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BACKGROUND AND PURPOSE: Ischemic stroke patients with large vessel occlusion (LVO) could benefit from direct transportation
to an intervention center for endovascular treatment, but non-LVO patients need rapid IV thrombolysis in the nearest center.
Our aim was to evaluate prehospital triage strategies for suspected stroke patients in the United States.

METHODS: We used a decision tree model and geographic information system to estimate outcome of suspected stroke
patients transported by ambulance within 4.5 hours after symptom onset. We compared the following strategies: (1) Always
to nearest center, (2) American Heart Association algorithm (ie, directly to intervention center if a prehospital stroke scale
suggests LVO and total driving time from scene to intervention center is <30 minutes, provided that the delay would not
exclude from thrombolysis), (3) modified algorithms with a maximum additional driving time to the intervention center of <30
minutes, <60 minutes, or without time limit, and (4) always to intervention center. Primary outcome was the annual number
of good outcomes, defined as modified Rankin Scale score of 0—2. The preferred strategy was the one that resulted in the
best outcomes with an incremental number needed to transport to intervention center (NNTI) <100 to prevent one death or
severe disability (modified Rankin Scale score of >2).

RESULTS: Nationwide implementation of the American Heart Association algorithm increased the number of good outcomes
by 594 (+1.0%) compared with transportation to the nearest center. The associated number of non-LVO patients transported
to the intervention center was 16714 (NNTI 28). The modified algorithms yielded an increase of 1013 (+1.8%) to 1369
(+2.4%) good outcomes, with a NNTI varying between 28 and 32. The algorithm without time limit was preferred in the
majority of states (n=32 [65%)]), followed by the algorithm with <60 minutes delay (n=10 [20%]). Tailoring policies at county-
level slightly reduced the total number of transportations to the intervention center (NNTI 31).

CONCLUSIONS: Prehospital triage strategies can greatly improve outcomes of the ischemic stroke population in the United
States, but increase the number of non-LVO stroke patients transported to an intervention center. The current American
Heart Association algorithm is suboptimal as a nationwide policy and should be modified to allow more delay when directly
transporting LVO-suspected patients to an intervention center.
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intracranial large vessel occlusion (LVO) are often  dependent, and treatment should be started as soon
severely affected and are more likely to have a  as possible.*™®
poor outcome than ischemic stroke patients without
LVO.'"® Endovascular treatment (EVT) using throm-
bectomy devices can strongly improve outcome in

Patients with ischemic stroke due to a proximal patients with LVO stroke, but this effect is highly time-
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Nonstandard Abbreviations and Acronyms

AHA American Heart Association

EVT endovascular treatment

IVvT intravenous treatment with alteplase
Lvo large vessel occlusion

NNTI number needed to transport to interven-

tion center

In clinical practice, patients with suspected stroke are
often transported to the nearest hospital, where they will
receive a diagnostic work-up and can be treated with
intravenous treatment with alteplase (IVT). When an LVO
is present on noninvasive imaging, patients need to be
transferred to a specialized intervention center capable
of providing EVT. These interhospital transfers are asso-
ciated with treatment delay and a significantly lower
chance of good outcome after EVT."”® Patients with LVO
could benefit from direct transportation to an intervention
center, while non-LVO stroke patients need rapid IVT in
the nearest stroke center.® Numerous prehospital stroke
scales have been developed to identify stroke patients
with LVO in the prehospital setting based on their clinical
symptoms, but none of these scales have both a high
sensitivity and high specificity.”

Therefore, in determining the best prehospital tri-
age strategy, the potential benefit of rapid EVT for LVO
patients needs to be weighed against the harm of delay-
ing IVT in (false-positive) non-LVO patients. Previous
modeling studies showed that the harms and benefits
of transportation decisions are mainly dependent on the
likelihood of LVO and the geographic distribution of cen-
ters, but the optimal triage policy for suspected stroke
patients is still unknown.''~'® Currently, the Mission: Life-
line Stroke algorithm of the American Heart Association
(AHA)/American Stroke Association recommends direct
transportation to an intervention center when LVO is sus-
pected (based on a positive prehospital stroke scale), the
additional driving time will not disqualify for IVT, and the
total transport time from scene to nearest intervention
center is <30 minutes.'”

In this study, we aim to assess the effect of alter-
native prehospital triage strategies and to determine
the optimal policy for suspected stroke patients in the
United States.

