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Background and Purpose Endovascular recanalization therapy (ERT) is becoming increasingly 
important in the management of acute ischemic stroke (AIS). However, the hospital volume 
threshold for optimal ERT remains unknown. We investigated the relationship between hospital 
volume of ERT and risk-adjusted patient outcomes.
Methods From the National Health Insurance claims data in Korea, 11,745 patients with AIS who 
underwent ERT from July 2011 to June 2016 in 111 hospitals were selected. We measured the 
hospital’s ERT volume and patient outcomes, including the 30-day mortality, readmission, and 
postprocedural intracranial hemorrhage (ICH) rates. For each outcome measure, we constructed 
risk-adjusted prediction models incorporating demographic variables, the modified Charlson 
comorbidity index, and the stroke severity index (SSI), and validated them. Risk-adjusted outcomes 
of AIS cases were compared across hospital quartiles to confirm the volume-outcome relationship 
(VOR) in ERT. Spline regression was performed to determine the volume threshold.
Results The mean AIS volume was 14.8 cases per hospital/year and the unadjusted means of 
mortality, readmission, and ICH rates were 11.6%, 4.6%, and 8.6%, respectively. The VOR was 
observed in the risk-adjusted 30-day mortality rate across all quartile groups, and in the ICH rate 
between the first and fourth quartiles (P<0.05). The volume threshold was 24 cases per year.
Conclusions There was an association between hospital volume and outcomes, and the volume 
threshold in ERT was identified. Policies should be developed to ensure the implementation of the 
AIS volume threshold for hospitals performing ERT.
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Introduction

Ischemic stroke is one of the leading causes of mortality and 
morbidity.1 Endovascular recanalization therapy (ERT) represents 
a new treatment paradigm for acute ischemic stroke (AIS), and 
has been examined in seven large-scale studies.2-8 The American 
Heart Association/American Stroke Association guideline for the 
treatment of AIS was revised in 2018, and ERT is considered as 
important as administration of intravenous alteplase in the 
treatment of AIS.9 The hospital volume of ERT has been increas-
ing in Korea since 2015.10 Many studies on ERT have examined 
the patient aspect of treatment, such as decision making (whom 
and when to treat or not11), technical challenges (incapability of 
access to the occlusive lesion12), and the choice of device (aspi-
ration device versus stentriever8). However, relatively little re-
search has examined the systemic aspect of providers.

Several studies have shown that hospital volume could be a 
surrogate marker of outcomes for various surgical conditions 
and medical procedures.13-16 Other studies have demonstrated 
that volume-outcome relationship (VOR) is dependent on dis-
ease entity, the type of procedure, and type of outcome mea-
surement.16 Some studies have shown that volume can be an 
important marker of ERT success in AIS.17,18 Eligibility for the 
Thrombectomy-Capable Stroke Centers certification by the 
Joint Commission requires a hospital volume of more than 15 
ERT cases per year.17,19,20 However, to our knowledge, no studies 
have investigated whether this volume threshold is appropri-
ate. Using the concept of VOR, it is possible to estimate the 
minimum volume of ERT for successful treatment of AIS.

We hypothesized that there would be a difference in clinical 
outcomes between low-volume and high-volume centers that 
implement ERT for patients with AIS. We also tried to estimate 
the volume threshold and identify the existing modifiable struc-
tures and processes in the high- and low-volume hospitals.

Methods

Study framework
This study was divided into three parts. The first part was the 
preparatory process before using the administrative database 
(DB); we validated ERT patients using an identification method 
and validated a risk-adjusted mortality model incorporating 
important clinical variables for ischemic stroke (Figure 1A and 
B). The second part was to examine VORs by analyzing the as-
sociation between hospital ERT volume and risk-adjusted out-
comes derived from summing the individual-level expected 
outcomes using the administrative DB (Figure 1C). The third 
part was to calculate the hospital volume threshold (Figure 1D).

Three clinical outcome variables, namely 30-day mortality, 30-
day readmission, and postprocedural intracranial hemorrhage 
(ICH), were selected based on literature review.21-23 After identi-
fying other variables for building risk adjustment models for 
three outcomes from the administrative DB for hospital profil-
ing,22 we requested and purchased these variables and other re-
lated claims data from the Health Insurance Review and Assess-
ment Service (HIRA) in Korea. Next, we verified the administra-
tive DB with the real-world data (clinical DB I (Figure 1A) from 
two university hospitals: Dong-A University Hospital (DAUH) and 
Pusan National University Yangsan Hospital (PNUYH).24 We also 
considered proxy values ​​to replace the National Institutes of 
Health Stroke Scale (NIHSS), which is difficult to obtain directly 
from the administrative DB. We used the stroke severity index 
(SSI) (Supplementary Table 1).25 To achieve this, we obtained the 
clinical DB II (Figure 1B) and the local administrative claims DB 
of all ischemic stroke patients from the aforementioned univer-
sity hospitals. The derivation and validation of the proxy values 
were performed separately using different DBs.

