplemental Methods 

 

Data S1. Validation of Optum physician report of aortic stenosis 
 
To validate Optum physician’s report of aortic stenosis, we leveraged the following approach: 

• Among 26,438 patients with symptomatic severe aortic stenosis (ssAS) in the final cohort, we 
pulled the closest echocardiography readings to severe aortic stenosis (sAS) diagnosis identified 
by physicians’ notes 
- Echocardiography readings included aortic valve area (AVA), velocity, mean gradient, and 

left ventricular ejection fraction (LVEF)  
- The closest echocardiography readings in the seven days before sAS diagnosis from 

physicians’ notes were pulled. The LVEF is included only if it is on the same day of 
AVA/velocity/mean gradient.  The completeness of echocardiography readings is shown in 
Table S1 
 
 

- We restricted patients to those with each of three (AVA, velocity, and mean gradient) 
available measurements and to those who with four (AVA, velocity, mean gradient and LVEF) 
measurements available. We then compared the difference in sAS diagnoses using 
physician’s notes to the severity using AS definitions from the 3 or 4 echocardiography 
parameters. The differences are listed as below. 

o American Heart Association (AHA) guidelines were applied here to define the 
severity of AS by using AVA, velocity, or mean gradient 

o Echocardiography readings were categorized as mild, moderate or severe based on 
the 3, or 4, echocardiography parameters and agreement with patients identified as 
having severe AS with physicians’ notes are compared (see Table S2) 
 

 
- The severity of AS by echocardiography readings stratified by LVEF level is shown in Table 

S3.  
 

 
- The severity of AS by echocardiography readings stratified by left ventricular outflow tract 

velocity time integral (LVOT VTI) level is shown in Table S4. 
 

 

 

 

 

 

 

 



 
 

Data S2. Sensitivity analysis of the core analysis focusing only on outpatient 

managing cardiologists  
 

Similar trends were observed when restricting to patients with managing cardiologist classification based 
on outpatient visits only (n=23,013). In the subset of patients treated by these cardiologists, 36.1% of 
ssAS patients underwent AVR (13.8% TAVR, 22.3% SAVR). Rates of AVR within a year of diagnosis 
varied substantially by cardiologist, from 0% in the lowest quartile of treatment rates to 100% in the 
highest (median 30.0%, 25th–75th 16.7–47.4%). Among outpatient cardiologists, the association between 
the managing cardiologist and the odds of an alternative treatment strategy was similar to that observed 
in the overall cohort (adjusted MOR 2.21, 95% CI 2.10–2.33). 
 

 

  



 
 

Data S3. Sensitivity analysis by using a claims-linked cohort. 

 
1. To internally validate our results, we repeated the core analyses in Optum’s claims-linked patient 

set. The integrated patient set includes a substantially smaller subset of patients within the EHR 
who can also be linked to insurance claims via a distinct patient ID. Linkage to insurance claims 
allows for assessing to lower rates of missing data. After applying our inclusion and exclusion 
criteria to this cohort, a subset of 926 patients managed by 172 cardiologists were identified. 

2. There are 33.4% of ssAS patients (n = 301) undergoing AVR in the first year after diagnosis. The 
median time between date of ssAS diagnosis and AVR was 48 days (25th-75th percentiles:18-89 
days), which stayed consistent compared to major analysis. 

3. Rates of AVR within a year of the first ssAS diagnosis varied significantly by cardiologist from 1% 
in the lowest quartile of AVR rates to 100% in the highest (median 33.3%, 25th-75th percentiles 
3.8-50%). 

4. Patients had a 135% chance of receiving a different AVR treatment plan if they had seen a 
random managing cardiologist for AVR (MOR 2.35, 95% CI 1.72-2.94), which was similar to the 
pattern in the major set. 

 



 
 

Data S4. Subset analysis with lab data available. 

 
A complete case analysis was performed including only patients with available data for ejection fraction, 
creatinine, and body mass index to evaluate the potential impact of missing data for these variables on 
the risk-adjusted results. 
 

1. Full multi-level logistic models for the likelihood of AVR (vs. no AVR) and the likelihood of TAVR 
(vs. SAVR), expressed a Median Odds Ratios (MOR) were conducted. The models included 
patient-level and clinician-level factors among patients with available values for ejection fraction, 
creatinine, and body mass index (Table S8). The clinician was one of the strongest determinants 
of ssAS. Similar patterns were observed when we restricted patients to those with available 
values for ejection fraction, creatinine, and body mass index. 
 

2. Median odds rations (MOR) for general cardiologists for the likelihood of AVR when stratified by 
region and time is shown below. The results stayed consistent compared to those in the main 
analysis (see Table S9). 
 
Similar trends were observed when restricting to patients with managing cardiologist classification 
based only on outpatient visits among complete sub-data set. The association between the 
managing cardiologist and the odds of an alternative treatment strategy was similar to that 
observed in the overall cohort (adjusted MOR 2.10, 95% CI 1.97-2.23). 