METHODS

We used a previously developed decision tree model for sus-
pected stroke patients presenting to the emergency medical
services within 4.5 hours after symptom onset.”® We modeled
the following prehospital triage strategies: (1) transportation
of all patients to the nearest stroke center, (2) triage using
the original AHA algorithm (to intervention center when LVO
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is suspected based on a positive prehospital stroke scale and
the total driving time from scene to the intervention center
is <30 minutes, provided that the delay would not exclude
from IVT), (3) triage using a modified algorithm with extended
time limits for the transport of suspected patients with LVO
(additional driving time to the intervention center of <30 min-
utes, <60 minutes, and no time limit [under the condition that
IVT will not be disqualified when bypassing the nearest stroke
center]), and (4) transportation of all patients to the interven-
tion center.

This study did not use individual patient data and, therefore,
did not need approval by an ethics committee. Analytic methods
and study materials that support the findings of this study are
available from the corresponding author upon reasonable request.

Input Parameters
We included all 48 contiguous states and the District of
Columbia. As geographic input parameters, we used the 2010
US Census tracts, which are small statistical subdivisions of
counties with a population of 1200 to 8000 inhabitants. The
annual number of ischemic stroke patients was calculated
based on the number of inhabitants per Census tract, the
county-specific age distribution and the national hospitalization
rates of ischemic stroke patients in 2010 for age categories
25 to 44, 45 to 64, 65 to 84, and 85 years and older.'®'® We
estimated that 30% of these patients presented within the 4.5
hour time window.?® To assess hospital certification status, we
used data from 3 national accreditors: The Joint Commission
Quality Check Stroke Certification program, Det Norske Veritas
National Integrated Accreditation for Healthcare Organizations
program, and the Healthcare Facilities Accreditation
Program.2'"2 When hospitals were registered by multiple
accreditors, we used the highest level of certification. Hospitals
capable of delivering IVT, using telemedicine if necessary, were
classified as primary stroke centers. Hospitals capable of deliv-
ering both IVT and EVT were classified as intervention centers.
As prehospital stroke scale for LVO assessment, we used
the prospectively validated Rapid Arterial Occlusion Evaluation
with a sensitivity of 84% and a specificity of 60% at a cut-
off at 25 points.?#? This yielded a positive predictive value of
34% and a negative predictive value of 94% at the base-case
prevalence of 20% LVO among suspected stroke patients.
We used an average time of 90 minutes between symptom
onset and departure from scene. The door-to-needle time was
estimated to be 60 minutes in all primary stroke centers and
50 minutes in all intervention centers.?® Door-in-door-out time
in the primary stroke centers was considered to be 100 min-
utes; door-to-groin time in the intervention centers 85 minutes
for directly admitted patients and 55 minutes for transferred
patients.” Stroke scale characteristics, LVO prevalence, and
workflow times were varied in the sensitivity analyses to assess
their effect on the preferred strategy.

Outcome Measures

For each strategy, we calculated the annual number of good
outcomes (defined as a modified Rankin Scale score of 0-2)
and the additional number of non-LVO patients transported to
an intervention center (including intracranial hemorrhages and
stroke mimics). The number needed to transport to an interven-
tion center (NNTI) was defined as the ratio between these 2
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measures, that is, how many non-LVO patients are transported
to an intervention center to prevent death or severe disability
(modified Rankin Scale score of >2) in one patient.

Analyses

We used origin-destination matrix analyses to calculate driving
times from all Census tract population centers (n=72263) to
the nearest primary stroke center and the nearest intervention
center. The population centers defined by the Census Bureau
were used as the geographic center of the population in each
Census tract. Hospitals were located based on the Homeland
Infrastructure Foundation-Level Data. We allowed transporta-
tion to an intervention center in a neighboring state. In such
cases, the transport strategy of the state of origin was followed.
Air transportation was not considered. We entered the calcu-
lated driving times in the existing decision tree model to esti-
mate the effect of each strategy per census tract. Differences
in outcome were only modeled for ischemic stroke patients;
outcomes of patients with intracranial hemorrhage or stroke
mimics were considered to be unrelated to the initial transpor-
tation policy. The probability of a good outcome (defined as
modified Rankin Scale score of 0-2) decreased with ~2.5%
per hour for patients receiving IVT and with 5.2% per hour for
patients receiving EVT?® Further details of the decision tree
model have been published previously.'®

The effect of nationwide implementation of each triage
strategy was assessed with the number of poor outcomes
prevented compared with transportation of all patients to the
nearest stroke center and the corresponding NNTI. We also cal-
culated the incremental benefit of each strategy compared with
the previous, more restrictive, strategy. Additionally, we assessed

Prehospital Triage of Suspected Stroke Patients

the best strategy for each state and each county. The preferred
strategy was the one that resulted in the best outcomes with an
incremental NNTI <100 patients to prevent one death or severe
disability. We assessed state characteristics, such as population
density and local driving times, according to the preferred strat-
egy per state. We also calculated the incremental effect of a
state-level or county-level policy, when implementing the pre-
ferred strategy in each state or each county separately.

