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eMethods. Selection of matching variables 
 
 We created our final analytic sample by matching telestroke vs. control patients from a 
given year-month period 1:1. Common matching methods include propensity score matching or 
Coarsened Exact Matching. The former matches patients using a summary score of covariates, 
while the later identifies matches that are exactly the same, discarding the rest. These approaches 
can lead to imbalances on specific covariates (even if balanced overall) or unnecessary and 
meaningful loss of sample.  
 The approach we took is called cardinality matching—an approach that is less likely to 
suffer from these limitations—and employed it within a risk-set matching framework. As we 
describe in our methods section cardinality matching uses integer programming to find the 
largest possible set of matches that satisfy the level of balance we wanted to achieve, which was 
complete balance (ie, no differences) on four pre-specified variables and an acceptable level of 
balance (< .1 absolute standard deviations) on the remaining covariates (“mean balance” 
variables). We executed the matching routine within 6 month periods from 2008 through June 
2017 (19 periods), stacking each period’s matches together to form our final analytic sample. 
 An important step in our study plan was the selection of which variables we would use to 
exact match on and which variables we would use to mean balance our telestroke and control 
samples. Our final decisions were based on literature review, which variables were available for 
100% of our admissions, which variables were predictive of 180 day mortality (Table S2 below), 
and which variables our advisory panel believed were more predictive of 180 day mortality. This 
panel composed of vascular neurologists were given a list of eligible variables and asked to rank 
order them by their importance in explaining mortality after stroke. 
 As shown in Table S2—which modeled 180 mortality in 2008 on patient demographics, 
original enrollment reason, Medicaid status, and 27 chronic condition indicators—age is the key 
predictor of mortality. Atrial fibrillation was also highly predictive and our advisory panel also 
recommended it as a key predictor. Combined, we had the initial lists of exact and mean balance 
variables as follows:   
     
• Exact matching: age, sex, use of ambulance, h/o afib, rural location 
• Matching with mean balance: race/ethnicity, h/o HL, hospital stroke volume, region, 

Medicaid dual status, h/o stroke/TIA, Coronary artery disease, carotid stenosis, diabetes 
mellitus, peripheral vascular disease, hypertension, hospital academic status 

  
Use of ambulance was only available in a 20% sample, so we removed that variable and 

exact matched on age, sex, Atrial fibrillation, and rural residence (based on patient zip).  We also 
added the patient’s original reason for enrolling in Medicare to capture “disability”, used a more 
detailed breakout of hospital region (using the 9 census divisions), and included hospital rurality 
as well.  
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eTable 1. Crosswalk of ICD-9 to ICD-10 acute stroke diagnosis codes 
 
ICD 9 ICD 9 Description ICD 10 ICD 10 Description 

433.x0 Occlusion and stenosis of precerebral 
arteries without infarction I65 

Occlusion and stenosis of precerebral 
arteries, not resulting in cerebral 
infarction 

433.x1 Occlusion and stenosis of precerebral 
arteries with infarction I63 Cerebral infarction 

434.x0 Occlusion of cerebral arteries without 
infarction I66 

Occlusion and stenosis of cerebral 
arteries, not resulting in cerebral 
infarction 

434.x1 Occlusion of cerebral arteries with 
infarction I63 Cerebral infarction 

436 Acute but ill-defined cerebrovascular 
disease 

I63 Cerebral infarction 
I67.89 Other cerebrovascular disease  

 
The International Classification of Diseases (ICD) transitioned from the Ninth Edition 

(ICD-9) to the Tenth Edition (ICD-10) in October 2015. Because our study period began in 2008 
and ended in 2017, and because we used a patient’s primary diagnosis code to identify an acute 
stroke, we had to use the acute stroke codes from both editions to build our analytic sample. 
Table S1 shows the crosswalk of acute stroke diagnosis codes—from ICD-9 to ICD-10—that we 
used in our study.     
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eTable 2. Coefficients in 180-day mortality model (admissions in 2008 only) 
 

180 Day Mortality Model  

Variable Coef. SE 

   
Age   

   < 65 -0.0372*** (0.00482) 

   65 to 69 (ref)   
   70 to 74 0.0227*** (0.00371) 

   75 to 79 0.0606*** (0.00371) 

   80 to 84 0.114*** (0.00376) 

   85 to 89 0.185*** (0.00393) 

   90+ 0.308*** (0.00427) 

Female -0.00611* (0.00246) 