 
3. Association between clinician 1-year treatment rate and 1-year all-cause mortality with clinician 1-

year treatment rate was modeled as a restricted cubic spline with 4 degrees of freedom (See 
Figure S2). The hazard presented was adjusted for patient factors and demographics and 
demonstrates that a higher clinician 1-year treatment rate is associated with a significantly 
reduced 1-year mortality risk. The distribution of cardiologists by 1-year AVR rate is shown below 
the curve with each strike representing an individual clinician. The analysis is based on patients 
with the available values for ejection fraction, creatinine, and body mass index. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

Data S5. Clinician 3-month AVR rate and 1-year all-cause mortality to evaluate the 

impact of immortal time bias. 

 
In order to limit the impact of immortal time bias, we shortened the window from ssAS diagnosis to AVR 
treatment to 3-months. 
 

1. Association between clinician managing cardiologists’ 3-month AVR treatment rate and 1-year all-
cause mortality with clinician 3-month treatment rate was modeled as a restricted cubic spline 
with 4 degrees of freedom (Figure S3). The hazard presented was adjusted for patient factors 
and demographics and demonstrates that a higher clinician 3-month treatment rate is associated 
with a significantly reduced 1-year mortality risk. The distribution of cardiologists by 3-month AVR 
rate is shown below the curve with each strike representing an individual clinician.  

 
2. Survival stratified by managing cardiologist 3-month treatment rate. Kaplan Meier curves for 

survival when stratified by managing cardiologist AVR treatment rate within a 3-month period (1 
represents the lowest quartile of AVR rates, and 4 the highest) (Figure S4). Patients managed by 
cardiologists with higher AVR rates have a significantly higher survival at one year.   

 
 

3. After adjusting for differences in patient characteristics, ssAS patients cared for by cardiologists in 
the lowest quartile of 3-month AVR rates experienced a higher associated risk of mortality than 
those treated by managing cardiologists in the highest quartile of 3-month AVR rates (adjusted 
HR 1.11, 95% CI 1.02–1.21). The results stayed consistent compared to that in the primary 
cohort. 

  



 
 

Data S6. Sensitivity analysis: Restricting cohort to patients treated by 

cardiologists with AVR rates ≤ 70%   
 

To evaluate the relative impact of cardiologists with high AVR rates on patient mortality, a sensitivity 

analysis was conducted by removing patients treated by cardiologists with AVR intervention rates greater 

than 70%. The resulting median odds ratio (MOR) was 1.99 (95% CI: 1.90-2.08). While this value is 

somewhat lower compared to the full patient cohort (including patients treated by cardiologists with 

comprehensive AVR treatment rates) (MOR 2.25, 95% CI: 2.14–2.36), restricting the cohort to 

cardiologists with AVR rates ≤ 70% did not significantly impact our findings. 

  



 
 

Data S7. Details on multiple imputation.  
 

Imputation replaced 9%, 6%, 3%, 3%, 0.2%, and 0.2% of missing data for insurance, smoking, income, 

education, gender, and age, respectively; this rate of missing data is within previously reported ranges.20 

Missing data for variables with more than 10% missing, including left ventricular ejection fraction (LVEF) 

(31%), creatinine (20%), and body mass index (11%) were coded as “unknown.” 

 

 

  



 
 

Data S8. Sensitivity analysis: Adding the cardiologist case-load (both ssAS 

patients and AVR volume) to the main model. 

 
To evaluate the impact of cardiologist case load, we conducted a sensitivity analyses by adding both 
ssAS patient volume and AVR volume to the main model. The median odds ratio of AVR for this model 
was 1.677 (95% CI 1.614-1.739), P<0.001, after adjustment for ssAS and AVR volume (tertiles). Although 
the MOR for AVR was lower compared to the model without case-load (MOR 2.25, 95% CI: 2.14–2.36), 
the results were still significant. 
Of note, the OR of AVR for provider ssAS volume (highest tertile vs. lowest tertile) 0.175 (0.147-0.210) 
P<0.001; OR of AVR for provider AVR volume (highest tertile vs lowest tertile) 27.123 (22.242-33.073) 
P<0.001. 

  



 
 

Table S1. Completeness of echocardiography readings. 
 

Patients with available specific 
echocardiography readings  

Completeness of data 

AVA 8,032 (30.4%) 

Velocity 3,323 (12.6%) 

Mean gradient 8,233 (31.1%) 

LVEF 9,464 (35.8%) 

AVA + Velocity 1,490 (5.6%) 

AVA + Velocity + Mean gradient 1,206 (4.6%) 

AVA + Velocity + Mean gradient + LVEF 1,057 (4.0%) 

 



 
 

Table S2. Echocardiography readings identified as severe AS. 
 

  Classification as severe by physicians' notes 

Classification by 
echocardiography 
Tests 

Patients with all available 
echocardiography readings for 
AVA, velocity, and mean 
gradient 

Patients with all available 
echocardiography readings for 
AVA, velocity, mean gradient, and 
LVEF 

Mild AS 17 (1.4%) 12 (1.1%) 

Moderate AS 259 (21.5%) 192 (18.2%) 

Severe AS  930 (7.1%) 853 (0.7%) 

 



 
 

Table S3. Severity of AS by echocardiography readings stratified by LVEF. 
 

