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ABSTRACT
OBJECTIVE
To determine physician characteristics associated with 
exnovation (scaling back on use) and de-adoption 
(abandoning use) of carotid revascularization.
DESIGN
Retrospective longitudinal cohort study.
SETTING
Medicare claims linked to the Doximity database 
provider registry, 2006-13.
PARTICIPANTS
9158 physicians who performed carotid 
revascularization on Medicare patients between 2006 
and 2013.
MAIN OUTCOME MEASURES
The primary outcomes were the number of carotid 
revascularization procedures for each physician 
per year at the end of the sample period, and 
the percentage change in the volume of carotid 
revascularization procedures.
RESULTS
At baseline (2006-07), 9158 physicians performed 
carotid revascularization. By 2012-13 the use of 
revascularization in this cohort had declined by 
37.7%, with two thirds attributable to scaling back 
(exnovation) rather than dropping the procedure 
entirely (de-adoption). Compared with physicians 
with fewer than 12 years of experience, those with 
more than 25 years of experience decreased use 
by an additional 23.0% (95% confidence interval 
−36.7% to −9.2%). The lowest rates of decline 
occurred in physicians specializing in vascular or 
thoracic surgery, for whom the procedures accounted 
for a large share of revenue. Physicians with high 
proportions of patients aged more than 80 years or 

with asymptomatic carotid stenosis were less likely to 
reduce their use of carotid revascularization.
CONCLUSION
Surgeons with more experience and the lowest share 
in carotid revascularization practice reduced their 
use of the procedure the most. These practice factors 
should be considered in quality improvement efforts 
when the evidence base evolves away from a specific 
treatment.

Introduction
Diffusion, or the process by which innovations enter 
everyday use, has been studied extensively in many 
disciplines, with a particularly strong focus on how 
new medical technologies spread across hospitals 
and health professionals. Despite extensive research 
on factors that contribute to diffusion, the process 
by which physicians scale back the use of medical 
practice has received much less attention, in part 
because there has been no consistent nomenclature 
to identify this process in medical care and in other 
technologies.1-6

More recently, studies have begun to focus on 
factors affecting rates of abandonment or “de-
adoption” by physicians of a procedure that has 
been found to be harmful or replaced by a better 
alternative.2 In this study we distinguish between 
de-adoption and “exnovation,” which is scaling back 
but not necessarily abandoning a practice. This term 
comes from the environmental science literature,7 
management,8-10 public policy,11 and health services 
research,5 12 13 although the earlier literature 
sometimes conflates exnovation and de-adoption. We 
hypothesized that the process by which healthcare 
providers drop existing practices is likely to be very 
different from the process of adopting or diffusing new 
and less familiar treatments.14 Previous researchers 
have indicated that de-adoption and exnovation by 
physicians are inherently slow processes with distinct 
characteristics that do not conform under known 
diffusion models.2-14

Several things may explain why physicians would 
reduce or drop a treatment.14 As a process, it may be 
related to the emergence of evidence that established 
healthcare practices previously considered innovative 
are harmful, ineffective, or disruptive.6 15-18 On the 
contrary, it may simply occur when new or competing 
procedures are adopted.6 15-8 Several investigators 
have hypothesized that provider level factors such as 
education, practice setting, or revenue stream, play 
a central role, especially in settings where clinical 
interventions have uncertain medical benefits.6 14-18  
Understanding the process by which clinicians de-
adopt or exnovate, and whether such reductions 
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WhAT IS AlReAdy knoWn on ThIS TopIC
Diffusion, or the process by which innovations enter everyday use, has been 
studied extensively in many disciplines, with a particularly strong focus on how 
new medical technologies spread across hospitals and health professionals
Despite extensive research on factors that contribute to diffusion, the process by 
which physicians scale back the use of medical practices is limited
Previous researchers have indicated that de-adoption (abandoning use) and 
exnovation (scaling back use) by physicians are inherently slow processes with 
distinct characteristics that do not conform under known diffusion models

WhAT ThIS STudy AddS
Using the example of carotid revascularization, important differences in rates of 
exnovation were found depending on the characteristics of the physician
Those physicians who readily accept change in medical practice are likely to 
be more experienced than those less ready to accept change, whereas late 
exnovators are in interventional specialties such as vascular surgery and thoracic 
surgery in which these procedures comprise a larger share of practice
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are based on clinical evidence or the organizational 
structure or training of the physician, is important 
for reducing low value treatments in everyday clinical 
practice.