Race   

   White (ref)   
   Black -0.0248*** (0.00295) 

   Asian -0.0511*** (0.00820) 

   Other race -0.0178* (0.00754) 

   Hispanic -0.0387*** (0.00716) 

Original Entitlement Reason   

   Age (ref) 

   Disability 0.00886** (0.00322) 

   ESRD -0.00145 (0.0191) 

Dually Enrolled in Medicaid 0.0350*** (0.00231) 

Chronic Conditions   
Any Dementia 0.0665*** (0.00280) 

Alzheimer's 0.0449*** (0.00369) 
Acute Myocardial Infarction 0.0285*** (0.00350) 

Anemia 0.0202*** (0.00204) 
Asthma -0.0214*** (0.00290) 

Atrial Fibrillation 0.0764*** (0.00221) 
Cataract -0.0193*** (0.00212) 

Cogestive Heart Failure 0.0494*** (0.00217) 
Chronic Kidney Disease 0.0413*** (0.00226) 

Endocrine Cancer 0.0341*** (0.00973) 
Breast Cancer 0.0111** (0.00412) 
Colon Cancer 0.00848 (0.00477) 
Lung Cancer 0.160*** (0.00718) 

Prostate Cancer 0.00284 (0.00398) 
Chronic Obstructive Pulmonary Disease 0.0250*** (0.00210) 

Depression -0.00329 (0.00209) 
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Diabetes 0.0121*** (0.00196) 
Glaucoma -0.00551* (0.00216) 

Hip Fracture 0.0413*** (0.00391) 
Hyperlipidemia -0.0496*** (0.00221) 

Benign Prostatic Hyperplasia -0.0227*** (0.00289) 
Hypertension 0.0108*** (0.00304) 

Thyroid Disease -0.00678** (0.00217) 
Coronary Artery Disease -0.0101*** (0.00218) 

Osteoporosis -0.00802*** (0.00240) 
Arthritis -0.0330*** (0.00196) 

Cerebrovascular disease -0.00783*** (0.00198) 

Constant 0.120*** (0.00376) 

   

Observations 216,630  

R2 0.108   

   
*** p<0.001, ** p<0.01, * p<0.05 
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eTable 3. Census divisions of stroke admissions before and after matching, 2008-2017 
 
 Before Matching After Matching 
 

Telestroke 
Hospitals 

Control 
Hospitals 

Standardized 
Difference  
In Means 

Telestroke 
Hospitals 

Control 
Hospitals 

Standardized 
Difference  
In Means 

Admissions, no. 87,338 282,240 -- 76,636 76,636 -- 
Census Division of 
Hospital             

New England 20.0% 7.1% 0.3816 18.0% 16.3% 0.046 
Mid-Atlantic 8.9% 10.2% -0.0421 9.6% 10.3% -0.022 
East North Central 8.7% 17.6% -0.2631 9.4% 11.4% -0.065 
West North Central 3.4% 9.3% -0.2432 3.7% 4.8% -0.054 
South Atlantic 20.0% 16.8% 0.0830 20.1% 20.3% -0.004 
East South Central 9.5% 12.9% -0.1085 9.6% 9.9% -0.012 
West South Central 10.6% 11.8% -0.0368 11.0% 10.6% 0.014 
Mountain 6.8% 6.3% 0.0210 6.8% 6.0% 0.032 
Pacific  12.0% 8.0% 0.1324 11.7% 10.4% 0.041 

 
 The census division of the patient’s first hospital was also used to match telestroke and 
control admissions. To save space in Table 1 we provide the detail above in Table S3. 
 
 While not used directly as a match variable, we evaluated the balance we achieved by 
checking if our measure of 180 day predicted mortality from admission was similar after 
matching. We present this in Table S4 along with the remaining Charleston chronic conditions 
(CCWs) that were not used for matching, the total number of conditions per patient, and using a 
20% sample only, ambulance use and distance traveled on the first day of an admission. These 
additional characteristics were not used as exact or mean balance covariates in our matching 
algorithm, but the averages and standardized differences shown in Table S4 below provide more 
evidence that our telestroke and control admissions were well balanced.
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eTable 4. Additional sample characteristics  
 

 Before Matching After Matching 
 

Telestroke 
Hospitals 

Control 
Hospitals 

Standardized 
Difference  
In Means 

Telestroke 
Hospitals 

Control 
Hospitals 

Standardized 
Difference  
In Means 

Admissions, no. 87,338 282,240 -- 76,636 76,636 -- 
Predicted Mortality 18.1% 18.5% -0.011 18.0% 18.0% -0.001 
Ambulance Use on First Day 
of Admission (20% sample) 