Sensitivity analyses were performed by varying the preva-
lence of LVO among suspected patients with stroke (from 10%
to 30%), the workflow times in the primary stroke center (door-
to-needle time from 30 to 90 minutes and door-in-door-out
time from 50 to 150 minutes), and the maximum accepted
NNTI (from 25 to 400). We showed the effect of these differ-
ent scenarios on the state-level and county-level distribution of
preferred strategies. We also performed a sensitivity analysis
using a prehospital stroke scale with a 10% absolute increase
in sensitivity or specificity.

We used ESRI ArcGIS Pro (version 2.0.0) for the network
analyses and visualization of the maps. R statistical software
(version 3.5.1) was used for all other analyses.

RESULTS

We found certification data for 1644 US hospitals, of
which 328 (20%) are intervention centers.

In the base-case scenario, nationwide implementation
of the AHA algorithm increased the number of good out-
comes with 594 (+1.0%) compared with transportation of
all patients to the nearest stroke center. The associated

Table 1. The Effect of Prehospital Triage Strategies in the Base-Case Scenario
Modified Triage Algorithm
AHA Triage 9¢ 219
Always to Algorithm (Total Additional Additional Always to
Nearest Driving Time Driving Time Driving Time Intervention
Stroke Center <30 min) <30 min <60 min No Time Limit Center
Nationwide policy
Increase in number of good outcomes per 0 (ref) 594 (+1.0%) 1013 (+1.8%) 1281 (+2.2%) 1369 (+2.4%) | 1289 (+2.2%)
year (%)*
Incremental good outcomest NA 594 419 268 88 —80
Additional number of non-LVO patients 0 (ref) 16714 28549 37932 43249 140362
transported to intervention center
Incremental transportationst NA 16714 11835 9383 5317 97113
NNTI NA 28 28 30 32 109
Incremental NNTI+ NA 28 28 35 60 NA
State-level policy
States with benefit,# n (%) 0 (ref) 42 (86%) 46 (94%) 45 (92%) 45 (92%) 20 (41%)
NNTI in states with benefit, median (IQR) NA 28 (28-28) 28 (27-29) 29 (29-31) 32 (30-35) 83 (80-89)
County-level policy
Counties with benefit,# n (%) 0 (ref) 432 (14%) 1497 (48%) 1904 (61%) 2069 (67%) 1346 (43%)
NNTI in counties with benefit, median NA 27 (26-29) 27 (24-29) 29 (26-33) 30 (27-36) 73 (66-82)
(IQR)

AHA indicates American Heart Association; IOR, interquartile range; LVO, large vessel occlusion; and NNTI, number needed to transport to the intervention center.
*“The estimated number of good outcomes in the scenario with standard transportation to the nearest hospital is 57 660.
tCompared with the previous, more restrictive, strategy.
+Benefit is defined as an increase in good outcomes compared with transportation to the nearest stroke center, with a maximum NNTI of 100 non-LVO patients to

prevent one death or severe disability.
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Preferred strategy

|:| Always to nearest center (n=3)
|:| AHA algorithm: total <30min (n=1)

. Modified algorithm: delay <60min (n=10)
- Modified algorithm: no time limit (n=32)
|:| Modified algorithm: delay <30min (n=3) . Always to intervention center (n=0) ® [ntervention centers

sl

N T

Preferred strategy

D Always to nearest center (n=1,032) . Modified algorithm: delay <60min (n=734)
E] AHA algorithm: total <30min (n=71) . Modified algorithm: no time limit (n=463)
|:| Modified algorithm: delay <30min (n=807) . Always to intervention center (n=0) ® |Intervention centers

Figure 1. The preferred prehospital triage strategies in the base-case scenario, on state-level (A; n=49) and county-level (B; n=3107).

