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Validity of Early Outcomes as Indicators for 
Comparing Hospitals on Quality of Stroke 
Care
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BACKGROUND: Insight into outcome variation between hospitals could help to improve quality of care. We aimed to assess the 
validity of early outcomes as quality indicators for acute ischemic stroke care for patients treated with endovascular therapy 
(EVT).

METHODS AND RESULTS: We used data from the MR CLEAN (Multicenter Randomized Controlled Trial of Endovascular Treatment 
for Acute Ischemic Stroke in the Netherlands) Registry, a large multicenter prospective cohort study including 3279 patients 
with acute ischemic stroke undergoing EVT. Random effect linear and proportional odds regression were used to analyze the 
effect of case mix on between- hospital differences in 2 early outcomes: the National Institutes of Health Stroke Scale (NIHSS) 
score at 24 to 48 hours and the expanded thrombolysis in cerebral infarction score. Between- hospital variation in outcomes 
was assessed using the variance of random hospital effects (tau2). In addition, we estimated the correlation between hospitals’ 
EVT- patient volume and (case- mix– adjusted) outcomes. Both early outcomes and case- mix characteristics varied significantly 
across hospitals. Between- hospital variation in the expanded thrombolysis in cerebral infarction score was not influenced by 
case- mix adjustment (tau 2=0.17 in both models). In contrast, for the NIHSS score at 24 to 48 hours, case- mix adjustment led 
to a decrease in variation between hospitals (tau 2 decreases from 0.19 to 0.17). Hospitals’ EVT- patient volume was strongly 
correlated with higher expanded thrombolysis in cerebral infarction scores (r=0.48) and weakly with lower NIHSS score at 24 
to 48 hours (r=0.15).

CONCLUSIONS: Between- hospital variation in NIHSS score at 24 to 48 hours is significantly influenced by case- mix but not by 
patient volume. In contrast, between- hospital variation in expanded thrombolysis in cerebral infarction score is strongly influ-
enced by EVT- patient volume but not by case- mix. Both outcomes may be suitable for comparing hospitals on quality of care, 
provided that adequate adjustment for case- mix is applied for NIHSS score.

Key Words: acute ischemic stroke ■ case- mix ■ early outcome ■ expanded thrombolysis in cerebral infarction ■ hospitals’ patient 
volume ■ National Institutes of Health Stroke Scale ■ quality of care

Insight into between- hospital differences in outcome 
might help to improve the quality of care. One of the 
most important considerations in this regard is the se-

lection of valid and reliable outcome indicators that are 
used for benchmarking hospitals. Outcome measures 

reflect the impact of health care services and interven-
tions on the health status of patients,1– 3 and differences 
in outcome may represent real differences in quality of 
care. For example, the differences may be attributable 
to variation in the use of treatments, the process of care, 

Correspondence to: Marzyeh Amini, PhD, Department of Public Health, Erasmus Medical Center, PO Box 2040, 3000 CA Rotterdam, The Netherlands. 
Email: m.amini@erasmusmc.nl

Supplemental Material is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.122.027647

*A complete list of the MR CLEAN Registry Investigators can be found in the Appendix at the end of the article.

For Sources of Funding and Disclosures, see page 11.

© 2023 The Authors and Erasmus University Medical Center. This is an open access article under the terms of the Creative Commons Attribution-
NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for 
commercial purposes. 

JAHA is available at: www.ahajournals.org/journal/jaha

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 18, 2024

https://orcid.org/0000-0002-0123-9510
mailto:
https://orcid.org/0000-0002-4471-7623
https://orcid.org/0000-0003-2063-9533
https://orcid.org/0000-0002-1650-951X
https://orcid.org/0000-0002-2802-1511
https://orcid.org/0000-0002-9418-4503
https://orcid.org/0000-0001-9891-2136
https://orcid.org/0000-0003-1631-7056
https://orcid.org/0000-0003-4649-327X
https://orcid.org/0000-0002-3763-4774
https://orcid.org/0000-0002-8320-8303
https://orcid.org/0000-0002-9234-3515
mailto:m.amini@erasmusmc.nl
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.027647
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.122.027647&domain=pdf&date_stamp=2023-04-12


J Am Heart Assoc. 2023;12:e027647. DOI: 10.1161/JAHA.122.027647 2

Amini et al Hospital Differences in Stroke Care Early Outcomes

and/or less measurable aspects, such as care provid-
ers’ experience in performing certain treatments.4– 7 
However, a meaningful comparison of hospitals on out-
come requires adequate accounting for important meth-
odological issues, specifically adjustments for case- mix 
and random variation.1,8,9