  Classification by Echocardiography Tests (among patients with 
severe AS by clinician notes) 

Level of LVEF Mild AS Moderate AS Severe AS 

< 30% 0 (0.0%) 19 (1.8%) 63 (6.0%) 

30% - 49% 3 (0.28%) 26 (2.5%) 139 (13.2%) 

≥ 50% 9 (0.85%) 147 (13.9%) 651 (61.6%) 

Patients with all available echocardiography readings for AVA velocity, mean gradient, and 
LVEF.  Data listed as n (% of whole) 



 
 

Table S4. Severity of AS by echocardiography readings stratified by left ventricular outflow tract velocity time 

integral (LVOT VTI) level. 
 

  Classification by echocardiography Tests 

Level of LVOT VTI Mild AS Moderate AS Severe AS 

< 18 5 (100.0%) 9 (20.9%) 61 (26.1%) 

18 - 22 0 (0.0%) 11 (25.6%) 60 (26.5%) 

> 22 0 (0.0%) 23 (53.5%) 109 (47.4%) 

Patients with all available echocardiography readings for AVA, velocity, mean gradient, and 
LVEF. Data listed as n (% of column total). 

 

 



 
 

Table S5. ICD-9-CM and ICD-10-CM procedure and diagnostic codes, and CPT codes. 
  ICD-9-CM ICD-10-CM CPT 

Atrial fibrillation                                                                  42731 I480-I484, I489, I4891-I4892 
 

Cancer 140-172, 174-194, 196-198, 
1990-1991, 200-208, 1950-1958 

C0-C1, C20-C26, C30-C34, C37-C41, C43, 
C45-C58, C60-C85, C88, C90-C97 

 

Cardiac conduction disorders                                                               4260, 4261, 42611, 42612, 
42613, 4262, 4263, 4264, 
42650, 42651, 42652, 42653, 
42654, 4266 

I440, I441, I442, I443, I4430, I4439, I450, I451, 
I4510, I4519, I452, I444, I445, I446, I4460, 
I4469, I447, I453 

 

COPD 49, 500, 501, 502, 503, 504, 
505 

I278, I279, J684, J701, J703, J40, J41, J42, 
J43, J44, J45, J46, J47, J60, J61, J62, J63, J64, 
J65, J66, J67 

 

Dementia 290 F051, G311, F00, F01, F02, F03, G30 
 

Diabetes without complications 2500, 2501, 2502, 2503, 2507 E100, E101, E106, E108, E109, E110, E111, 
E116, E118, E119, E120, E121, E126, E128, 
E129, E130, E131, E136, E138, E139, E140, 
E141, E146, E148, E149 

 

Diabetes with complications 2504, 2505, 2506 E102, E103, E104, E105, E107, E112, E113, 
E114, E115, E117, E122, E123, E124, E125, 
E127, E132, E133, E134, E135, E137, E142, 
E143, E144, E145, E147 

 

Prior myocardial infarction 410, 412 I21, I22, I252 
 

Osteoarthritis (OA) 715 M15-M19 
 

Peripheral vascular disease (PVD) 4439, 441, 7854, V434 I731, I738, I739, I771, I790, I792, K551, K558, 
K559, Z958, Z959, I70, I71 

 

Heart failure (SDS terms) 4282, 42820, 42821, 42822, 
42823, 4283, 42830, 42831, 
42832, 42833, 4284, 42840, 
42841, 42842, 42843 

I502, I5020, I5021, I5022, I5023, I503, I5030, 
I5031, I5032, I504, I5040, I5041, I5042, I5043 

 

Moderate to severe renal disease   582, 5830, 5831, 5832, 5833, 
5834, 5835, 5836, 5837, 585, 
586, 588 

I120, I131, N032, N033, N034, N035, N036, 
N037, N052, N053, N054, N055, N056, N057, 
N250, Z490, Z491, Z492, Z940, Z992, N18, N19 

 

Supplemental oxygen use V462 Z9981 E1390, E1391, E0424, 
E0439, E1405, E1406, 
E0431, E0434, E1392, 
E0433, K0738, E0441, 
E0442, E0443, E0444, 
E0425, E0430, E0431, 



 
 

E0433, E0434, E0435, 
E0440, E0445, E0446 

Percutaneous cardiac procedures 
(including PCI, ablation, and 
transcatheter mitral) 

00.66, 36.06, 36.07, 37.26, 
37.27, 37.33, 37.34, 35.97 

270346, 027034Z, 02703D6, 02703DZ, 270446, 
027044Z, 02704D6, 02704DZ, 271346, 
027134Z, 02713D6, 02713DZ, 271446, 
027144Z, 02714D6, 02714DZ, 272346, 
027234Z, 02723D6, 02723DZ, 272446, 
027244Z, 02724D6, 02724DZ, 273346, 
027334Z, 02733D6, 02733DZ, 273446, 
027344Z, 02734D6, 02734DZ, 02563ZZ, 
02573ZZ, 025K3ZZ, 025L3ZZ, 02B63ZZ, 
02B73ZZ, 02BK3ZZ, 02BL3ZZ, 02560ZZ, 
02570ZZ, 025K0ZZ, 025L0ZZ, 02B60ZZ, 
02B70ZZ, 02BK0ZZ, 02BL0ZZ, 02T80ZZ, 
02K80ZZ, 02K83ZZ, 02K84ZZ, 4A023FZ, 
02UG3JZ 