AHA indicates American Heart Association.

number of non-LVO patients transported to the interven-
tion center was 16714 (NNTI 28). The modified algo-
rithms yielded an increase of 1013 (+1.8%) to 1369
(+2.4%) good outcomes, with an NNTI varying between
28 and 32 (Table 1). Nationwide transportation of all
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suspected stroke patients to an intervention center was
inferior to the universally applied algorithm without time
limit but could still be beneficial compared with transport-
ing all patients to the nearest stroke center in several
states (n=20 [41%)]) and counties (n=1346 [43%)]).
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The modified triage algorithm without time limit was
preferred in the majority of states (=32 [65%)]), fol-
lowed by the algorithm with <60 minutes delay (n=10
[20%)]; Figure 1A). Transportation of all patients to the
nearest stroke center was optimal in Idaho, Montana, and
Wyoming, sparsely populated states without certified
intervention centers, while the current AHA algorithm
was only preferred in the District of Columbia, where
the average driving time to an intervention center is very
short (14 minutes). Using a modified algorithm with an
additional driving time of <30 minutes was favored in
rural states with very large between-center distances,
while a longer delay was accepted in states with shorter
driving times (Table 2). On county-level, liberal triage
strategies were less often beneficial compared with
standard transportation to the nearest stroke center
(Figure 1B). The county-specific policy was slightly more
efficient but did not improve outcome compared with the
nationwide application of an algorithm without time limit
(1371 versus 1369 poor outcomes prevented, NNTI
31 versus 32). Applying the optimal policy on census
reduced the number of unnecessary transportations fur-
ther to an NNTI of 30.

The incremental NNTI of triage strategies when using
the Rapid Arterial Occlusion Evaluation scale with a cut-
off at >5 points varied between 28 and 60 (Figure 2A).
Improving the specificity of the prehospital stroke scale
with 10% decreased the number of non-LVO strokes
transported to the intervention center, resulting in an
incremental NNTI between 19 and 34 (Figure 2B). A
10% improvement in sensitivity led to better outcomes
with an incremental NNTI between 25 and 47 (Fig-
ure 2C). Further sensitivity analyses showed that more
restrictive triage strategies (ie, always to nearest stroke
center or using the AHA algorithm) were preferred in
scenarios with lower LVO prevalence, shorter workflow
times in the primary stroke center, and when applying a
maximum NNTI of 25 (Figure 3).

Prehospital Triage of Suspected Stroke Patients

DISCUSSION

Our major finding is that, as a nationwide policy, the AHA
triage algorithm is suboptimal when compared with strate-
gies that permit direct transport of patients with suspected
LVO to an intervention center even when leading to delays
of 30 minutes or beyond. The current AHA policy is only
preferred for the District of Columbia, where driving times
are very short, or in scenarios with a low prevalence of LVO,
very efficient workflow in the primary stroke centers or a
low number of additional non-LVO patients accepted in the
intervention centers. An algorithm without time limit for the
transportation of LVO-suspected patients would be opti-
mal in the majority of states and could greatly improve out-
comes of the ischemic stroke population. Tailoring triage
policies at county-level does not increase good outcome
compared with the best nationwide strategy but slightly
improves triage efficacy by reducing the number of unnec-
essary transportations to the intervention center.

We assessed the effect of triage strategies on func-
tional outcome of the ischemic stroke population, thereby
assuming that optimizing patient outcomes is the driving
force of these decisions. However, an increasing num-
ber of patients may lead to problems with resources and
crowding in the intervention centers. We, therefore, used
the NNTI to weight the effect of triage strategies on out-
come against the number of additional non-LVO stroke
patients transported to an intervention center. We defined
an NNTI of <100 to prevent one death or severe disability
as a reasonable limit in our base-case analysis. Using our
decision model, we calculated that the average benefit of
preventing one death or severe disability in the ischemic
stroke population is 7.7 QALYs. Thus, an NNTI of 100 cor-
responds with approximately (100/7.7=) 13 extra non-
LVO patients transported to an intervention center for
each QALY gained. Given the conventional willingness-
to-pay threshold of $50000 per QALY;?" a willingness to
transport 13 patients for one QALY appears reasonable

Table 2. State Characteristics According to the Preferred Prehospital Triage Strategy in the Base-Case Scenario

AHA Triage Modified triage algorithm
Always to Algorithm (Total
Nearest Stroke | Driving Time <30 | Additional Driving | Additional Driving

Center min) Time <30 min Time <60 min No Time Limit
Number of states 3 1* 3 10 32
Population density per mi? land area 7 (7-14) 11377 11 (11-19) 65 (39-704) 131 (74-236)
Total number of stroke centers per 10000 mi? land area 0.03 (0.02-0.03) 82 0.08 (0.06-0.1) 0.2 (0.1-0.9) 0.7 (0.3-1.4)
Percentage of stroke centers that are intervention centers 0% (0%—0%) 60% 7% (3%—-0%) | 15% (10%—-22%) | 16% (10%—19%)
Average driving time to nearest primary stroke center, min 90 (76-104) 11 61 (43-69) 30 (26-40) 29 (20-34)
Average driving time to nearest intervention center, min 280 (261-379) 14 163 (99-201) 53 (37-87) 49 (39-67)
Average driving time between primary stroke center and 250 (230-352) 13 128 (75-167) 38 (29-69) 43 (34-59)
nearest intervention center, min

All characteristics are expressed as median (IQR). The preferred strategy was the one that resulted in the best outcomes with an incremental number needed to
transport to intervention center of <100 non-LVO patients to prevent one death or severe disability. AHA indicates American Heart Association; IOR, interquartile range;

and LVO, large vessel occlusion.
“District of Columbia.
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Figure 2. The effect of nationwide implementation of prehospital triage strategies.