From the administrative DB in the HIRA (the HIRA DB), risk-
adjusted outcome models for each of the three outcomes were 

Figure 1. Study framework. DB, database; HIRA, Health Insurance Review and Assessment Service; ERT, endovascular recanalization therapy; SSI, stroke sever-
ity index; VOR, volume-outcome relationship; ICH, intracerebral hemorrhage.
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derived by using multiple regression analysis.22,26 Many vari-
ables, including modified Charlson comorbidity index (mCCI), 
and SSI were also analyzed in the model derivation (Supple-
mentary Table 2). The mCCI is one of the variables often used 
for risk adjustment purposes in the studies using administrative 
DBs.27 We measured C-statistics to measure the discrimination 
power for each of the three models. Next, these models were 
applied to the HIRA DB, and the outcomes were measured. The 
relationship between the procedural volume per hospital and 
the outcomes were then plotted and analyzed to identify VOR 
(Figure 1C). Based on the results of the VOR analysis, the vol-
ume threshold was measured. Finally, to investigate the modi-
fied structures and processes, a stratified analysis with hospital 
characteristics was performed (Figure 1D). 

All analyses were conducted with the SAS Enterprise Guide 
statistical software package version 7.13 (SAS Institute Inc., 
Cary, NC, USA).

Databases and study populations
To gain access to HIRA DB, we submitted an Institutional Re-
view Board approval document from PNUYH to HIRA. There 
were many datasets including diagnostic codes of cerebrovas-
cular diseases (such as cerebral ischemic stroke and subarach-
noid hemorrhage) and various procedural codes (for instance, 
mechanical and chemical thrombectomy, Levin tube insertion, 
and coil embolization of intracranial aneurysm.) From these 
claims data, 12,013 patients with cerebral AIS who underwent 
ERT from July 2011 to June 2016 in 162 hospitals were select-
ed. Information about patient and hospital were accessed in a 
deidentified state.

Clinical DB I was a prospective clinical cohort for patients 
with AIS undergoing ERT in DAUH and PNUYH. The enrollment 
period was the same as in the HIRA DB. Clinical DB II was a 
cohort of all patients with AIS in addition to ERT patients dur-
ing the same enrollment period and linked with the local 
claims database of the same patients (Figure 1A and B).

Validity of identifying ERT patients using an 
administrative database
Although the HIRA DB was used in a de-identified state, it did 
provide geographical information (city and district). Combining 
this information with the relative volume of ERT, we produced 
the DAUH and the PNUYH cohorts from the HIRA DB. To vali-
date these cohorts, a 2×2 contingency table was created, and 
Clinical DB I was defined as the gold standard. Pearson’s chi-
square test and Student's t-test were used to compare the ad-
ministrative and clinical databases (Methods section in Supple-
mentary appendix24,25,27-31).

Validation of stroke severity index
To derive the SSI, the association between NIHSSs of patients 
with AIS and SSI were analyzed for all patients with AIS of the 
DAUH (prediction model). Subsequently, the model was validated 
with the PNUYH data. The correlation coefficients were 0.70 for 
the prediction model and 0.68 for the validation model (Supple-
mentary Table 3). The correlation coefficients of both models 
were similar to those in a previous paper25 and usually consid-
ered relatively high. However, “intensive care unit stay” showed 
no significant statistical power (Supplementary Table 4). Multiple 
linear regression analysis was used for creating the SSI model, 
and Pearson’s chi-square test was used for validating the model 
(Figure 1B, Methods section in Supplementary appendix).

Analysis

Risk-adjusted outcome models
We operationally defined three outcome variables based on 
previous research.22 The 30-day mortality was defined as ‘all 
deaths from any cause in any hospital within 30 days after ini-
tial admission and the ERT procedure.’ Patients who were ad-
mitted to multiple hospitals during their AIS episode were as-
signed to the hospital that performed the ERT procedure.22 
Thirty-day readmission was defined as ‘readmission to the 
same hospital from any cause within 30 days after initial ad-
mission and the ERT procedure.’ Symptomatic ICH was defined 
as ‘no pre-existing ICH code before the ERT procedure, and an 
occurrence of ICH within 30 days after the initial admission 
and ERT procedure.’