50.5% 46.2% 0.085 50.0% 48.0% 0.039 

Distance to Hospital 
 (miles) 

9.90 8.71 0.023 8.90 8.46 0.047 

Total CCWs (No.) 8.34 8.22 0.030 8.27 8.19 0.020 
Any Dementia 22.2% 23.5% -0.032 22.3% 22.6% -0.007 

Alzheimer's 8.9% 9.8% -0.033 9.1% 9.0% 0.002 
Acute Myocardial 

Infarction** 8.5% 8.3% 0.007 8.2% 7.9% 0.010 
Anemia 59.3% 58.6% 0.014 59.0% 59.3% -0.006 
Asthma 15.7% 13.8% 0.052 15.3% 14.9% 0.010 

Atrial Fibrillation* 25.8% 25.1% 0.017 22.9% 22.9% 0.000 
Cataract 69.7% 69.5% 0.004 70.0% 69.9% 0.001 

Cogestive Heart Failure 39.1% 41.6% -0.052 38.2% 37.6% 0.012 
Chronic Kidney Disease 33.6% 28.9% 0.101 32.8% 32.4% 0.010 

Endocrine Cancer 1.0% 0.9% 0.005 1.0% 1.0% 0.002 
Breast Cancer 5.5% 5.2% 0.014 5.7% 5.5% 0.006 
Colon Cancer 3.5% 3.6% -0.002 3.5% 3.7% -0.009 
Lung Cancer 1.8% 1.6% 0.015 1.8% 1.8% 0.002 

Prostate Cancer 6.2% 5.6% 0.023 6.0% 5.8% 0.010 
Chronic Obstructive 
Pulmonary Disease 34.8% 35.3% -0.010 34.4% 33.5% 0.020 

Depression 37.0% 35.5% 0.030 36.7% 36.1% 0.011 
Diabetes** 45.1% 43.7% 0.029 44.8% 43.6% 0.024 
Glaucoma 23.9% 23.0% 0.022 24.0% 24.5% -0.011 

Hip Fracture 5.9% 6.3% -0.016 6.0% 6.2% -0.005 
Hyperlipidemia** 79.8% 75.4% 0.106 79.5% 78.3% 0.028 

Benign Prostatic Hyperplasia 19.3% 18.1% 0.030 18.6% 19.0% -0.011 
Hypertension 88.4% 88.3% 0.004 88.1% 87.8% 0.011 

Thyroid Disease** 27.7% 26.8% 0.021 27.8% 27.2% 0.015 
Coronary Artery Disease** 59.5% 60.8% -0.027 58.9% 57.7% 0.024 

Osteoporosis 23.6% 22.9% 0.017 24.1% 23.6% 0.013 
Arthritis 60.6% 59.2% 0.028 60.6% 60.1% 0.012 

Cerebrovascular disease** 27.6% 30.6% -0.066 27.4% 27.0% 0.010 
*Indicates variable on which exact matching conducted. 
**Indicates variable on which mean balancing was conducted. 
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eTable 5. Outcome differences and risk ratios in telestroke vs control hospitals in the year prior to telestroke introduction 
 
 Telestroke 

Hospitals 
Control 

Hospitals 
Difference (95% CI) p-values* Ratio (95% CI) 

      
Reperfusion treatment^ (%) 4.92 5.42 -0.50 (-1.02,  0.03) 0.0668 0.91 (0.82,  1.01) 
   Thrombolysis via alteplase 4.75 5.25 -0.50 (-1.02,  0.02) 0.0588 0.90 (0.82,  1.00) 
        Thrombolysis and transfer† 2.85 2.80 0.05 (-0.34,  0.44) 0.8246 1.02 (0.89,  1.17) 
   Thrombectomy Use 0.47 0.39 0.07 (-0.09,  0.24) 0.4075 1.19 (0.83,  1.70) 
Mortality from Admission (%)      
   7 days 6.44 6.63 -0.18 (-0.76,  0.40) 0.5509 0.97 (0.89,  1.06) 
   30 days 13.84 13.63 0.21 (-0.58,  1.00) 0.6087 1.02 (0.96,  1.07) 
   90 days 19.02 18.67 0.36 (-0.54,  1.25) 0.4404 1.02 (0.97,  1.07) 
   180 days 23.39 22.69 0.69 (-0.27,  1.66) 0.1610 1.03 (0.99,  1.07) 
All Cause Returns to Hospital 30 days from 
discharge (%) 26.98 26.34 0.64 (-0.40,  1.68) 0.2289 1.02 (0.99,  1.06) 
Living in community at 90 days (%) 72.56 72.77 -0.21 (-1.23,  0.81) 0.6941 1.00 (0.98,  1.01) 
Community time within 90 days, no. days 60.25 60.22 0.03 (-0.32,  0.39) 0.3823 -- 
Institutional Spending, $ 26,560 26,524 36 (-212,  283) 0.5249 -- 
      