Selecting appropriate outcome measures for com-
paring hospitals on quality of care for acute ischemic 
stroke poses a major challenge for investigators. In 
stroke care, the modified Rankin Scale (mRS) score 
at 90 days is a functional outcome that describes the 
degree of overall disability or dependence in daily life 
after stroke care, and it has been used as a measure 
of treatment outcome in trials and benchmarking ex-
ercises.10 However, the long time span between treat-
ment and mRS outcome assessment may experience 

loss to follow- up, leading to incomplete outcome data, 
which may threaten the validity and reliability of the 
mRS score as a quality indicator.11 More important, pre-
vious studies have shown that significant differences 
between endovascular therapy (EVT) hospitals in mRS 
score at 90 days are the result of differences in case- 
mix rather than the quality of care.8,9 Therefore, other 
outcomes should be considered that may be more 
valid representations of the quality of acute stroke care 
and, thus, are more useful for between- hospital com-
parisons. A potentially suitable early outcome measure 
in this respect is the reperfusion rate, as measured by 
the expanded thrombolysis in cerebral infarction (eTICI) 
score, because a high rate of reperfusion is a major 
contributor to better outcome after EVT.12 Another po-
tentially suitable early outcome measure is the neu-
rological deficit at 24 to 48 hours, as measured with 
the National Institutes of Health Stroke Scale (NIHSS), 
which is easily assessed during hospital stay and is a 
reliable measure of stroke neurological deficit.13

In the Netherlands and other countries, specialized 
treatment of patients with ischemic stroke is centralized 
in EVT hospitals.14,15 This centralization leads to higher 
volume of EVT in these hospitals. Previous research 
has shown that patient volume has a minor influence 
on functional outcome (mRS score) after stroke, possi-
bly because this outcome poorly reflects the increased 
quality of care that may result from higher volumes.9 
Analysis of the impact of hospital’s EVT- patient volume 
and case- mix on between- hospital differences in dif-
ferent types of early outcome measures may provide 
more insight into these measures’ validity as indica-
tors of quality of stroke care.16 Therefore, using data 
from a large nationwide registry, we aimed to assess 
the effect of case- mix and hospitals’ patient volume 
on between- hospital variation in reperfusion rate (eTICI 
score) and neurological deficit (NIHSS score) after EVT 
for ischemic stroke, to evaluate their validity as quality 
indicators.

METHODS
Data cannot be made available, as no patient approval 
has been obtained for sharing coded data. However, 
syntax files and output of statistical analyses will be 
made available on reasonable request to the corre-
sponding author.

Study Design and Patients
We used data collected between March 2014 and 
November 2017 from the MR CLEAN (Multicenter 
Randomized Controlled Trial of Endovascular Treatment 
for Acute Ischemic Stroke in the Netherlands) Registry, 
a prospective, observational study in all 17 hospitals 
that perform EVT in the Netherlands (Figure S1).14 We 

CLINICAL PERSPECTIVE

What Is New?
• Using data from a large nationwide registry, this 

study assessed the effect of hospitals’ case- 
mix and patient volume on between- hospital 
variation in the early outcomes “reperfusion 
rate” and “neurological deficit” after endovascu-
lar therapy of ischemic stroke.

• Rates of successful reperfusion were signifi-
cantly higher in high- volume hospitals than in 
low- volume hospitals, and case- mix adjustment 
did not influence between- hospital variation in 
this outcome.

• Variation in neurological deficit after endovascu-
lar therapy was not related to patient volume, 
whereas case- mix explained a significant por-
tion of the variation between hospitals.

What Are the Clinical Implications?
• For benchmarking endovascular therapy hospi-

tals on the quality of acute ischemic stroke care, 
both early outcomes might be suitable provided 
adequate adjustment for case- mix is performed 
for the outcome neurological deficit.