92937, 92941, 92943, 
92920, 92924, 92928, 
92933, 33418, 33419 

Pacemaker/ICD 00.51, 00.54, 37.94, 37.95, 
37.96, 37.80, 37.81, 37.82, 
37.83 

02HK0KZ, 02HK3KZ, 02HK4KZ, 02HL0KZ, 
02HL3KZ, 02HL4KZ, 0JH609Z, 0JH639Z, 
0JH809Z, 0JH839Z, 0JH609Z, 0JH609Z, 
0JH639Z, 0JH639Z, 0JH809Z, 0JH839Z, 
0JPT0PZ, 0JPT3PZ, 02H60KZ, 02H60KZ, 
02H63KZ, 02H63KZ, 02H64KZ, 02H64KZ, 
02H70KZ, 02H70KZ, 02H73KZ, 02H73KZ, 
02H74KZ, 02H74KZ, 02HK0KZ, 02HK0KZ, 
02HK3KZ, 02HK3KZ, 02HK4KZ, 02HK4KZ, 
02HL0KZ, 02HL0KZ, 02HL3KZ, 02HL3KZ, 
02HL4KZ, 02HL4KZ, 02PA0MZ, 02PA3MZ, 
02PA4MZ, 02PAXMZ, 0JH608Z, 0JH608Z, 
0JH638Z, 0JH638Z, 0JH808Z, 0JH808Z, 
0JH838Z, 0JH838Z, 0JPT0PZ, 0JPT3PZ, 
02H63KZ, 02H73KZ, 02HK3KZ, 02HL3KZ, 
02HN0KZ, 02HN4KZ, 0JH608Z, 0JH638Z, 
0JH808Z, 0JH838Z, 0JH60PZ, 0JH60PZ, 
0JH63PZ, 0JH63PZ, 0JH80PZ, 0JH80PZ, 
0JH83PZ, 0JH83PZ, 0JPT0PZ, 0JPT3PZ, 
0JH604Z, 0JH634Z, 0JH804Z, 0JH834Z, 
0JH605Z, 0JH635Z, 0JH805Z, 0JH835Z, 
0JH606Z, 0JH636Z, 0JH806Z, 0JH836Z 

33202, 33203, 33216, 
33217, 33224, 33230, 
33231, 33240, 33249, 
33270, 33271, 33202, 
33203, 33206, 33207, 
33208, 33212, 33213, 
33221, 33216, 33217, 
33224 

Hemodialysis 39.95, 54.98 5A1D00Z, 5A1D00Z, 3E1M39Z 90935, 90937, 90945, 
90947, 4055F 



 
 

AVR 35.05, 35.06, 35.21, 35.22 02RFxxx 3405-6, 33410-13; 
33361-33366, 0265T, 
0257T, 0318T 

TAVR 35.05, 35.06 02RF37Z, 02RF38Z, 02RF3JZ, X2RF332, 
02RF3KZ, 02RF37H, 02RF38H, 02RF3JH, 
02RF3KH 

0265T, 0257T, 0318T, 
33361-33366 

COPD, chronic obstructive pulmonary disease; CPT, Current Procedural Terminology; ICD, implantable cardioverter defibrillator; ICD-9-CM, 
International Classification of Diseases, Ninth Revision, Clinical Modification; ICD-10-CM, International Classification of Diseases, Tenth Revision, 
Clinical Modification; PCI, percutaneous coronary intervention; SDS, signs, diseases, and symptoms 

 

 

 

 

 

 

 

 



 
 

Table S6. Full, multi-level, logistic models for the likelihood of AVR (vs. no AVR) 

and the likelihood of TAVR (vs. SAVR) in patients with lab data. 