An example of exnovation can be found in the 
recent decline in use of carotid revascularization,19 20  
which, since its introduction in the 1970s, has 
been controversial. Use of the procedure has been 
particularly sensitive to evolving medical evidence, 
especially to randomized trials comparing its 
effectiveness with medical management.21-25 This 
responsiveness to outside influence makes it a good 
example to study what causes physicians to scale back. 
To better understand factors that contribute to the 
process of exnovation, we utilized a unique dataset on 
physician training, experience, publications, funded 
research, and sex from the Doximity database on all 
physicians in the United States. We then linked these to 
US Medicare claims data for carotid revascularization 
during 2006-13. This unique dataset was used to 
describe the process of de-adoption and exnovation 
and to identify contributory factors.

Methods
Analytic overview
Initially we created a dataset of all providers who 
performed carotid revascularization procedures, either 
carotid endarterectomy or carotid artery stenting, 
within fee-for-service Medicare claims between 
1 January 2006 and 31 December 2013. We then 
matched these physicians to their respective files 
in Doximity, a large registry of physician training, 
practice, and personal educational characteristics. 
After creating these matched files, we determined 
associations between physician characteristics and 
exnovation for carotid revascularization between 2006 
and 2013.

Medicare cohort
We used 100% of the Medicare Denominator file 
(patient characteristics) and corresponding MedPAR 
(hospital billing claims), and Carrier files (physician 
billing claims), for 2006-13 to select patients who 
underwent carotid revascularization, using current 
procedural terminology codes (medical code set 
used to report medical, surgical, and diagnostic 
procedures and services) for carotid endarterectomy 
or carotid artery stenting (see supplementary table 
S1). Reimbursement for procedures based on current 
procedural terminology codes is the same across 
specialties and did not change over the years of the 
study. To be included in the cohort, the physician must 
have submitted at least one Medicare bill during each 
year from 2006 to 2013 and have performed at least one 
carotid revascularization (to create a comprehensive 
cohort) during the baseline period 2006-07.

Using the National Provider Identifier (NPI) available 
on these claims, we assigned to each physician the 
total number of carotid endarterectomy and carotid 
artery stenting procedures performed in each calendar 
year.

Medicare-Doximity link
Doximity is a cross sectional database that provides 
online networking services for US physicians.26 As of 
10 November 2014 the database included 1 005 419 
physicians. Doximity draws on several sources of 
information to identify physicians, including the 
national plan and provider enumeration system NPI 
registry, self registered members without active NPIs 
(ie, physicians with medical degrees who have not 
practiced), and physicians without NPIs who are 
employed by collaborating institutions that provide 
information to the company (eg, researchers or 
administrators who have not practiced, and therefore 
do not have an NPI but work at an institution that 
provides information on its employees or alumni of the 
company, or both).

Physicians were first classified based on their 
reported specialty in Medicare claims (cardiology, 
general surgery, neurosurgery, radiology, thoracic 
surgery, vascular surgery). We then matched each 
individual physician with his or her corresponding 
characteristics from the Doximity database. We 
matched 100% of those physicians who performed 
carotid revascularizations in Medicare claims to their 
records in Doximity. In cases of disagreement about the 
designated specialty between Medicare and Doximity 
records, we favored Doximity. From Doximity we 
extracted physician characteristics, practice setting, 
and experience. The American Medical Association 
has published the total number of physicians per 
specialty in the country.5

Outcome measures
The primary outcomes were the number of carotid 
revascularization procedures for each physician 
per year at the end of the sample period, and 
the percentage change in the volume of carotid 
revascularization procedures. To improve statistical 
precision, we defined the baseline volume of carotid 
revascularizations as the average of the yearly volume 
at the physician level during 2006 and 2007, and the 
ending volume was similarly defined as the average 
yearly volume in 2012 and 2013. We calculated the 
percentage change by dividing the change in carotid 
revascularization procedures (volume at the end of the 
study minus baseline volume) by the baseline volume 
of carotid revascularization.