Nonstandard Abbreviations and Acronyms

AIC Akaike Information Criterion
eTICI expanded thrombolysis in cerebral 

infarction
EVT endovascular therapy
mRS modified Rankin Scale
NIHSS National Institutes of Health Stroke 

Scale
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applied the following inclusion criteria: treatment at age 
≥18 years, treatment in a hospital that participated in 
the MR CLEAN trial, and proximal intracranial vessel 
occlusion in the anterior circulation (internal carotid ar-
tery, internal carotid artery terminus, middle [M1/M2] 
cerebral artery, or anterior [A1/A2] cerebral artery), as 
shown by computed tomography angiography. Details 
on the study design and objectives of the MR CLEAN 
Registry have been described previously.14

The MR CLEAN Registry was approved by the ethics 
committee of the Erasmus University Medical Center, 
Rotterdam, the Netherlands (MEC- 2014- 235). With this 
approval, the registry was approved by the research 
board of each participating center. At UMC Utrecht, 
approval to participate in the study has been obtained 
from that university’s own research board and ethics 
committee. All subjects gave informed consent.

Variables
Outcome Measures

We analyzed variation in 2 early outcome measures: the 
ordinal eTICI score and the continuous NIHSS score at 
24 to 48 hours after EVT. The eTICI score ranges from 
0 (no antegrade reperfusion of the occluded vascular 
territory) to 3 (successful reperfusion).14,17 Reaching a 
score of 2B or higher required the completion of digital 
subtraction angiography runs, including both anter-
oposterior and lateral views after EVT. If a lateral view 
was missing, 2A was the highest possible score. An 
imaging core laboratory adjudicated all patient imag-
ing, but we used the self- reported, locally assessed 
eTICI for the current analysis. The members of the core 
laboratory were blinded to all clinical data, except for 
the symptom side. The NIHSS score measures neu-
rological deficit at 24 to 48 hours after EVT. NIHSS 
scores were assessed by the treating neurologist.18

Case- Mix Variables

We considered the possibility that prognostic factors 
for reperfusion and neurological deficit are not equally 
distributed across hospitals, thus possibly confounding 
the estimation of hospitals’ effect on early outcomes. 
Patients’ age, sex, relevant medical history (ie, previous 
stroke, atrial fibrillation, hypertension, and diabetes), 
prestroke mRS score, baseline score on the NIHSS, 
occlusion location, systolic and diastolic blood pres-
sure at admission, and the time between stroke onset 
and arrival at the emergency department of the EVT 
hospital were considered as potential confounders in 
case- mix– adjusted models. These patient and neuro-
imaging characteristics were selected on the basis of 
clinical knowledge and previous studies.1,8 Specifically, 
each characteristic must be associated with outcome 
and should not be influenceable by hospitals.

Hospital Patient Volume

We assessed hospital patient volume, which reflects 
the experience of a hospital with EVT and, thus, rep-
resents to some extent quality of care. Volume was 
defined as the number of patients treated in each hos-
pital each year during the study period. For illustrative 
purposes and visualization of crude data, volume was 
divided into quartiles (≤29, 30– 32, 33– 36, and >36 pa-
tients), but in the statistical analyses, we used the con-
tinuous measure of absolute patient volume.

Statistical Analysis
We used Pearson χ2 statistics and the nonparamet-
ric Kruskal- Wallis tests for univariable comparisons 
of hospitals on the eTICI score, NIHSS score at 24 to 
48 hours, and case- mix variables. Between- hospital 
differences in early outcome were analyzed using both 
random effect proportional odds regression (for the or-
dinal eTICI score) and random effect linear regression 
(for the continuous NIHSS score at 24– 48 hours) mod-
els. Patients who had died before NIHSS assessment 
received the maximum NIHSS score of 42. NIHSS 
scores at 24 to 48 hours were then log10 transformed 
to meet the assumption of normally distributed residu-
als in the regression model, after adding 1 point to all 
NIHSS scores, so that the log10- transformed NIHSS 
score of 0 would remain 0.19

Separately for the 2 outcomes, we first fitted an un-
adjusted model including only a random hospital inter-
cept, providing insight into between- hospital variation 
in outcome accounting only for random variation. Next, 
we ran a second model in which we, in addition to the 
random hospital effect, also adjusted for the individual- 
level fixed effects of the case- mix variables on the 
outcomes. These regression models were used to es-
timate each hospital’s effect on the 2 early outcomes, 
without and with adjustment for case- mix.