To examine the association between hospital ERT volume 
and clinical outcomes, risk-adjusted outcome prediction mod-
els were built using a multi-level analysis method (Methods 
section in the Supplementary appendix).22,26 

The evidence of distinction between individual-level and 
hospital-level variables were based on the fact that the ran-
dom effect on the combined hospital-level outcome was dif-
ferent. In the case of NIHSS, for example, if NIHSS values of 
patients receiving thrombectomy in different hospitals are dis-
tributed relatively equal to each other, adjusting this variable 
will have a relatively small impact on patient outcomes. We set 
the hospital-level variable to be able to influence the prognosis 
of the patient, and at the same time, to be able to function 
differently according to each hospital.22

Simple and multiple logistic regression analyses were per-
formed to select appropriate parameters of risk adjustment 
modeling. To make final risk adjustment modeling, the multi-
level logistic linear regression method was used. C-statistics 
were used for validation of the risk adjustment model.
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Volume-outcome relationships analysis
We examined VORs according to the standard hospital profil-
ing approach used by the Centers for Medicare and Medicaid 
Services (CMS) of the United States.22 The approach was as fol-
lows: (1) the crude rates for each of the three outcomes were 
obtained on an individual patient basis; (2) each risk adjust-
ment model was created and applied to each individual pa-
tient; (3) following the same method, the individual patient’s 
expected outcome variable (for instance, risk-adjusted 30-day 
mortality chance, risk-adjusted 30-day readmission chance) 
was calculated; (4) outcome values were summed on a hospital 
basis; and (5) these summed hospital-level outcome values 
were divided by the hospital volumes. Univariate analyses were 
performed for all individual and hospital-level variables to de-
termine which variables were incorporated in the multi-level 
model and examine the problem of multicollinearity. 

Using the ratio between the crude hospital-level outcome 
and the expected hospital-level outcome, the observed to ex-
pected ratio (O/E ratio) was calculated and multiplied by the to-
tal average outcome rate. This result was defined as the final 
risk-adjusted outcome value of each hospital. We chose the O/E 
ratio rather than the predicted to expected ratio (P/E ratio) be-
cause the assumption of this P/E ratio method is that there is 
no VOR.32 Pearson’s and Spearman’s correlation analyses were 
used for VOR distribution, and Pearson’s chi-square test was 
used for quartile group analyses (Figure 1C).

Estimation of hospital volume threshold
The hospital volume threshold was calculated by examining the 
relative effect on the adjusted outcome odds for an increasing 
hospital volume of 10 patients for a given hospital size, and 
varying the given hospital size from an annual volume from 
boundary value between quartile groups, increments of one 
case per year. Ten cases were selected as a standardized incre-
ment. The rationale for the use of 10 cases as a reference is the 
relative value of the results of Ross et al.33 The volume threshold 
was set to the point at which the odds for an outcome ap-
proached 1 as the total volume fell. This method was taken 
from Ross et al.,33 and was slightly modified for this study.

To calculate the volume threshold, we sorted all the hospitals’ 
5-year volumes, divided them into four groups, and measured 
the relationships between volume and outcomes. Before sorting 
hospitals by their volume, a substantial proportion of hospitals 
(51 hospitals) were excluded for two reasons, the first reason 
being no record of cases between July 2015 and June 2016, and 
the second being a total number of cases that was less than 20 
over 5 years. Restricted cubic spline regression was used for 
volume threshold estimation. Fisher’s exact test was used to 

analyze the relationship between hospital volume group and 
the presence of stroke unit and teaching status (Figure 1D).

Results

Baseline characteristics of the administrative 
database
Baseline characteristics are shown in Table 1. Of the 111 hospi-
tals included in the VOR analysis, the ERT volumes correspond-
ing to half of all patients were performed in 21 hospitals. Age 
and the proportion of comorbidities appeared to be higher in 
the first quartile group than in the other groups.

A total of 51 hospitals (31.4%) were excluded in the VOR 
analysis due to very low hospital volumes. VOR analyses were 
conducted on the total number of cases for the remaining 111 
hospitals, which was 11,745 (97.7% of the original 12,013 cases). 
The sample was divided into four groups to have roughly the 
same number of patients in each group. About 2,900 cases from 
the most voluminous hospitals were categorized as the first 
quartile (more than 61 cases per year), the second quartile (31 to 
60 cases per year), the third quartile (19 to 30 cases per year), 
and the fourth quartile (less than 18 cases per year) (Table 1).

Hospital volumes analyses
Over 5 years, 12,013 ERT procedures were performed (Table 1). 
Some patients (0.009%) had undergone the procedure twice 
(n=111) or three times (n=2). Of the 162 hospitals, 21 did not 
perform the ERT procedure between July 2015 and June 2016. 
The mean volume was 14.8 cases per year, and 59 hospitals 
(38%) had a volume that was higher than the mean. The over-
all 30-day mortality rate was 11.6%, 30-day readmission rate 
was 4.6%, and postprocedural ICH rate was 8.6%. 