If the physician simply stopped performing carotid 
revascularization, the percentage change would be 
−100%, and they would be assumed to have de-
adopted the procedure; physicians who continued 
to perform the procedure were exnovators. We 
acknowledge that our estimate of de-adopters is biased 
downward if the physicians cease treating Medicare 
patients but continue to treat commercially insured 
patients not in our data.

Exposure variables
We extracted physician characteristics from the 
linked Doximity-Medicare dataset. Physician group 
size (a factor with considerable impact on previous 
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diffusion studies) was calculated using the taxpayer 
identification number and divided into three 
categories (single physician, 2-19 physicians, >20 
physicians). Physician experience was divided into 
three categories (<12 years, 13-24 years, and >25 
years). Doximity provided these cut-offs. Group size 
was selected because of evidence in the literature that 
larger groups promote diffusion. Experience in a skill 
driven specialty such as surgery is the equivalent of 
education in classic diffusion studies. The categorical 
variables were participation in clinical trials (as a 
proxy for academic activity), physician specialty 
(vascular surgery, thoracic surgery, general surgery, 
neurosurgery, interventional cardiology, interventional 
radiology), and physician sex. We included the number 
of publications by physicians as a proxy of their 
academic productivity. Our hypothesis from previous 
models of diffusion was that academically active 
physicians would be more likely to scale their practices 
based on published evidence.

For the entire period we additionally recorded the 
percentage of each physician’s patients who were aged 
more than 80 years and the percentage of patients 
with symptoms (operated on within six months of 
an ischemic stroke or transient ischemic attack) and 
asymptomatic patients treated by each physician. To 
adjust for providers approaching retirement and scaling 
down their practice, we calculated the percentage 
change in total number of all surgical procedures 
in Medicare for each physician and the percentage 
change in total Medicare Part B expenditures billed 
by each physician during the study period. For each 
provider we calculated the practice share of carotid 
revascularization by dividing the total number of 
carotid revascularization procedures by the total 
number of procedures performed by that provider, all 
calculated at baseline. We defined regional (state level) 
rates of carotid disease (atherosclerosis) in the overall 
Medicare population during the years of the study 
using ICD-9 (international classification of diseases, 
ninth revision) codes (see supplementary table S1). We 
used this variable to adjust for state level changes over 
time in the underlying burden of carotid disease that 
might have an independent impact on the demand for 
revascularization.

Statistical analysis
To investigate the association between reduction in use 
of carotid revascularization and physician or practice 
characteristics, we used three multivariable regression 
models. We controlled for several covariates in all 
analyses: physician group size, years of experience, 
change in total number of procedures, participation 
in clinical trials, number of publications, physician 
specialty, and physician sex. To simplify the statistical 
analysis, we focused primarily on the change in 
volume of revascularizations rather than considering 
de-adoption and exnovation separately.

In the first specification, which was based on a linear 
model, we sought to explain the percentage change 
in the volume of carotid revascularizations between 

2006-07 and 2012-13. This analysis controlled for 
physician group size, years of experience, participation 
in clinical trials, number of publications, percentage 
change in total number of all procedures performed by 
the physician (or percentage change in total Medicare 
Part B expenditures billed by each physician in 
sensitivity analysis), percentage change in the regional 
prevalence of carotid disease, and physician sex.

The second specification used a non-linear approach 
that assumed a Poisson distribution for the number of 
carotid revascularizations in 2012-13, controlling for 
the baseline number of carotid revascularizations in 
2006-07, physician group size, years of experience, 
participation in clinical trials, number of publications, 
percentage change in total number of all procedures 
performed by the physician (or percentage change 
in total Medicare Part B expenditures billed by each 
physician in sensitivity analysis), percentage change 
in the regional prevalence of carotid disease, physician 
specialty, and physician sex. Reported coefficients are 
identical when we use average counts rather than total 
counts in the Poisson estimation procedure.

The final specification was similar to the second 
Poisson model but included two additional 
variables: the fraction of patients requiring carotid 
revascularization who were aged more than 80 years 
and the fraction of asymptomatic patients. Because 
recent guidelines27 have raised concerns about 
performing carotid revascularization in asymptomatic 
patients or in those aged more than 80 years, we 
hypothesized that physicians with larger shares of 
such patients will experience the most rapid decline in 
number of carotid revascularizations performed.