We calculated the correlation between hospitals’ 
effect estimates from the unadjusted model with those 
from the adjusted model to provide insight into the 
influence of case- mix on the hospital comparisons. 
In addition, we compared the between- hospital vari-
ation in outcome (measured by tau2, the variance of 
the random hospital effects) between the 2 models. 
The model fit was assessed using Akaike Information 
Criterion (AIC), with a lower AIC value indicating a bet-
ter fit.20

To assess the influence of EVT- patient volume on 
variation in outcome, we calculated the correlation 
between hospitals’ absolute EVT- patient volume and 
the hospitals’ effect estimates on outcomes, with and 
without case- mix adjustment.

All analyses were conducted with R statistical 
software version 3.4.3 (R Foundation for Statistical 
Computation, Vienna, Austria), using the clmm module 
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in the ordinalimputation package and the lmer module 
in the lme4 package. Statistical significance was as-
sessed at P<0.05 in all analyses.

Multiple imputation was used to deal with missing 
case- mix values, which ranged from 0.7% (previous 
diabetes) to 56% (diastolic blood pressure). To han-
dle the missing data, we first evaluated the pattern 
of missing data using the md.pattern function of the 
mice package in R. We also used mcar_test to as-
sess whether data are missing completely at ran-
dom. The high portion of missingness in systolic and 
diastolic blood pressures was related to age, NIHSS 
score baseline, location of occlusion, and prestroke 
mRS score. The Little test of missing completely at 
random showed that the missing data are not miss-
ing completely at random (ie, data are missing at ran-
dom).21 We conducted a sensitivity analysis in which 
we only used data from cases with complete data (ie, 
complete case analysis). Results were highly similar 
compared with those based on multiple imputation, 
but because complete case analysis significantly de-
creases the sample size and statistical power, we pro-
ceeded with the multiple imputed data. Therefore, we 
fitted imputation models22 and imputed data 5 times 
using both the case- mix and outcome variables. Each 
imputed data set was analyzed separately, after which 
the results were pooled.

RESULTS
Descriptive Analyses
A total of 3279 patients were included in the study 
(Figure S2). At the hospital level, the median patient 
age ranged from 68 to 77 years (Table). Case- mix 
differences between hospitals were statistically sig-
nificant for previous stroke (range, 0%– 26%), atrial 
fibrillation (range, 13%– 37%), hypertension (range, 
41%– 67%), prestroke mRS score, and location of oc-
clusion. Also, the median significantly differed across 
hospitals for baseline NIHSS score (range, 13– 17), 
time from stroke onset to arrival at the emergency de-
partment of the EVT hospital (range, 52– 160 minutes), 
systolic blood pressure (range, 142– 151 mm Hg), and 
diastolic blood pressure (range, 78.5– 88 mm Hg). The 
annual number of patients receiving EVT also varied 
considerably between hospitals across the 4 years 
(Table).

No reperfusion (eTICI score, 0) was achieved for 8% 
to 30% of patients across hospitals. A total of 0% to 7% 
of patients achieved an eTICI 1 score, and 8% to 31% 
received an eTICI 2A score. Successful reperfusion 
(eTICI score, >2B) was achieved in 30% to 80% of pa-
tients across hospitals (P<0.001). The median NIHSS 
score at 24 to 48 hours after EVT varied significantly 
(P=0.001) between hospitals from 8 to 15 (Table).

Effect of Case- Mix Adjustment on 
Variation in Outcome

For reperfusion rate (eTICI score), the between- 
hospital variation in outcome (tau2) in the unadjusted 
model was 0.17, with an AIC of 6219. The case- mix– 
adjusted model yielded similar figures (tau2=0.17; 
AIC=6186), suggesting no significant influence of 
case- mix adjustment on between- hospital varia-
tion in eTICI score (Figure 1A). This finding was un-
derscored by a strong positive correlation (r=0.99) 
between the hospital effect estimates from the unad-
justed model and those from the case- mix– adjusted 
model. In contrast, for neurological deficit (NIHSS 
score), this correlation between unadjusted and 
case- mix– adjusted hospital estimates was much 
lower (r=0.51). For this early outcome, tau2 reduced 
from 0.19 in the unadjusted model (AIC=3541) to 
0.17 in the case- mix adjustment model (AIC=2348), 
suggesting that some of the between- hospital varia-
tion in outcome is driven by differences in case- mix 
(Figure 1B).

Effect of Hospital EVT- Patient Volume
Reperfusion rates differed across quartiles of hospi-
tals’ patient volume; higher- volume hospitals had sig-
nificantly larger proportions of patients with successful 
reperfusion (eTICI score, >2B; P<0.001; Figure 2A). In 
contrast, there were no significant differences in neu-
rological deficit (NIHSS score) across quartiles of pa-
tient volume (P=0.71; Figure 2B).