 
Patient Characteristics AVR vs non-AVR TAVR vs SAVR 

HR (95% CI) P-value HR (95% CI) P-value 

Gender          

    Male Reference   Reference   

    Female 0.75 (0.71, 0.80) <.0001 1.46 (1.28, 1.65) <.0001 

Age          

    <65 Reference   Reference   

    65-79 1.05 (0.95, 1.16) 0.1940 3.90 (3.07, 4.93) <.0001 

    80+ 0.56 (0.51, 0.63) <.0001 20.83 (16.25, 26.69) <.0001 

Race         

    Non-Hispanic white Reference   Reference   

    Non-Hispanic black 0.69 (0.58, 0.83) 0.0001 1.06 (0.73, 1.53) 0.7746 

    Asian 0.97 (0.63, 1.49) 0.8842 1.12 (0.52, 2.40) 0.7748 

    Hispanic 0.91 (0.75, 1.10) 0.3158 0.69 (0.47, 1.03) 0.0630 

    Other/unknown 0.79 (0.68, 0.93) 0.0036 1.03 (0.74, 1.43) 0.8624 

Division         

    East North Central Reference   Reference   

    East South Central 2.20 (1.73, 2.81) <.0001 1.33 (0.92, 1.92) 0.1286 

    Middle Atlantic 1.33 (1.07, 1.66) 0.0105 1.87 (1.33, 2.64) 0.0003 

    Mountain 1.95 (1.49, 2.55) <.0001 0.51 (0.33, 0.79) 0.0025 

    New England 0.82 (0.62, 1.09) 0.1715 1.91 (1.16, 3.15) 0.0109 

    Pacific 1.18 (0.94, 1.48) 0.1537 1.31 (0.90, 1.89) 0.1594 

    South Atlantic/West South 
Central 

1.30 (1.10, 1.53) 0.0020 1.55 (1.17, 2.03) 0.0019 

    West North Central 1.26 (1.09, 1.46) 0.0018 0.75 (0.58, 0.96) 0.0236 

    Other/unknown 1.11 (0.89, 1.38) 0.3505 0.96 (0.62, 1.49) 0.8472 

Income level (quantiles)         

    <20th Reference   Reference   

    20th-40th 1.00 (0.88, 1.14) 0.9908 0.96 (0.75, 1.23) 0.7440 

    40th-60th 1.04 (0.92, 1.18) 0.5315 1.14 (0.91, 1.43) 0.2437 

    60th-80th 1.03 (0.91, 1.17) 0.6700 1.15 (0.91, 1.46) 0.2459 

    80th+ 1.07 (0.92, 1.24) 0.3681 1.12 (0.85, 1.47) 0.4133 

Education level (quantiles)         

    <20th Reference   Reference   

    20th-40th 1.04 (0.91, 1.18) 0.5667 0.85 (0.67, 1.09) 0.1979 

    40th-60th 0.85 (0.76, 0.96) 0.0066 0.83 (0.66, 1.03) 0.0838 

    60th-80th 0.90 (0.80, 1.02) 0.0935 0.84 (0.68, 1.05) 0.1283 



 
 

    80th+ 0.84 (0.74, 0.96) 0.0102 1.01 (0.79, 1.30) 0.9353 

Insurance         

    Medicare Reference   Reference   

    Commercial 1.20 (1.09, 1.31) 0.0002 0.77 (0.64, 0.93) 0.0067 

    Medicaid 0.93 (0.76, 1.13) 0.4601 1.10 (0.71, 1.72) 0.6588 

    Uninsured 1.09 (0.87, 1.38) 0.4591 0.93 (0.59, 1.48) 0.7720 

    Other or Unknown 1.21 (1.12, 1.32) <.0001 0.89 (0.76, 1.04) 0.1328 

Charlson Comorbidity Index         

0 Reference   Reference   

1 1.03 (0.94, 1.12) 0.5566 1.26 (1.06, 1.51) 0.0101 

2 0.98 (0.88, 1.09) 0.6881 1.56 (1.25, 1.94) <.0001 

3 0.96 (0.84, 1.09) 0.5245 1.97 (1.51, 2.57) <.0001 

    4+ 0.82 (0.69, 0.97) 0.0194 2.71 (1.93, 3.80) <.0001 

Atrial fibrillation 0.75 (0.70, 0.81) <.0001 1.07 (0.93, 1.24) 0.3271 

Cancer 0.90 (0.81, 1.01) 0.0666 0.85 (0.68, 1.06) 0.1438 

Conduction 0.92 (0.83, 1.03) 0.1488 1.07 (0.87, 1.32) 0.5020 

COPD 0.80 (0.71, 0.9) 0.0001 1.46 (1.16, 1.83) 0.0011 

Dementia 0.32 (0.24, 0.42) <.0001 1.82 (0.88, 3.75) 0.1068 

Diabetes with complications 1.01 (0.87, 1.16) 0.9316 0.77 (0.59, 1.01) 0.0625 

Diabetes without complications 1.06 (0.98, 1.15) 0.1256 1.01 (0.86, 1.17) 0.9480 

Prior myocardial infarction 1.00 (0.90, 1.12) 0.9673 1.03 (0.83, 1.28) 0.7939 

Osteoarthritis 0.94 (0.86, 1.03) 0.2087 0.99 (0.84, 1.18) 0.9384 

Peripheral vascular disease 0.98 (0.89, 1.07) 0.5856 0.93 (0.78, 1.11) 0.4230 

Heart failure 0.99 (0.90, 1.08) 0.8336 1.33 (1.12, 1.58) 0.0012 

Moderate to severe renal disease   0.92 (0.82, 1.03) 0.1645 0.89 (0.71, 1.12) 0.3158 

Smoking status         

    Previous Reference   Reference   

    Current 1.05 (0.95, 1.16) 0.3217 0.80 (0.66, 0.98) 0.0324 

    Never 1.02 (0.95, 1.09) 0.6307 0.88 (0.77, 1.00) 0.0536 

Use of supplemental oxygen  0.62 (0.52, 0.74) <.0001 2.96 (2.00, 4.38) <.0001 

Percutaneous coronary intervention  1.09 (0.90, 1.32) 0.3945 2.27 (1.57, 3.30) <.0001 