We conducted additional statistical tests to better 
understand why some physicians scaled back on 
carotid revascularization more rapidly than others. 
For example, perhaps specialties for which carotid 
revascularizations represented the largest share of 
revenue would be least likely to reduce usage.28 To test 
this hypothesis, we considered the correlation between 
the 2006-07 average share of Medicare billing derived 
from carotid revascularization and the percentage 
change in volume of carotid revascularization 
procedures between 2006-07 and 2012-13, both 
aggregated at the specialty level.

To rule out the possibility that differences in rates of 
exnovation across physicians simply reflected shifting 
of patients (for example, some specialists altering 
their practice by sending patients to vascular surgeons 
instead of performing the procedures themselves), we 
considered whether states where vascular surgeons 
(for example) account for a larger market share (the 
percentage of carotid revascularizations performed by 
vascular surgeons among all carotid revascularizations 
in an area) predicted overall changes in utilization 
rates. Under this “shifting” hypothesis, the share of 
vascular surgeons should be independent of the overall 
number of patients receiving treatment. We used a 
similar empirical strategy to test whether experienced 
surgeons might be shifting patients to less experienced 
surgeons. Under this shifting hypothesis, the state 
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level share of carotid revascularizations performed by 
experienced surgeons should not be associated with 
differential rates of decline in these procedures.

In additional sensitivity analysis, we excluded 
retirees (dropping below 1% of billing for a specialty; see 
supplementary table S2). Further, to identify whether 
the two forms of carotid revascularization (carotid 
endarterectomy and carotid artery stenting) followed 
different exnovation patterns, we plotted the trends 
of the two interventions over time (see supplementary 
figure S1), with a post hoc analysis focusing only on 
carotid endarterectomy (see supplementary table S3). 
Our analysis for carotid artery stenting was limited by 
the small sample size of procedures and is therefore 
not reported further. We additionally included a 
year indicator variable for 2010 (the year the Carotid 
Revascularization Endarterectomy Trial (CREST) was 
published)29 30 to identify whether this had an impact 
on the observed trends in exnovation. We identified no 
such effect and these results are not reported further. 
Lastly, to identify the effect of trends in carotid disease 
on the patterns of exnovation, we investigated whether 
the percentage change in the regional prevalence of 
carotid disease correlated with the rates for exnovation 
of carotid revascularization.

All probability values were the result of two sided 
tests, and we deemed a P value of less than 0.05 to 
be significant. Stata version 14 (StataCorp, College 
Station, TX) and SAS version 9.4 (SAS Institute, Cary, 
NC) were used for statistical analyses.

Results
Physician characteristics
Overall, 9158 unique physicians performed carotid 
revascularizations on Medicare patients from 2006 
to 2013. The specialties of physicians performing 
the procedures included cardiology (11.1%), general 
surgery (31.1%), neurosurgery (4.0%), interventional 
radiology (17.3%), vascular surgery (20.8%), and 
thoracic surgery (15.8%). Vascular surgeons and 
thoracic surgeons had the highest practice share 

of carotid revascularization at baseline among all 
interventional specialties. Table 1 shows the respective 
distribution of physician and practice characteristics 
based on provider specialty.

The percentagechange in total number of procedures 
was calculated for each physician during the study 
period to control for providers approaching retirement 
and scaling down their practice.

Pattern of exnovation
Figure 1 shows the patterns for exnovation in different 
specialties. In this cohort of physicians, the use of 
carotid endarterectomy declined by 37.7% between 
2006-07 and 2012-13. Of the 9019 original physicians 
performing carotid revascularizations in 2006, 4095 
(45.5%) did not perform any revascularization in 
2012-13 and so are considered to have de-adopted. 
These 4095 physicians accounted for 33.0% of the 
total decline in carotid revascularizations, leaving two 
thirds of the reduction attributed to exnovation.

The largest percentage decline (2006-07 to 2012-
13) in carotid revascularization (table 1) was observed 
in interventional radiology (73.0%) and cardiology 
(77.5%), whereas vascular surgeons showed the least 
amount of exnovation (32.3%), followed by thoracic 
surgeons (37.7%). We did not observe a replacement 
of carotid endarterectomy by carotid artery stenting, 
since both procedures showed similar rates of decline 
over the years of the study (see supplementary figure 
S1).