When the effect of volume was analyzed as a con-
tinuous variable, unadjusted successful reperfusion 
rates (eTICI score, >2B) were higher in higher- volume 
hospitals (r=0.49; P<0.05). After adjusting for case- mix, 
the correlation decreased slightly but still was statisti-
cally significant (r=0.48; P<0.05; Figure 3A). In contrast, 
the unadjusted (r=0.09; P=0.68) and adjusted (r=0.15; 
P=0.73) neurological deficit was independent of EVT- 
patient volume (Figure 3B).

DISCUSSION
In this observational study, we found significant 
variation in the early outcome measures eTICI 
score (reperfusion rate) and NIHSS score (neuro-
logical deficit) between hospitals providing EVT for 
acute ischemic stroke in the Netherlands. Rates 
of successful reperfusion were significantly higher 
in high- volume hospitals than in low- volume hos-
pitals, and case- mix adjustment did not influence 
between- hospital variation in this outcome. In con-
trast, variation in neurological deficit after EVT was 
not related to patient volume, whereas case- mix did 
explain a significant portion of the variation between 
hospitals.
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Validity of and Actionability of Early 
Outcomes as Quality Indicator

Benchmarking hospitals on outcomes is useful for im-
proving quality of care only if the measured outcomes 
are affected by the provided care and reflect the quality 
performance of hospitals.23 In other words, selecting 

outcomes for benchmarking should involve consider-
ing the interpretability, actionability, and feasibility of 
each outcome; and the outcomes must be valid indi-
cators of the quality of care.16 The validity is often de-
scribed as sensitivity to adjustment for case- mix.24 In 
that sense, our findings suggest that the outcomes rep-
erfusion rate and neurological deficit, measured early 

Table . Characteristics of Patients Treated in Intervention Hospitals in the MR CLEAN Registry (N=3279)

Characteristic
Total population, n (%)/
median (IQR)

Hospital- level range, 
median/% P value Missing N (%)

Case- mix

Age, y 72 (61– 80) 68– 77 0.001 0

Men 1696 (52) 39– 55 0.79 0

Medical history

Previous stroke 546 (17) 0– 26 <0.001 27 (0.8)

Atrial fibrillation 772 (24) 13– 37 <0.001 43 (1.3)

Hypertension 1688 (53) 41– 67 <0.001 66 (2.0)

Diabetes 532 (16) 12– 25 0.09 24 (0.7)

Prestroke modified Rankin Scale score 72 (2.2)

0 2170 (68) 45– 87 <0.001

1 424 (13) 3– 19

2 241 (8) 0– 16

≥3 372 (12) 5– 25

NIHSS score at baseline 16 (11– 20) 13– 17 <0.001 55 (1.7)

Location of occlusion <0.001 160 (4.99)

M1 1815 (58) 45– 70

M2 455 (15) 4– 31

Intracranial ICA 161 (5) 0– 10

ICA- T 663 (21) 9– 27

Other (M3/anterior) 25 (1) 0– 4

Time from onset to arrival at ED, min 135 (65– 195) 52– 160 <0.001 124 (3.8)

Systolic blood pressure at admission, mm Hg 150 (131– 165) 142– 151 <0.001 1833 (55.9)

Diastolic blood pressure at admission, mm 
Hg

80 (70– 91) 78.5– 88 <0.001 1837 (56.0)

Hospital’s EVT- patient volume

2014 187 (6*) 0– 18†

2015 822 (25*) 1– 13†

2016 1131 (34*) 1– 14†

2017 1139 (35*) 0– 13†

Outcomes

eTICI score <0.001 88 (2.7)

0 535 (16) 8– 30

1 95 (3) 0– 7

2A 596 (18) 8– 31

2B, 2C, or 3 1965 (60) 30– 80

NIHSS score 24– 48 h after EVT 10 (4– 17) 8– 15 <0.001 253 (7.7)

ED indicates emergency department; eTICI, expanded thrombolysis in cerebral infarction; EVT, endovascular therapy; ICA, internal carotid artery; ICA- T, 
ICA terminus; IQR, interquartile range; MR CLEAN, Multicenter Randomized Controlled Trial of Endovascular Treatment for Acute Ischemic Stroke in the 
Netherlands; M1/M2, middle cerebral artery; and NIHSS, National Institutes of Health Stroke Scale.