Pacemaker 0.96 (0.72, 1.27) 0.7686 1.36 (0.74, 2.50) 0.3245 

Hemodialysis 0.84 (0.61, 1.17) 0.3048 0.85 (0.39, 1.84) 0.6715 

Dyspnea 1.65 (1.48, 1.84) <.0001 1.24 (0.98, 1.58) 0.0759 

Dyspnea on exertion 1.51 (1.39, 1.65) <.0001 1.03 (0.88, 1.21) 0.7188 

Angina 1.13 (1.06, 1.21) 0.0004 0.95 (0.84, 1.09) 0.4752 

Syncope 0.94 (0.88, 1.01) 0.0724 1.09 (0.96, 1.25) 0.1863 

Ejection fraction          

    50+ Reference   Reference   



 
 

    <34 0.61 (0.54, 0.69) <.0001 1.50 (1.16, 1.95) 0.0021 

    35-49 0.79 (0.71, 0.88) <.0001 1.44 (1.18, 1.77) 0.0004 

Creatinine         

    <0.9 Reference       

    1.0-1.4 0.93 (0.86, 1.00) 0.0590 Reference   

    1.5-1.9 0.69 (0.61, 0.79) <.0001 2.01 (1.57, 2.59) <.0001 

    2.0+ 0.48 (0.41, 0.57) <.0001 2.72 (1.93, 3.83) <.0001 

BMI         

    20.1-25.0 Reference   Reference   

    <20.0 0.71 (0.59, 0.84) <.0001 2.11 (1.41, 3.15) 0.0003 

    25.1-30.0 1.34 (1.24, 1.46) <.0001 0.87 (0.74, 1.04) 0.1237 

    30.1+ 1.54 (1.41, 1.68) <.0001 0.94 (0.79, 1.11) 0.4553 

Year of diagnosis         

2011 Reference   Reference   

2012 1.55 (1.35, 1.77) <.0001 2.88 (1.87, 4.43) <.0001 

2013 1.71 (1.50, 1.95) <.0001 6.51 (4.33, 9.79) <.0001 

2014 2.17 (1.91, 2.47) <.0001 10.60 (7.08, 15.88) <.0001 

2015 2.52 (2.22, 2.86) <.0001 15.58 (10.45, 23.25) <.0001 

2016 3.03 (2.66, 3.45) <.0001 27.96 (18.66, 41.9) <.0001 

Diagnosed in inpatient  0.67 (0.61, 0.73) <.0001 1.18 (1.00, 1.39) 0.0541 

Hospitalized in year prior 0.75 (0.68, 0.81) <.0001 0.89 (0.75, 1.06) 0.2028 

Median odds ratio for cardiologist 2.25 (2.14, 2.36) <.0001 2.41 (2.21, 2.61) <.0001 

AVR, aortic valve replacement; BMI, body mass index; CI, confidence interval; COPD, chronic obstructive 
pulmonary disease; HR, hazard ratio; MOR, median odds ratio; SAVR, surgical aortic valve replacement; 
ssAS, symptomatic severe aortic stenosis; TAVR, transcatheter aortic valve replacement  

 
 
 



 
 

Table S7. Median odds ratios (MOR) for managing cardiologists for the likelihood 

of AVR when stratified by region and time in patients with lab data. 
 

Stratification MOR for AVR (95% CI) 

  All patients 

Region  

New England 2.58 (2.21, 2.96) 

Midwest 2.10 (1.96, 2.24) 

South 2.24 (2.02, 2.46) 

West 2.41 (2.05, 2.76) 

Year of diagnosis 

2011-2012 2.28 (2.04, 2.51) 

2013-2014 2.30 (2.13, 2.46) 

2015-2016 2.29 (2.15, 2.42) 

AVR, aortic valve replacement; CI, confidence interval; MOR, median odds ratio 

 
 

 
 
 
 
  



 
 

Table S8. Full multi-level logistic models for the likelihood of AVR (vs. no AVR) 

and the likelihood of TAVR (vs. SAVR). 

Patient Characteristics AVR vs non-AVR TAVR vs SAVR 

HR (95% CI) P-value HR (95% CI) P-value 

Gender          

    Male Reference   Reference   

    Female 0.76 (0.70, 0.83) <.0001 1.46 (1.28, 1.65) <.0001 

Age          

    <65 Reference   Reference   

    65-79 1.01 (0.88, 1.17) 0.1940 3.90 (3.07, 4.93) <.0001 

    80+ 0.52 (0.45, 0.61) <.0001 20.83 (16.25, 26.69) <.0001 

Race         

    Non-Hispanic white Reference   Reference   

    Non-Hispanic black 0.72 (0.57, 0.91) 0.0070 1.06 (0.73, 1.53) 0.7746 

    Asian 0.66 (0.35, 1.26) 0.2064 1.12 (0.52, 2.40) 0.7748 

    Hispanic 0.93 (0.71, 1.22) 0.5975 0.69 (0.47, 1.03) 0.0630 

    Other/unknown 0.86 (0.69, 1.07) 0.1690 1.03 (0.74, 1.43) 0.8624 

Division         

    East North Central Reference   Reference   

    East South Central 2.01 (1.52, 2.66) <.0001 1.28 (0.81, 2.02) 0.2933 

    Middle Atlantic 1.31 (0.99, 1.74) 0.0626 1.74 (1.10, 2.74) 0.0173 

    Mountain 2.01 (1.47, 2.75) <.0001 0.53 (0.32, 0.9) 0.0176 

    New England 0.72 (0.52, 1.01) 0.0575 1.82 (0.96, 3.45) 0.0685 

    Pacific 0.95 (0.74, 1.24) 0.7266 1.25 (0.80, 1.96) 0.3272 

    South Atlantic/West South Central 1.24 (1.02, 1.49) 0.0267 1.43 (1.04, 1.97) 0.0298 