Validating ERT patient identification
The results of validating ERT patient identification were a sen-
sitivity of 83.2%, a specificity of 98.8%, and a positive predic-
tive value of 80.2% (Figure 1A). To evaluate the discrepancies, 
in-depth analyses were performed for the 115 true positives 
and 42 false negatives of the PNUYH cases (Supplementary Ta-
bles 5 and 6).

Validation of risk-adjusted outcome models
To solve the multicollinearity problem, other variables included 
in the SSI were excluded from the univariate analysis, and the 
statistical model was applied. In the case of mortality, the vari-
ables applied to the model were age, SSI, mCCI, sex, hyperten-
sion, and atrial fibrillation. The C-statistic of the final mortality 
rate model was 0.8146, which was higher than the initial tar-
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get value of 0.8. Similarly, the same modeling was done for the 
readmission rate, and included variables were SSI, mCCI, age, 
transient ischemic attack, prior stroke, and female sex. The C-
statistic was 0.6052, which was relatively low. For postproce-
dural ICH rate, individual-level variables, such as age, SSI, in-
tracranial arterial stenosis, myocardial infarction, hypertension, 
and transient ischemic attack were selected. ‘Teaching status: 
resident’ was included at the hospital-level. The final model C-
statistic was 0.6841 (Supplementary Figures 1-3).

Volume-outcome relationships analyses
For mortality rate comparison between quartile groups, the 
odds ratio (OR) showed differences between the 1st and 3rd 
quartiles, and between the 1st and 4th quartiles in the crude 
outcome model (P<0.05). However, in the adjustment model, 
the OR showed differences among the groups from the 2nd to 
the 4th quartile (1st vs. 3rd, P=0.003; 1st vs. 4th, P<0.001). 
Similar results were obtained on comparing readmission and 
postprocedural ICH rates among quartile groups (Table 2).

In the distribution analysis, three outcomes of both crude 
and risk-adjusted models showed negative correlations, but 
there were no statistically significant results (Supplementary 
Figures 4-6).

Estimation of volume threshold and evaluation of 
modifiable ‘structures and processes’
In the between quartile comparison of hospital volume, there 
was a significant difference in the OR between the 1st and 2nd 
quartiles for the risk-adjusted mortality rate, and between the 
1st and 4th quartile for the risk-adjusted postprocedural ICH 
rate. Based on this, we concluded that there was a VOR for ERT 
in patients with AIS, and subsequently estimated the volume 
threshold.

It was assumed that the threshold would exist between the 
volume of the boundary point between the 2nd quartile (less 
than 60 cases per year) and the boundary point of the 4th 
quartile (more than 19 cases per year). Between 60 and 19 
cases per year, we assessed volume threshold using a modified 
method presented in a previous paper.33 In this process, a re-
versed J-shaped curve was created, and the threshold was set 
to the point at which the odds for mortality approached “1.0” 
as the total volume falls. Thus, at the highest value of the J-
curve, 22 cases per year corresponded to the inflection point, 
and 24 cases per year corresponded to where the odds fell be-
low 1. Based on this, we set 24 cases per year as the VOR 
threshold of ERT for AIS (Figure 2).

To identify modifiable ‘structures and processes,’ additional 

Table 1. Baseline characteristics of administrative database, according to medical condition and hospital volume quartile group

Variable All patients 1st Q group 2nd Q group 3rd Q group 4th Q group

No. of hospitals (included in analyses)* 162 (111) 7 14 25 116 (65)

No. of patients (included in analyses)* 12,013 (11,777) 2,970 2,942 2,927 3,175 (2,938)

Age (yr) 71 (61–78) 72 (64–78) 71 (61–77) 70 (60–77) 70 (60–77)

Male sex 6,735 (56.06) 1,607 (54.10) 1,635 (55.57) 1,684 (57.53) 1,675 (57.01)

Stroke severity index

Median (IQR) 10.33 (6.89–13.95) 10.22 (6.41–13.95) 10.33 (7.59–13.95) 10.48 (7.48–13.95) 12.11 (8.6–15.01)

Range 2.86–18.74

Prior stroke 5,78 (46.51) 1,450 (48.82) 1,318 (44.79) 1,284 (43.86) 1,426 (48.53)

Hypertension 3,692 (31.34) 983 (33.09) 875 (29.74) 840 (28.69) 994 (33.83)

Atrial fibrillation 

Pre-diagnosed 2,441 (20.72) 669 (22.52) 553 (18.79) 579 (19.78) 640 (21.78)

After 90 days 7,258 (61.62) 1,885 (63.46) 1,745 (59.31) 1,755 (59.95) 1,873 (63.75)

Diabetes mellitus 8,003 (67.95) 2,146 (72.25) 1,761 (59.85) 2,024 (69.14) 2,072 (70.52)

Charlson comorbidity index 2 (1–2) 2 (1–2) 2 (1–2) 2 (1–2) 2 (1–3)