Averages for admissions that started in telestroke or control hospitals are shown in the first two columns, followed by their difference and the 95% CI around that 
difference.  
*For statistical significance (p-values), we used McNemar’s test for dichotomous outcomes and the Wilcoxson signed-rank test for continuous ones. Risk ratios 
for the dichotomous outcomes, along with their 95% CI, are shown in the last column.   
^reperfusion treatment includes delivery of thrombolysis via alteplase or thrombectomy at the presenting hospital or after transfer 
† thrombolysis via alteplase delivered before admission a.k.a. “drip and ship” is recorded in the patient’s diagnosis codes at the admitting hospital 
 

 To assess if hospitals with telestroke capacity were different from control hospitals before they introduced telestroke, we 
constructed a separate analytic sample of “treated admissions” that were drawn from telestroke hospitals in the year before their 
telestroke programs were introduced and matched them to admissions from other control hospitals. The matching methods we used to 
create this pre-telestroke introduction matched sample were the same as described in our main analysis, where we employed 
cardinality and risk set matching and used the same covariates described in Tables 1 and S3 to do so. After creating our pre-telestroke 
sample we used the same statistical approach to analyze our matched pairs and we present those results above. Given this was the year 
prior to telestroke introduction, the expectation was that the outcomes would be similar between treatment and controls.  
 As shown in Table S5, there were no statistically significant differences. The trend was that patients that presented to 
telestroke hospitals in the year before telestroke introduction were less likely to have reperfusion treatment and slightly more likely to 
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die within 30 days of admission. In other words, we find no evidence that care was already superior at the hospitals that introduced 
telestroke programs; rather, these data suggest that care may have been slightly worse before telestroke was introduced.             
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eTable 6. Sensitivity of unobserved factors using Rosenbaum bounds 
 
 Ratio (95% CI) P Value Gamma 
Reperfusion treatment (%) 1.13 (1.09,  1.17) 0.0000 1.11 
   Thrombolysis via alteplase 1.12 (1.08,  1.17) 0.0000 1.10 
        Thrombolysis and transfer 1.38 (1.30,  1.45) 0.0000 1.34 
   Thrombectomy Use 1.42 (1.25,  1.62) 0.0000 1.28 
Mortality from Admission (%)    
   7 days 0.95 (0.92,  0.99) 0.0150 1.02 
   30 days 0.96 (0.94,  0.99) 0.0030 1.03 
   90 days 0.98 (0.96,  1.00) 0.0394 1.01 

 
As shown in Table 1 of the paper and in Table S3 above, after matching the standardized 

difference in sample means between telestroke admissions and control admissions for our 
covariates did not exceed 0.1 absolute standard deviations, a commonly accepted threshold for 
balance. For some key covariates such as age we matched exactly and thus the standardized 
differences were 0. While we balanced all the covariates believed to be important determinants 
of the outcomes, it is always possible that an unobserved covariate which is not captured in our 
data set is confounding our effect estimates. In other words, in an observational study it is always 
possible that an unobserved covariate that affects both the treatment (telestroke capacity) and the 
outcomes (i.e., mortality) can explain away a statistically significant finding. As we 
acknowledged in the paper these could include measures of stroke severity (though as described 
below, in the limited sample of cases there is balance in stroke severity). 