*Hospital EVT- patient volume as a percentage of all patients receiving EVT and treated in the Netherlands in the relevant year.
†The hospital- level range in EVT- patient volume is defined as the range in the percentage of all patients receiving EVT and treated in each hospital relative to 

all patients receiving EVT and treated in the Netherlands in the relevant year.
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after treatment, might be more valid than the functional 
outcome measure mRS score at 90 days, because 
clinical status later can be influenced by other factors 

than quality of care, such as depression and recur-
rent ischemic events.25 In our previous study in which 
we analyzed the effect of differences in performance 

Figure 1. Plots of hospital effects from unadjusted and case- mix– adjusted models for expanded thrombolysis in cerebral infarction 
(eTICI) score (A) and National Institutes of Health Stroke Scale (NIHSS) score 24 to 48 hours after endovascular therapy (EVT; B).
Results are from the random effect proportional odds regression analysis for ordinal eTICI score and random effect linear regression 
analysis for NIHSS score 24 to 48 hours after EVT. Each dot represents a hospital effect estimate related to the relevant outcome. 
A lower Akaike Information Criterion (AIC) value indicates a better model fit. The tau2 is the variance of the random hospital effects. 
**Correlation is significant at the 0.01 level.
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on structure and processes of care, and case- mix on 
between- hospital differences in mRS score at 90 days, 
we concluded that between- hospital variation in the 
mRS outcome of patients with ischemic stroke mostly 
reflects differences in case- mix, rather than differences 
in structure or process of care.9 In this study, we found 
that variation in neurological deficit after EVT, similar to 
mRS score at 90 days,9 is substantially influenced by 
differences in case- mix. Many of the case- mix variables 
(patient characteristics, like age, and history of another 

disease) are not modifiable by the care provided. This 
emphasizes that case- mix adjustment should be done 
thoroughly and accurately when comparing hospitals 
on these 2 outcomes for it to be a valid measure for 
comparing providers on quality of care.25 But the use 
of any of these outcomes for benchmarking depends 
on the time period during which each performance 
measure needs to be evaluated. For example, some 
processes of care are required to be performed within 
24 hours after treatment, others before discharge, and 

Figure 2. Distribution of expanded thrombolysis in cerebral infarction (eTICI) score (A) and National Institutes of Health 
Stroke Scale (NIHSS) score 24 to 48 hours after endovascular therapy (EVT; B) across quartiles of annual patient volume in 
EVT hospitals.
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still others within 3 months of discharge. This requires 
giving due consideration to the circumstances of clini-
cal care when specifying the period of care.16

For improvement purposes, indicators should be 
actionable for hospitals. This is questionable for both 
functional and neurological deficit outcomes because 
it is not obvious what improving quality of care would 
require. This may be different for the reperfusion rate 
(eTICI score), for which we found that between- hospital 

variation does not reflect differences in case- mix. 
However, using this outcome measure for compar-
ing hospitals on quality still requires caution. The 
eTICI score is a “technical” outcome measure that is 
mainly influenced by the skills and experience of the 
intervention radiologist in the angiography unit.7 Even 
with adjustment for various case- mix variables, like in 
this study, between- hospital differences might still re-
flect unobserved confounding attributable to patient 

Figure 3. Correlation between hospitals effect on expanded thrombolysis in cerebral infarction (eTICI) score (A) and 
National Institutes of Health Stroke Scale (NIHSS) score 24 to 48 hours after endovascular therapy (EVT; B), and absolute 
hospital EVT- patient volume.
Each dot represents a hospital effect estimate related to the relevant outcome. *Correlation is significant at the 0.05 level.
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selection. It is possible that more experienced inter-
ventionalists are better able to select patients with 
occlusions (M1) that are easy to handle. As a result, 
experience may translate into ability to choose the 
“right” patients for intervention. Case- mix adjustment 
is only possible for measured confounders, but the 
above- mentioned mechanism would lead to unmea-
sured confounding (selection bias), which is difficult to 
account for in between- hospital comparisons. We do 
not oppose that, on large- vessel occlusion, patients 
who did not undergo EVT in the participating centers. 
However, our study concerns patients treated within 
6 hours from onset. The Dutch intervention hospitals 
providing EVT generally adhere to the Dutch guide-
lines, which use a liberal indication, as was done in 
the MR CLEAN trial. No restrictions were found with 
regard to the Alberta Stroke Program Early CT Score 
(ASPECTS), anticoagulants, or previous disability. No 
selection was performed with CT perfusion or collater-
als in this time window.