Hyperlipidemia 9,281 (78.80) 2,553 (85.95) 2,253 (76.58) 2,128 (72.70) 2,347 (79.88)

ICAS 1,707 (14.49) 527 (17.74) 391 (13.29) 393 (13.42) 396 (13.47)

Transient ischemic attack 221 (1.87) 64 (2.15) 49 (1.66) 53 (1.81) 55 (1.87)

Myocardial infarction 6,035 (51.24) 1,510 (50.84) 1,410 (47.92) 1,396 (47.69) 1,719 (58.50)

Values are presented as median (interquartile range) or number (%).
Q, quartile; IQR, interquartile range; ICAS, intracranial artery stenosis.
*Substantial proportion of hospitals were excluded in volume-outcome relationship analyses due to very low-volume (no cases in 2015 or less than 20 cases 
per 5 years).
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analyses were conducted regarding the two hypothesized hospi-
tal-related variables, stroke unit,28 and teaching status.29 Of the 
111 hospitals included in the analysis, 50 hospitals (45%) had 
stroke units, and teaching status hospitals accounted for 79% of 
all hospitals. The proportions of hospitals with stroke units and 
teaching status decreased from the 1st to 4th quartile group, 
and was statistically significant in the fourth quartile group. Due 
to dichotomization of the classification according to the value 
determined by the volume threshold, significant differences were 
found in the proportion of both stroke unit and teaching hospi-
tals between the two quartiles (Table 3).

Discussion

In this study, we calculated the minimum hospital volume of 
ERT for AIS required to maintain minimum treatment quality. 
Volume threshold was calculated using a spline regression 
method and was identified to be 24 cases per year. By using the 
threshold value, hospitals could adhere to the healthcare poli-
cies concerning ERT. However, finding the volume requirement 
alone does not reflect quality, but could be a proxy value.30

There are two classical theories of why a VOR is present. The 
first is the idea of “practice-makes-perfect,” and the second is 
“selective-referral pattern.” These theories seem to have been 
relevant in various previous studies.14,15 In our study, it is diffi-
cult to distinguish which of the two theories is most relevant. 
Some researchers have suggested that the relationship be-
tween volume and “structure and process,” and the relation-
ship between outcome and “structure and process” should be 
further analyzed, which will allow the actual working mecha-
nism underlying VOR to be identified.30

In the VOR analyses, we found no relationship between re-
admission and hospital volume. It can be assumed that a high 
readmission is indicative of a poor prognosis. However, read-
mission in the current study may have been due to the need to 
perform endarterectomy or carotid artery stenting after the 
acute phase management of stroke. In Korea, if the treatment 
period is extended, the patient may be discharged from the 

Table 2. Relationship between the hospital volume quartile and the odds ratio of 30-day mortality, readmission, and intracranial hemorrhage rates of endo-
vascular recanalization therapy in acute ischemic stroke, 2011–2015 (n=111)

Quartile cOR 95% CI P aOR 95% CI P

30-day mortality rate

1st Q 1 - - 1 - -

2nd Q 1.07 0.91–1.27 0.385 1.18* 1.00–1.39 0.048

3rd Q 1.17* 1.00–1.38 0.047 1.27* 1.08–1.50 0.003

4th Q 1.36* 1.16–1.60 <0.001 1.37* 1.16–1.61 <0.001

30-day readmission rate

1st Q 1 - - 1 - -

2nd Q 1.07 0.83–1.39 0.567 0.94 0.74–1.20 0.649

3rd Q 1.38* 1.08–1.76 0.009 0.91 0.71–1.16 0.469

4th Q 1.24* 0.96–1.59 0.089 0.94 0.74–1.20 0.640

Intracranial hemorrhage rate

1st Q 1 - - 1 - -

2nd Q 0.98 0.81–1.19 0.892 1.08 0.90–1.30 0.379

3rd Q 1.08 0.89–1.29 0.458 1.12 0.93–1.34 0.223

4th Q 1.26* 1.06–1.57 0.009 1.21* 1.01–1.45 0.034

1st quartile: >61 cases/year; 2nd quartile: 31 to 60 cases/year; 3rd quartile: 19 to 30 cases/year; 4th quartile: <18 cases/year.
cOR, crude odds ratio; CI, confidence interval; aOR, adjusted odds ratio; Q, quartile.
*P<0.05.

Figure 2. Predicted effect of an increase of 10 patients in annual procedure 
volume on the adjusted odds of mortality in Korea, 5 years. ERT, endovas-
cular recanalization therapy.

Estimated threshold of ERT volume: 
24 cases per year
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hospital and re-hospitalized due to technicalities surrounding 
the insurance system. Therefore, it is possible that the high re-
admission rate was not related to prognosis.