We used Rosenbaum bounds to evaluate how sensitive our statistically significant results 
(p-value < 0.05 in Table 2) are to such hidden biases.1 For a formal derivation of the bounds, 
please see Chapter 4 of Rosenbaum (2002; Observational Studies, Springer).2 For a general 
discussion of the interpretation and validation of the bounds using examples, please see chapters 
3 and 14 of Rosenbaum (2020; Design of Observational Studies, Springer).3 This sensitivity 
analysis sequentially increases the magnitude of bias due to a generic unobserved covariate and 
measures the resulting p-value. This magnitude of bias is captured by the parameter Γ, which 
bounds the odds ratio of the probabilities of receiving treatment of two units that have been 
matched for their observed covariates.  The larger the value of Γ, the more insensitive the results 
are to hidden biases due to unobserved covariates.  Table S6 above presents the results showing 
that some results are insensitive to hidden biases of moderate size (thrombolysis and transfer, 
thrombectomy), whereas others are insensitive to small biases only (reperfusion treatment, 
thrombolysis via alteplase). Mortality from admission was sensitive to small biases.  
 
 
 

 
1 Rosenbaum, P.R., 1987. Sensitivity analysis for certain permutation inferences in matched observational studies. 
Biometrika, 74(1), pp.13-26 
2 Rosenbaum PR. Observational studies. 2nd ed. New York: Springer;2002 
3 Rosenbaum, PR. Design of observational studies (Vol. 10). New York: Springer, 2020 
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eFigure 1. Sample of study hospitals 
 

 
We identified 5085 unique critical access or short term acute care hospitals with at least 1 

inpatient or outpatient (hospital department) claim over the period 2008 through 2017 (see box 1 
above). As described in the Methods section, we excluded hospitals from our analysis that either 
(a) never (or almost never) billed for an acute stroke over the period 2008-2017, or conversely 
(b) likely had substantive on-site stroke expertise (described in Figure S1 above). 
Comprehensive or primary stroke centers were those currently certified by the Joint Commission 
(or another regional certifying organization including HFAP, DNV, and CIHQ) manually 
identified from the websites of these certifying organizations. Academic teaching hospitals were 
members of the Council for Teaching Hospitals (COTH) over the period 2015-2017. 
Thrombectomy hospitals performed one or more thrombectomy (identified by ICD-10 procedure 
codes: 3E03317-3E08317, 03CG3ZZ - 03CV3ZZ) in 2016/7. 

After making these exclusions there were 765 hospitals we identified with telestroke 
capacity and another 2441 potential controls.4 To ensure potential controls did not have 
telestroke capacity, we excluded 1461 hospitals that reported they have a telestroke program on 
the 2016 or 2017 Emergency Department Inventory survey or did not respond to either or both of 
the surveys.5 In other words potential controls were only those that responded no to both surveys. 

 
4 Telestroke capacity was identified from data provided by 15 telestroke networks including Blue Sky Neurology, 
Integris, InTouch, Mayo Clinic, Medical University of South Carolina, Northwestern Memorial Hospital, Partners 
HealthCare, Providence Health, SOC Telemed (formerly Specialists on Call), Stanford Health Care, University 
of Pittsburg Medical Center, University of Utah Hospital, Vanderbilt University Medical Center, Virginia Mason, 
and Wake Forest Baptist Health.  
5 For a description of the survey see Zachrison KS, Boggs KM, M Hayden E, Espinola JA, Camargo CA. A national 
survey of telemedicine use by US emergency departments. J Telemed Telecare. 2020;26(5):278-284.  
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eFigure 2. Severity score densities for telestroke/control admissions, January to June 
2017 
 

 
 
 Starting in October 2016, NIH stroke severity scores can now be recorded using ICD10 
diagnosis codes on inpatient and outpatient claims. Scores are based on 11 criteria and range 
from 0 to 42 (the max score). Each claim can have multiple scores and a single episode of stroke 
can have multiple claims with different scores.  
 Using only the final 6-month period in our data, we evaluated whether severity scores in 
telestroke hospitals were different from severity scores in control hospitals and found very little 
difference in both the averages (7.93 in telestroke hospitals vs 8.01 in controls; standardized 
difference in means -0.00995) and their distributions (Figure S2). We note that the telestroke 
sites were more likely to report a stroke severity score (17% vs 14.4%; standardized  difference 
in means 0.0726), which may explain the very small difference in stroke severity we do see. 

We decided not to include stroke severity in our analysis . Across our entire roughly 10-
year study period, NIH stroke severity scores could only be recorded for 6 months and of these 
cases, only 15.7% had a score recorded.  Therefore, of the total analytic sample, scores from this 
final semester only cover 1.4% of the final matched sample. Given this very limited sample, we 
did not feel like it added value to the manuscript. However, as we show above, for the limited 
sample that did have a severity score recorded we found no evidence of imbalance.  
   