Characteristics associated with exnovation
We used a multiple linear regression model, which 
considered all physician and practice characteristics 
measured in our dataset (table 2) to identify patient 
and physician factors associated with combined 
rates of exnovation and de-adoption. Having more 
than 25 years of experience (adjusted difference 
−15.9%, 95% confidence interval 1.5% to 33.3%) was 
associated with higher rates of decline compared with 
practitioners with less than 12 years of experience.

Table 1 | Provider and practice characteristics for all baseline (2006-07) carotid revascularization procedures. Values are crude numbers 
(percentages) unless stated otherwise

Characteristics Total Cardiology General surgery Neurosurgery
Interventional  
radiology Vascular surgery Thoracic surgery

No of physicians 9158 1014 (11.1) 2845 (31.1) 367 (4.0) 1585 (17.3) 1904 (20.8) 1443 (15.8)
Female sex 412 (4.5) 20 (2.0) 156 (5.5) 10 (2.7) 76 (4.8) 120 (6.3) 30 (2.1)
Clinical trial participation 733 (8.0) 176 (17.4) 54 (1.9) 56 (15.2) 94 (5.9) 228 (12.0) 123 (8.5)
Mean (median and 90th centile)  
No of publications

6.7 (0, 15) 8.5 (,1 19) 2.5 (0, 4) 23.5 (4, 74) 4.6 (0, 10) 10.8 (1, 32) 6.2 (0, 14)

Experience (years):
 <12 1365 (14.9) 122 (12.0) 424 (14.9) 63 (17.1) 330 (20.8) 293 (15.4) 127 (8.8)
 13-24 4460 (48.7) 579 (57.1) 1186 (41.7) 169 (45.9) 972 (61.3) 899 (47.2) 658 (45.6)
 ≥25 3333 (36.4) 313 (30.9) 1236 (43.4) 136 (37.0) 284 (17.9) 712 (37.2) 658 (45.6)
Group size:
 1 provider 1584 (17.3) 57 (5.6) 805 (28.3) 48 (13.0) 27 (1.7) 360 (18.9) 287 (19.9)
 2-19 providers 3828 (41.8) 356 (35.1) 1251 (44.0) 125 (34.0) 634 (40.1) 748 (39.3) 711 (49.3)
 ≥20 providers 3746 (40.9) 601 (59.3) 789 (27.7) 195 (53.0) 922 (58.2) 796 (41.8) 445 (30.8)
% decline in carotid revascularization 37.7 77.5 51.7 53.1 73.0 32.3 37.7
% decline in carotid revascularization  
in patients >80 years

42.1 79.6 49.2 57.8 78.1 35.8 34.5
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A higher share in specialty practice was strongly 
and negatively correlated with the rate of reduction 
(r=0.986, P<0.001, fig 2). Vascular surgeons with the 
highest proportion of specialty practice share had 
the lowest rates of decline. To rule out the possibility 
that vascular surgeons were simply picking up the 
additional patients from other specialists, we also 
found that the share of vascular surgeons (among 
all surgeons) at the state level was correlated with 
the overall (state level) decline in rates of carotid 

revascularization (ρ=−0.345, P<0.001). To address 
similar concerns that more experienced surgeons might 
be passing procedures to less experienced surgeons, 
we also found that the share of more experienced 
surgeons (among all surgeons) at the state level was 
correlated with higher overall (state level) decline in 
carotid revascularization rates (ρ=−0.252, P<0.001). 
Thus, our results cannot be explained solely by the 
shifting hypothesis in which some physicians hand 
over their extra patients to others.

We also used a Poisson regression model (table 2) to 
examine the effect of all prior variables and additionally 
clinical indications for carotid revascularization, with 
similar results. Contrary to our first specification, both 
iterations of the Poisson models we used identified 
that solo practitioners were more likely to reduce their 
use of carotid revascularization.

Because recent guidelines27 have raised concerns 
about performing carotid revascularization in 
asymptomatic patients or those aged more than 80 
years, we hypothesized that physicians with larger 
shares of such patients will experience the most 
rapid decline in number of carotid revascularizations 
performed. Physicians with a higher number of 
patients older than 80 years showed decreased rates of 
exnovation (risk ratio 3.1, 95% confidence interval 2.8 
to 3.4), whereas minimal association was observed for 
those providers with a higher number of patients with 
symptoms (adjusted difference 1.003, 95% confidence 
interval 1.001 to 1.005).