    West North Central 1.19 (1.01, 1.41) 0.0391 0.80 (0.60, 1.08) 0.1395 

    Other/unknown 1.05 (0.8, 1.39) 0.7221 0.89 (0.51, 1.56) 0.6939 

Income level (quantiles)*         

    <20th Reference   Reference   

    20th-40th 0.97 (0.82, 1.14) 0.7060 0.99 (0.73, 1.36) 0.9701 

    40th-60th 1.06 (0.90, 1.24) 0.4766 1.14 (0.86, 1.51) 0.3665 

    60th-80th 1.02 (0.87, 1.21) 0.7798 1.19 (0.88, 1.62) 0.2662 

    80th+ 1.13 (0.93, 1.36) 0.2191 1.20 (0.84, 1.71) 0.3217 

Education level (quantiles)         

    <20th Reference   Reference   

    20th-40th 1.10 (0.93, 1.30) 0.2718 0.87 (0.64, 1.19) 0.3910 

    40th-60th 0.92 (0.79, 1.07) 0.2694 0.76 (0.58, 1.01) 0.0577 

    60th-80th 0.95 (0.82, 1.10) 0.4815 0.82 (0.62, 1.08) 0.1517 

    80th+ 0.90 (0.76, 1.07) 0.2302 0.95 (0.69, 1.31) 0.7581 

Insurance         

    Medicare Reference   Reference   

    Commercial 1.24 (1.09, 1.41) 0.0007 0.81 (0.64, 1.03) 0.0911 



 
 

    Medicaid 0.91 (0.71, 1.18) 0.4850 1.32 (0.78, 2.25) 0.3010 

    Uninsured 1.10 (0.83, 1.46) 0.5212 0.99 (0.57, 1.71) 0.9606 

    Other or Unknown 1.27 (1.15, 1.42) <.0001 1.01 (0.83, 1.22) 0.9559 

Charlson Comorbidity Index         

0 Reference   Reference   

1 1.02 (0.90, 1.16) 0.7559 1.26 (0.98, 1.61) 0.0693 

2 0.98 (0.85, 1.14) 0.7946 1.65 (1.24, 2.20) 0.0006 

3 0.94 (0.79, 1.11) 0.4568 1.84 (1.31, 2.57) 0.0004 

    4+ 0.81 (0.66, 1.00) 0.0463 2.43 (1.61, 3.67) <.0001 

Atrial fibrillation 0.74 (0.68, 0.81) <.0001 1.02 (0.85, 1.21) 0.8640 

Cancer 0.94 (0.82, 1.08) 0.3595 0.97 (0.75, 1.27) 0.8347 

Conduction 0.96 (0.85, 1.09) 0.5248 0.98 (0.76, 1.25) 0.8550 

COPD 0.82 (0.72, 0.94) 0.0047 1.21 (0.93, 1.59) 0.1608 

Dementia 0.33 (0.23, 0.46) <.0001 1.58 (0.70, 3.57) 0.2686 

Diabetes with complications 1.02 (0.87, 1.21) 0.7862 0.87 (0.63, 1.19) 0.3695 

Diabetes without complications 1.00 (0.91, 1.11) 0.9602 1.04 (0.86, 1.26) 0.6675 

Prior myocardial infarction 0.95 (0.84, 1.08) 0.4717 1.14 (0.88, 1.47) 0.3142 

Osteoarthritis 0.99 (0.89, 1.11) 0.9189 0.91 (0.74, 1.12) 0.3742 

Peripheral vascular disease 0.94 (0.84, 1.05) 0.2565 0.89 (0.72, 1.10) 0.2676 

Heart failure 0.96 (0.86, 1.07) 0.4753 1.35 (1.10, 1.66) 0.0040 

Moderate to severe renal disease   0.88 (0.77, 1.01) 0.0754 0.76 (0.58, 1.00) 0.0465 

Smoking status         

    Previous Reference   Reference   

    Current 1.05 (0.93, 1.20) 0.4339 0.84 (0.65, 1.09) 0.1990 

    Never 1.00 (0.92, 1.10) 0.9229 0.85 (0.72, 1.01) 0.0621 

Use of supplemental oxygen  0.63 (0.52, 0.77) <.0001 3.35 (2.14, 5.27) <.0001 

Percutaneous coronary intervention  1.05 (0.85, 1.31) 0.6539 2.28 (1.50, 3.47) 0.0001 