In addition, eTICI only reflects the quality of a specific 
(short- term) care process and not the overall picture 
of quality of care. For example, patients with an eTICI 
score of 3 might still die within the hospital because 
of complications, like pneumonia and groin bleeds. 
Therefore, obtaining an overall picture of the quality of 
the full care path for patients with stroke requires com-
bining comparisons on eTICI score with other relevant 
clinical and radiological measures.

Hospital’s EVT- Patient Volume and 
Outcome Relationship
We found no significant correlation between neurologi-
cal deficit (NIHSS score) after EVT and hospitals’ pa-
tient volume. In contrast, we did find that hospitals that 
treated more patients had significantly higher rates of 
successful reperfusion (eTICI score, >2b). High- volume 
hospitals might have more focus on preoperative pro-
tocols with detailed specification of care processes, in-
cluding collaboration between different professionals, 
like neurologists, radiologists, anesthesiologists, inten-
sive care unit staff, and nursing staff, for rapid imaging 
and shorter procedural duration.26,27 Therefore, when it 
comes to improving the quality of stroke care, the eTICI 
score is more actionable for hospitals because it is 
more sensitive to, for example, logistical improvements 
that reduce, for example, periprocedural or procedural 
times to treatment.27 Further research is needed to un-
derstand what processes or other factors underlie the 
variation in this outcome as this information would be 
of great importance to providers and patients.

One of the concerns has been that the more severe 
and/or complex cases are preferentially transferred 
to larger centers, thus causing a negative impact on 
hospital- level clinical outcomes. Our results suggest 

that for eTICI score, this negative impact is not ob-
served, at least when the sample of EVT only cases is 
considered. Whether this relationship is similar across 
all stroke cases seen at a hospital that performs EVT is 
not known and remains an important question.

Strengths and Limitations of the Study
This is the first study that uses nationwide registry data 
to analyze between- hospital differences in early out-
comes in stroke care. Using sophisticated statistical 
approaches, we examined the influence of case- mix 
and patient volume on these differences. Specifically, 
the use of random effect regression modeling allowed 
us to estimate (the variance of) hospital effects on 2 
early outcomes adjusted for chance variation and po-
tential confounding factors.

A limitation of this study is the unavailability of infor-
mation on other factors that might impact between- 
hospital differences in outcome. This includes 
information on unmeasured patient characteristics, 
care processes, hospital characteristics, and patient 
volume of interventionists. Another potential limitation 
is that missing values may have introduced some bias, 
although we believe to have mitigated this issue consid-
erably using multiple imputation, which is the preferred 
method over complete case analysis.28,29 Furthermore, 
eTICI score is usually self- reported immediately after 
the treatment, which may lead to response bias.30 A 
final limitation is that we only assessed the validity of 
2 early outcomes for outcome variation between hos-
pitals. Conclusions might be different for other out-
comes that are relevant to patients with stroke treated 
with EVT, like bleeding complications or NIHSS score 
at discharge. But an outcome measured at discharge 
is difficult to interpret, as the timing of discharge is also 
dependent on the outcome.

CONCLUSIONS
In patients with ischemic stroke, between- hospital vari-
ation in neurological deficit after EVT is influenced by 
case- mix but not by patient volume, whereas variation 
in reperfusion rate is heavily influenced by patient vol-
ume and not by (observed) case- mix differences. For 
benchmarking EVT hospitals on quality of short- term 
care for patients receiving EVT, both early outcomes 
might be suitable provided adequate adjustment for 
case- mix is performed for neurological deficit. The 
reperfusion rate might be a particularly valid and ac-
tionable outcome indicator for improving quality of care 
because it appears to reflect true differences in quality 
of care. Although it reflects only a small part of the care 
process of patients with stroke, it may be useful for 
systematically monitoring and subsequently improving 
the quality of acute stroke care.
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Figure S1. Specialized EVT hospitals in the Netherlands. 
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Figure S2. Flowchart of patient selection in the MR CLEAN Registry.

All consecutive patients treated with EVT 

March 18 2014 - Nov 1 2017 

(N=3637) 

Exclusion criteria 

• Age <18 years (n=9)
• No MR CLEAN trial center (n=177)
• Posterior circulation (n=172)

Included patients 

(n=3279) 
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