Lastly, to identify the effect of trends in carotid 
disease on patterns of exnovation, we investigated 
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Fig 1 | Annual rates of carotid revascularization 
procedures in Medicare beneficiaries stratified by 
specialty, 2006-13

Table 2 | Association of exnovation with specialty and provider characteristics

Models

Adjusted difference (95% CI) Risk ratio (95% CI)

% change in carotid revascularization* Final No of carotid revascularizations† Final No of carotid revascularizations†
Female sex −9.2 (25.4 to 7.0) 0.68 (0.59 to 0.78) 0.70 (0.60 to 0.80)
Clinical trial participation 24.0 (−1.7 to 49.8) 1.17 (1.06 to 1.30) 1.18 (1.06 to 1.30)
Publications 8.3 (−8.4 to 25.0) 0.86 (0.73 to 1.02) 0.87 (0.74 to 1.03)
Experience (years):
 <12 1 (Reference) 1 (Reference) 1 (Reference)
 13-24 −4.3 (−21.8 to 13.3) 0.99 (0.89 to 1.11) 0.96 (0.86 to 1.07)
 ≥25 −15.9 (−33.3 to −1.5) 0.88 (0.78 to 0.98) 0.86 (0.76 to 0.96)
Group size:
 1 provider 1 (Reference) 1 (Reference) 1 (Reference)
 2-19 providers 9.3 (−0.1 to 18.7) 1.25 (1.15 to 1.36) 1.24 (1.14 to 1.36)
 ≥20 providers 11.9 (−0.4 to 23.5) 1.21 (1.10 to 1.33) 1.22 (1.11 to 1.34)
% change in total No of procedures‡ 35.1 (8.4 to 61.8) 1.04 (1.01 to 1.07) 1.04 (1.01 to 1.07)
% change in regional prevalence  
of carotid disease

−21.7 (−70.9 to 27.6) 0.98 (0.62 to 1.55) 0.94 (0.59 to 1.49)

Specialty:
 Vascular surgery 1 (Reference) 1 (Reference) 1 (Reference)
 Thoracic surgery −4.9 (−15.1 to 5.3) 0.89 (0.83 to 0.95) 0.91 (0.85 to 0.98)
 Cardiology −49.1 (−73.6 to −24.5) 0.09 (0.06 to 0.14) 0.11 (0.07 to 0.18)
 General surgery −28.0 (−36.4 to −19.6) 0.55 (0.51 to 0.59) 0.59 (0.55 to 0.63)
 Neurosurgery −18.1 (−39.2 to −0.2) 0.33 (0.28 to 0.40) 0.35 (0.29 to 0.42)
 Interventional radiology −45.6 (−67.2 to −24.0) 0.10 (0.07 to 0.14) 0.13 (0.10 to 0.18)
Patients with symptoms 1.003 (1.001 to 1.005)
Patients aged >80 years 3.05 (2.75 to 3.39)
*Analyses based on linear regression.
†Analyses based on Poisson regression. Additionally controlled for baseline procedures at start of study.
‡% change in total number of procedures calculated for each physician during study period to control for providers approaching retirement and scaling down their practice.
General surgery (adjusted difference −28.0%, 95% confidence interval −36.4% to −19.6%), neurosurgery (−18.1%, −39.2% to −0.2%), cardiology (−49.1%, −73.6% to −24.5%), and 
interventional radiology (−45.6%, −67.2% to −24.0%) experienced higher rates of decline compared with vascular surgery. Thoracic surgery (−4.9%, −15.1% to 5.3%) was the only specialty 
that did not show statistically significant lower rates of decline compared with vascular surgery.
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whether the percentage change in the regional 
prevalence of carotid disease correlated with the rates 
of exnovation of carotid revascularization. We did not 
observe a correlation of the percentage change in the 
regional prevalence of carotid disease with the rate of 
exnovation (ρ=−0.0429, P=0.760).