By using the threshold value identified in this study, stroke 
centers may be able to better adhere to the healthcare policies 
concerning ERT. Indeed, such thresholds can guide the designa-
tion of a comprehensive stroke center by setting up the man-
power and facilities required for the investment. For example, 
additional stroke centers could be placed in an area where an 
overtasked comprehensive stroke center is already located, 
which would allow more than 24 ERT cases to be taken on an-
nually. There is a method to encourage programs in high-vol-
ume hospitals; for example, stroke units. This is also associated 
with qualitative improvement in overall stroke management. If 
patients are concentrated in a high-volume center but can be 
dispersed to surrounding centers, the overall outcomes in the 
region are likely to be better.

Conversely, some studies have shown that when patients 
were transferred to a high-volume center, the results were bet-
ter than those from a low-volume center.34 However, we do not 
agree with this interpretation because if patients are concen-
trated in one hospital, it is likely that surgery or other proce-
dures are only required in emergency situations in low-volume 
centers. It is possible that the overall stroke care system’s qual-
ity would be lowered in such situations due to increased trans-
fer time of the patient.

A previous study defined the cut-off value of a high-volume 
center as 50 cases per year.18 However, there seemed to be no 
scientific basis for this threshold. Another study investigated 
the correlation between the ERT procedure volume and the 
outcome in AIS, and defined 10 procedures as the cut-off value 
by dividing centers into low and high-volume.35 However, they 
found no VOR after risk adjustment. These studies are also out-
dated, and the knowledge and equipment used in ERT have 

since changed. Therefore, we suggest that these studies be un-
derstood contextually in their relevant time period.

The present study has some limitations. First, there is a data 
reliability problem of hospitals when using administrative data. 
This limitation was overcome by comparing administrative and 
clinical databases. Second, the database did not allow us to 
identify other factors such as door to puncture time, initial the 
Alberta Stroke program early CT score (ASPECTS), basal collateral 
blood flow status of the patient, early neurological deterioration, 
presence of intravenous alteplase, and transference from primary 
stroke center. Because of this, the statistical power of the predic-
tion models was limited. Third, because we analyzed the data at 
the level of the hospital, we did not analyze the outcomes by in-
dividual interventionist. Despite these drawbacks, trend analysis 
using administrative data and comparison between hospitals 
was considered appropriate because it could be a viable way to 
treat the current data.

Conclusions

To conclude, we found an association between hospital vol-
umes and risk-adjusted outcomes of ERT. We defined the hos-
pital volume threshold of ERT procedures as 24 cases per year. 
The risk adjustment method using the SSI was taken from a 
study conducted in Taiwan that was customized to the Korean 
medical environment. The trends of volumes and outcomes 
were traced and utilized as a quality indicator of ERT proce-
dures. Although the volume threshold of ERT can be used as 
reference values to guarantee good outcomes, other factors 
are likely to affect the outcome of ERT in patients with AIS. 
Therefore, this threshold value should be used with caution.

Table 3. Relationship between the hospital volume group and the presence of stroke unit and teaching status

Group No. Stroke unit (%) P Teaching status (%) P

By quartile group

1st (>61/yr) 7 7 (100) - 7 (100) -

2nd (31–60/yr) 14 10 (71) 0.255 14 (100) 1

3rd (19–30/yr) 25 14 (56) 0.066 21 (84) 0.552

4th (<18/yr) 65 19 (29)* <0.005 46 (70) 0.178

By volume threshold group

High-volume (>24/yr) 31 23 (74) - 31 (100) -

Low-volume (<23/yr) 80 27 (34)* <0.005 57 (71)* <0.005

Total 111 50 (45) - 88 (79) -

Values are presented as number (%).
*P<0.005.
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Supplementary appendix

Definitions

Ischemic stroke
Ischemic stroke was defined by the I63 code using the 10th re-
vision of the International Statistical Classification of Diseases 
and Related Health Problems (ICD-10) code system, and endo-
vascular recanalization therapy (ERT) was defined by the pro-
cedure code M6631 (thrombolytic treatment–cerebral throm-
bus removal) or M6633 (mechanical thrombolysis) in the 
Health Insurance Review and Assessment Service (HIRA) Code 
system. In this process, we wanted to exclude stroke cases that 
occurred in-hospital or those that occurred peri-procedurally 
(e.g., acute ischemic stroke [AIS] as a complication after coil 
embolization of aneurysmal subarachnoid hemorrhage).