Pacemaker 0.98 (0.72, 1.34) 0.8858 1.22 (0.63, 2.38) 0.5566 

Hemodialysis 0.81 (0.56, 1.17) 0.2628 0.78 (0.32, 1.88) 0.5742 

Dyspnea 1.65 (1.40, 1.94) <.0001 1.16 (0.83, 1.62) 0.3778 

Dyspnea on exertion 1.46 (1.31, 1.63) <.0001 1.12 (0.92, 1.35) 0.2671 

Angina 1.22 (1.12, 1.33) <.0001 0.89 (0.76, 1.05) 0.1717 

Syncope 0.90 (0.82, 0.98) 0.0153 1.13 (0.96, 1.34) 0.1388 

Ejection fraction          

    50+ Reference   Reference   

    <34 0.66 (0.58, 0.76) <.0001 1.40 (1.05, 1.86) 0.0213 

    35-49 0.80 (0.72, 0.90) 0.0002 1.42 (1.13, 1.78) 0.0022 

Creatinine         

    <0.9 Reference       

    1.0-1.4 0.95 (0.87, 1.04) 0.2960 Reference   

    1.5-1.9 0.73 (0.63, 0.84) <.0001 2.44 (1.81, 3.28) <.0001 

    2.0+ 0.50 (0.41, 0.60) <.0001 3.40 (2.28, 5.08) <.0001 

BMI         



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    20.1-25.0 Reference   Reference   

    <20.0 0.65 (0.52, 0.81) 0.0001 1.99 (1.20, 3.32) 0.0080 

    25.1-30.0 1.36 (1.22, 1.51) <.0001 0.88 (0.71, 1.09) 0.2436 

    30.1+ 1.52 (1.37, 1.70) <.0001 0.98 (0.79, 1.22) 0.8903 

Year of diagnosis         

2011 Reference   Reference   

2012 1.61 (1.34, 1.93) <.0001 3.19 (1.71, 5.98) 0.0003 

2013 1.98 (1.67, 2.36) <.0001 8.61 (4.81, 15.44) <.0001 

2014 2.28 (1.92, 2.71) <.0001 14.36 (8.04, 25.64) <.0001 

2015 2.90 (2.45, 3.43) <.0001 23.24 (13.06, 41.33) <.0001 

2016 3.52 (2.97, 4.19) <.0001 39.34 (22.01, 70.32) <.0001 

Diagnosed in inpatient  0.62 (0.56, 0.69) <.0001 1.35 (1.11, 1.65) 0.0032 

Hospitalized in year prior 0.72 (0.65, 0.79) <.0001 0.83 (0.68, 1.02) 0.0802 

Median odds ratio for cardiologist 2.11 (1.99, 2.23) <.0001 2.38 (2.13,2.63) <.0001 

*Income is available within the dataset at the zip code level, and not at the patient level 
AVR, aortic valve replacement; BMI, body mass index; CI, confidence interval; COPD, chronic obstructive 
pulmonary disease; HR, hazard ratio; MOR, median odds ratio; SAVR, surgical aortic valve replacement; 
ssAS, symptomatic severe aortic stenosis; TAVR, transcatheter aortic valve replacement  



 
 

Table S9. Median odds ratio (MOR) for general cardiologists for the likelihood of 

AVR when stratified by region and time.  

 

 

 

 

Stratification MOR for AVR (95% CI) 

  Patients with available values for ejection 
fraction, creatinine, and body mass index 

Region  

New England 2.38 (2.13, 2.63) 

Midwest 2.00 (1.84, 2.15) 

South 2.16 (1.89, 2.42) 

West 2.16 (1.76, 2.54) 

Year of diagnosis 

2011-2012 2.16 (1.76, 2.54) 

2013-2014 2.14 (1.94, 2.33) 

2015-2016 2.20 (2.03, 2.36) 

AVR, aortic valve replacement; CI, confidence interval; MOR, median odds ratio 



 
 

Figure S1. Kaplan-Meier curves for survival when stratified by severity of aortic 

stenosis. 
  

 

AS, aortic stenosis 
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Figure S2. Association between clinician 1-year treatment rate and 1-year all-

cause mortality in patients with lab data 
The distribution of cardiologists by 1-year AVR rate is shown below the curve with each strike 

representing an individual clinician 

 

 

  



 
 

Figure S3. Histogram showing the AVR intervention rate by cardiologist within 1 
year 

 

 

  



 
 

Figure S4. Cardiologist AVR treatment rate stratified by quartile  
Cardiologists were ranked by treatment rate with cardiologist quartiles indicated by color (1 represents the 

lowest quartile of cardiologists in terms of AVR rate and 4 the highest). 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S5. Clinician’s AVR rate compared to TAVR rate for ssAS patients 

 
Scatter plot for a cardiologist’s AVR rate as compared to their TAVR rate for ssAS patients. There was a 
significant correlation between AVR rate and TAVR rate. The smoothing curve was applied to the data to 
better visualize trends.  
AVR, aortic valve replacement; ssAS, symptomatic severe aortic stenosis; TAVR, transcatheter aortic 
valve replacement 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

Figure S6. Association between managing cardiologists’ 3-month AVR treatment 

rate and 1-year all-cause mortality with clinician 3-month treatment 

 

 



 
 

Figure S7. Kaplan-Meier curves for survival when stratified by managing 

cardiologist 3-month AVR treatment rate 

 

 

 

 

 

 

 

 

 

 

 

 