discussion
In this study, we identified physician characteristics 
associated with exnovation (scaling back on use) and de-
adoption (abandoning use) of carotid revascularization, 
using a longitudinal cohort of physicians identified 
from Medicare claims linked to the Doximity database. 
Consistent with other evidence,20 we observed a 
declining trend in the rate of carotid revascularization 
nationally from 2006 to 2013 for conventional carotid 
endarterectomy, as well as for carotid artery stenting. 
We found that physicians with greater experience 
(≥25 years) were likely to decline use of carotid 
revascularization more rapidly than those with less 
experience (≤12 years). Vascular surgeons and thoracic 
surgeons who had the largest baseline practice share of 
carotid revascularizations were less likely to reduce their 
use of the procedure compared with their counterparts 
from other interventional specialties. Finally, despite 
evidence that patients older than 80 years as well as 
those without symptoms tend not to benefit from carotid 
revascularization, these variables were not associated 
with higher rates for decline of the procedure.

Although there is considerable literature on 
individual characteristics associated with diffusion 
(the process by which innovations enter everyday use), 
similar information about the process of exnovation 
and de-adoption is sparse. As well, there is considerable 
confusion over the nomenclature of de-adoption and 
exnovation, as noted by Niven et al2 and van Bodegom-
Vos et al.31 In this paper, we follow Niven et al2 in using 
the term de-adoption to characterize when physicians 
abandon a procedure and use exnovation to refer to 
scaling back but not abandoning a procedure. Several 
other surgical procedures have also exhibited a similar 
pattern, such as percutaneous coronary intervention 
following the COURAGE (Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation) 
trial,32 and implantable cardioverter defibrillators 

in the recent decade.33 Van Bodegom-Vos et al31 
have introduced a third term, de-implementation, 
to describe when systems of healthcare (rather than 
individual providers) create institutional pressures to 
scale back on the use of specific treatments.

In an early influential study, Ryan and Gross34 
described the adoption of hybrid corn by Iowan 
farmers. These researchers34 and others15 35-40 found 
that diffusion requires an innovation, a communication 
process, time, and a social system. Early adopters tend 
to be better educated and have higher socioeconomic 
status.15 35-40 They are more cosmopolite, follow the 
mass media, and are, or are in contact with, opinion 
leaders and change agents.15 35-40 Our analysis finds 
some similar factors leading to early exnovation 
and de-adoption of procedures. Physicians who 
aggressively reduced use of carotid revascularization 
were considerably more experienced than their 
counterparts; this may reflect greater experience with 
potentially adverse outcomes after the procedure.

In some analysis, solo practitioners were more likely 
to reduce their use of carotid revascularization; larger 
groups and organizations are often more subspecialized 
and have robust referral patterns, creating 
infrastructure and inertia that may limit change. Most 
notably, specialties with the largest practice share of 
carotid revascularization at baseline were least likely 
to abandon the procedure. This suggests that beliefs 
in the value of the procedure itself may vary across 
specialties, as might the financial reliance on income 
generated from these procedures and the physician’s 
reticence to change practice patterns.15

Rogers15 has theoretically associated the 
abandonment of innovations with replacement, or 
disenchantment. We did not observe replacement of 
carotid endarterectomy by carotid artery stenting, a 
newer minimally invasive alternative. Clinical trials, 
culminating with the publication of CREST in 2010,29 30 
questioned the superiority of carotid artery stenting and 
curbed the initial enthusiasm associated with it.21 41-45

Replacement by a better alternative is, however, the 
most likely explanation for our exnovation model. With 
better options for medical management emerging in 
recent years, including wider use of medical treatment 
(such as statins and antiplatelet agents, stricter blood 
pressure control, and diabetic care) fewer patients 
may be referred for surgery. More surprisingly, 
recent guidelines27 recommending against carotid 
revascularization in patients older than 80 years did 
not lead to a more rapid surgical decline for these older 
patients, pointing against a simple explanation for 
disenchantment.

Prior theoretical models of discontinuance identify 
laggards of the diffusion process as the first to abandon 
an innovation.15 This does not, however, take into 
account the complex clinical environment, where 
evolving practices and new evidence fuel exnovation, 
driven by opinion leaders who were pioneers in 
adopting these procedures in the first place.46 47 In 
the context of medical exnovation and de-adoption, 
we speculate that laggards are both the last to adopt 
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Fig 2 | Correlation of specialty practice share of carotid 
revascularization with risk adjusted rate of exnovation 
(r=0.986, P<0.001)
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and the last to abandon an innovation. In other words, 
the creation of an evidence base drives adoption by 
pioneers, but because they have pioneer tendencies 
they may also be the first to scale back or abandon 
a procedure once the evidence base changes or 
something better comes along.