Methods

Validity of identifying ERT patients using an administra-
tive database
The numbers of true positive cases (true positive), missing cases 
(false negative), incorrect cases (false positive), and correctly 
excluded cases (true negative) were identified. The sensitivity 
(true positives / [false negatives + true positives]), specificity 
(true negatives / [false positives + true negatives]), and positive 
predictive values (true positives / [true positives + false posi-
tives]) were calculated.24

Patients from each database were matched using the pa-
tient’s sex, age, admission date, and discharge date. If discrep-
ancies occurred, false negative or false positive was assigned, 
and true negative notation was assigned to patients who were 
present in the clinical database but had not undergone the ERT 
procedure. Pearson’s chi-square test and Student's t-test were 
used to compare the administrative and clinical databases.

Validation of stroke severity index
Because the National Institutes of Health Stroke Scale (NIHSS), 
an established severity score for AIS were unavailable for all 
ERT patients of this study, we decided to use the stroke severity 
index (SSI), the claim data-based severity score after valida-
tion. The medical insurance system in Taiwan is similar to that 
of Korea’s, they both utilize fee-for-service, compulsory insur-
ance system, and cover almost everyone in the nation.31 Hence, 
we used the same methodology of the Taiwan study in this 
study. It is known that SSI could be used as the proxy for NI-
HSS, as they both carry the same weight.25 

Seven parameters (airway suctioning, bacterial sensitivity test, 
general ward stay, intensive care unit stay, nasogastric tube, os-
motherapy, urinary catheterization) were also selected from the 
results of the Taiwan study. We agree with the methodology of 
selecting these seven parameters. We thought that the coeffi-
cient values of each seven parameters could be customized to 
Korean HIRA database, and multiple linear regression from the 
clinical database performed (Supplementary Table 1).

Risk-adjusted outcome models
The models incorporated patient variables such as demographic 
characteristics (age and sex) and clinical characteristics (risk 
factors for ischemic stroke, modified Charlson Comorbidity In-
dex, and the SSI, and hospital variables such as hospital teach-
ing status, geographical location [metropolitan or non-metro-
politan], availability of a stroke unit, and hospital ownership 
[public or private]).28-30 The SSI was included in the model to 
consider severity of stroke as a substitute for the NIHSS (Sup-
plementary Table 2).25,27 

The identification of the hospitals in a “de-identified” adminis-
trative database was performed by combining the location infor-
mation and the relative volume of ERT. Except for the geographi-
cal location, the other three hospital parameters were acquired 
from the official Korean Hospital Association website, Korean 
Stroke Association website, and each hospital’s website.
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Supplementary Table 1. Seven parameters of stroke severity index and its explanation

Descriptions Explanation Code system/Codes

Airway suctioning Suctioning of patient’s airway in case of altered mental state /or undergoing anes-
thesia when patient had ERT procedure

HIRA Code/M0135, M0137

Bacterial sensitivity test Almost every patients who have shot intravenous antibiotics, they had this test HIRA Code/B40xx, B413xx, B414x

General ward stay Relatively mild stroke patients who admitted from emergency department usually 
go to general ward first

HIRA Code/ABxx

ICU stay Severe stroke patients who admitted from emergency department almost always 
go to ICU first

HIRA Code/AJxxx

Nasogastric tube Severe stroke patients cannot eat orally by themselves, and this tube is usually in-
serted

HIRA Code/Q2621, Q2622

Osmotherapy For severe stroke patient whose brain tissue damaged massively, usually osmother-
apy prescribed to prevent brain herniation

Main Component Code/14800xBIJ, 
148010BIJ, 148011BIJ

Urinary catheterization Severe stroke patient cannot walk by themselves and usually they void by urinary 
catheterization

HIRA Code/M0060

”x” means various numbers, from 1 to 9.
ERT, endovascular recanalization therapy; HIRA, Health Insurance Review and Assessment Service; ICU, intensive care unit. 

Supplementary Table 2. Parameters for risk adjustment: individual and hospital level

Fields Name (ICD-10 codes)

Demographics Age, sex

Risk factor and modified Charlon comorbidity index items AMI or CHD or CAD (I21, I22, I23, I34, I35)
Congestive heart failure (I50)
Peripheral vascular disease (I73)
Dementia (F00, F01, F02, F03)
Chronic obstructive pulmonary disease (J40, J41, J42, J43, J44)
Connective tissue disease (L94)
Peptic ulcer (K25, K26, K27)
Mild liver disease (K73, K74)
Diabetes mellitus (E10, E11, E12, E13, E14)
Diabetes with end organ disease (E13, E14)
Renal disease (N17, N18, N19)
Nonmetastatic solid tumor (C41, C46, C47, D00, D01, D02, D04, D05, D06, D07, D09)
Leukemia (C91, C92, C93, C94, C95)
Lymphoma and multiple myeloma (C81, C82, C83, c84, C85, C86, C90)
Metastatic tumor (C77, C78, C79)
AIDS (B20, B21, B22, B23, B34, R75)
Prior stroke (I63)
Transient ischemic attack (G45)
Hypertension (I10, I11, I12, I13, I15)
Atrial fibrillation (I48)
other cardiac disease: DCMP, valvular heart disease, PFO (I42.0, Io5, Q21.10)
Extracranial arterial stenosis (I65)
Intracranial arterial stenosis (I66)
Dyslipidemia (E78)

Severity for ischemic stroke Stroke severity index (no codes, modelled from other items)

Hospital level items Teaching hospital or not
Geographical location: whether in metropolitan city or not
Stroke unit or not
Public or private

ICD-10, 10th revision of the International Statistical Classification of Diseases and Related Health Problems; AMI, acute myocardial infarction; CHD, coronary 
heart disease; CAD, coronary arterial disease; AIDS, acquired immune deficiency syndrome; DCMP, dilated cardiomyopathy; PFO, patent foramen ovale.
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Supplementary Table 3. Regression statistics of stroke severity index model

Statistic Value

Multiple regression correlation coefficient 0.70

R square 0.49

Adjusted R square 0.49

Standard error 4.52

Observations 3.13

Supplementary Table 4. Multiple linear regression model for the stroke severity index (regression coefficient was 0.685)

Variable Coefficient Standard error P

Airway suctioning 3.7345 0.353 <0.001

Bacterial sensitivity test 1.1990 0.289 <0.001

General ward stay –2.9088 0.224 <0.001

ICU stay –0.1125 0.322 0.519

Nasogastric intubation 3.4404 0.174 <0.001

Osmotherapy 1.8908 0.262 <0.001

Urinary catheterization 2.7366 0.305 <0.001

Constant 5.8726 0.234 <0.001

ICU, intensive care unit.

Supplementary Table 5. Characteristics of the patients in clinical databases (n=4,932)

Characteristic DAUH (n=3,176) PNUYH (n=1,756) P

Age 67.2±12.6 70.0±12.9 <0.001

Female sex 1,243 (39.7) 713 (40.5) 0.557

NIHSS 4 (1–10) 4 (1–9) 0.181

LOS 7 (4–11) 9 (6–14) <0.001

Values are presented as mean±standard deviation, number (%), or median (interquartile range). 
DAUH, Dong-A University Hospital; PNUYH, Pusan National University Yangsan Hospital; NIHSS, National Institutes of Health Stroke Scale; LOS, length of stay.

Supplementary Table 6. Comparison of the clinical and administrative databases (n=4,932)

Variable DAUH PNUYH Overall

Sensitivity (%) 97.2 73.2 83.2

Specificity (%) 98.5 99.3 98.8

Positive predictive value (%) 70.5 92 80.2

DAUH, Dong-A University Hospital; PNUYH, Pusan National University Yangsan Hospital. 
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Supplementary Figure 1. (A) Selected risk adjustment variables of 30-day mortality models with each odds ratios and 95% confidence intervals and (B) re-
ceiver operating characteristic (ROC) curve. SSI, stroke severity index; CCI, Charlson comorbidity index; HTN, hypertension; ICAS, intracranial arterial stenosis; 
AF, atrial fibrillation.
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Supplementary Figure 2. (A) Selected risk adjustment variables of 30-day readmission models with each odds ratios and 95% confidence intervals and (B) 
receiver operating characteristic (ROC) curve. SSI, stroke severity index; CCI, Charlson comorbidity index; TIA, transient ischemic attack.
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Supplementary Figure 3. (A) Selected risk adjustment variables of symptomatic intracerebral hemorrhage models with each odds ratios and 95% confidence 
intervals and (B) receiver operating characteristic (ROC) curve. SSI, stroke severity index; ICAS, intracranial arterial stenosis; MI, myocardial infarction; HTN, 
hypertension; TIA, transient ischemic attack.
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Supplementary Figure 4. Plotted graphs of hospital crude (A) and risk-adjusted (B) 30-day mortality rate and endovascular recanalization therapy volumes 
for 5 years (n=111). Pearson correlation coefficient of –0.21 (P=0.03). However, in the risk-adjusted 30-day mortality model, the correlation coefficient was 
–0.03 (P=0.71).
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Supplementary Figure 6. Plotted graphs of hospital crude (A) and risk adjusted (B) symptomatic intracranial hemorrhage rate and endovascular recanaliza-
tion therapy volumes for 5 years (n=111). Both crude and risk-adjusted models showed a negative correlation (–0.16 and 0.03) and were statistically insignifi-
cant (P=0.11 and P=0.73).
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Supplementary Figure 5. Plotted graphs of hospital crude (A) and risk-adjusted (B) 30-day readmission rate and endovascular recanalization therapy vol-
umes for 5 years (n=111). Both crude (–0.13) and risk-adjusted (–0.15) models showed a negative correlation. Both models showed statistically insignificant 
values (P=0.20 and P=0.14).
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