The present study describes an exnovation model 
and the physician level factors associated with it, 
based on the abandonment of a surgical procedure. 
Further investigations attempting to analyze this 
phenomenon should focus on the complex dynamics 
between physician networks.15 Referral patterns could 
further explain the community factors associated with 
exnovation of medical procedures. Studying such 
interpersonal relationships48 could shed light on the 
speed and extent to which physicians exnovate.15 
Still, attempting to explain exnovation as an overall 
process is particularly complex. It involves an intricate 
interplay between technological changes, the evolving 
evidence base, different interpretations of evidence, 
interactions between physicians, the local healthcare 
marketplace, and possible economic impacts of 
adoption on healthcare.

Limitations of this study
Our analysis has several limitations. First, we observed 
only a cohort of physicians who in 2006-07 performed 
carotid revascularization. It is therefore possible 
that we have overstated the decline in total carotid 
procedures because we did not capture surgeons who 
began to perform carotid revascularizations after 2007. 
However, the decline we observed in our physician 
cohort matches a recent study20 as well as findings 
from the Dartmouth Atlas database on rates of carotid 
endarterectomy, which fell from 2.5 per 1000 Medicare 
enrollees in 2006 to 1.6 in 2013, a decline of 36%.19

A second limitation is the descriptive nature of our 
data in an observational setting. To tackle potential 
biases, we used multiple sensitivity analyses. Third, 
coding inaccuracies can affect our estimates. Coding 
for procedures is rarely inaccurate, given that it 
generates revenue and is under scrutiny by payers. In 
addition, the current procedural terminology code for 
carotid artery stenting was established and widely used 
during the period of our study.25 Any misclassification 
is not expected to differentially affect individual years, 
and therefore the observed trends. Fourth, findings 
among this older, American population may not be 
generalizable to younger or otherwise dissimilar 
populations, or to beneficiaries in Medicare Advantage 
plans. However, a high fraction of revascularization 
procedures (and the majority of those at older ages) are 
performed in the Medicare enrollee population.

Fifth, we extracted physician characteristics from 
Doximity. This database relies on externally developed 
algorithms to match physicians to databases containing 
information on publications, National Institutes of 
Health funding, and clinical trial investigation, a process 
that might entail errors.49 While our measures do not 
capture teaching, awards, and committee service, they 
do have the advantage of being comprehensive—not  

a single physician in our Medicare sample lacked a 
corresponding Doximity entry. Thus our study differs 
from previous studies that could only speculate 
on physician characteristics in explaining surgical 
trends.21 41-45 Sixth, we acknowledge that our study of 
carotid revascularization is just one example and that 
our results may not extend to other procedures.

Finally, we were not able to determine whether 
surgeons made conscious choices to reduce procedures 
or whether primary care physicians scaled back patient 
referrals. Distinguishing between these two is difficult, 
because surgeons who are less likely to perform carotid 
revascularizations are less likely to receive referrals 
for surgery. Still, some circumstantial evidence 
points against primary care referrals affecting our 
findings—that is, the high rates of exnovation among 
some specialties but not others, and among more 
experienced surgeons. One that would necessitate 
that primary care physicians who refer to these types 
of surgeons (but not to others) are differentially more 
likely to reduce referrals. Although this is possible, we 
know of no evidence as to why this should be the case.

Conclusions
Despite extensive research on the models of diffusion 
of medical innovation, our understanding of the 
de-adoption and exnovation of established medical 
practices is limited. We studied this phenomenon 
using the example of carotid revascularization and 
found important differences in rates of exnovation 
depending on the characteristics of the physician. 
Those physicians who readily accept change in 
medical practice (early exnovators) are likely to be 
more experienced than those less ready to accept 
change, whereas late exnovators are in interventional 
specialties such as vascular surgery and thoracic 
surgery in which these procedures comprise a larger 
share of practice. Efforts to guide physicians in the use 
of treatments where the evidence is evolving toward 
alternatives should consider these practice factors to 
effectively inform change.
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