The increase in the number of good outcomes per year, the additional number of patients without large vessel occlusion (LVO) transported to an
intervention center and the corresponding number needed to transport to intervention center (NNTI) to prevent death or severe disability in one
patient, in scenarios with different prehospital stroke scale characteristics. In A, the Rapid Arterial Occlusion Evaluation (RACE) was used with
a sensitivity of 84% and a specificity of 60% at a cutoff at =5 points; (B) shows a 10% absolute increase in specificity (ie, sensitivity 84% and

specificity 70%); (C) a 10% absolute increase in sensitivity (ie, sensitivity 94% and specificity 60%). AHA indicates American Heart Association.

compared with other widely accepted interventions.
Restrictive triage strategies were only preferred when a
maximum NNTI of <25 was considered.

Other criteria should also be taken into consideration
when determining the optimal policy in a region. Trans-
portation to an intervention center further away from their
hometown can be inconvenient for patients and their rela-
tives. Emergency medical services will be affected by the
triage strategy: although less interhospital transfers will

Stroke. 2020;51:3310-3319. DOI: 10.1161/STROKEAHA.120.031144

be needed, more patients will be transported directly to
an intervention center further away, potentially outside the
region. The shift of patient volume will also have economic
consequences for primary stroke centers that will receive
and treat less stroke patients. These centers need to be
stimulated to improve their in-hospital workflow, because
direct transportation to an intervention center becomes less
favorable when the door-to-needle and door-in-door-out
times in the primary stroke centers decrease. Improving the
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Figure 3. Results of the sensitivity analyses.

A-C, The state-level and county-level distribution of preferred prehospital triage strategies with changing prevalence of large vessel occlusion,
workflow times in the primary stroke center, and maximum accepted number needed to transport to intervention center to prevent one death
or severe disability. AHA indicates American Heart Association. *In this scenario, the door-to-needle time in the intervention center was also
adjusted to 30 min.
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specificity of the prehospital stroke scale, either by choos-
ing a higher cutoff or using another instrument, would also
lower the number of unnecessary transportations without
affecting clinical outcomes.

Several limitations of this study need to be considered.
First, not all centers in the United States that are capable of
IVT and EVT are officially certified, so we may have underes-
timated the number of centers. A higher number of centers
might make transportation of patients to the intervention
center more favorable. Second, thrombectomy-capable
centers were treated in a similar way as comprehensive
stroke centers, although it is unclear whether these cen-
ters are able to maintain the same level of experience and
high standards of care.® Third, local differences in door-
in-door-out time and door-to-groin time might affect the
optimal transportation strategy, but due to a lack of data
we had to use the average workflow times reported for
primary stroke centers and intervention centers. Fourth,
we assumed that outcomes of non-LVO stroke patients
are similar after transportation to a primary stroke center
or intervention center. Fifth, we only considered the effect
on the most severely affected patients (modified Rankin
Scale score of >2), without taking into account the full shift
on the modified Rankin Scale. This might have underesti-
mated the absolute effect of triage strategies, although the
pattern of the contrasts between different strategies would
probably remain similar. Finally, a formal cost-effectiveness
analysis was beyond the scope of this study.

Little evidence is available from clinical studies on tri-
age strategies.?® The DIRECT-MT trial (Direct Intraarterial
Thrombectomy in Order to Revascularize Acute Ischemic
Stroke Patients with Large Vessel Occlusion Efficiently in
Chinese Tertiary Hospitals: a Multicenter Randomized Clin-
ical Trial) recently showed that EVT alone was noninferior
compared with EVT with prior IVT administered within 4.5
hours after symptom onset, which supports the strategy to
bypass primary stroke centers when the likelihood of LVO
is high*° Results from the STRATIS registry (Systematic
Evaluation of Patients Treated with Neurothrombectomy
Devices for Acute Ischemic Stroke) showed that direct
transportation of LVO patients to an intervention center,
especially when within 20 miles, may lead to better clinical
outcomes3' An ongoing randomized clinical trial in Cata-
lonia, Spain, might provide real-world evidence for a triage
strategy based on the Rapid Arterial Occlusion Evaluation
score.®? However, these results will only be directly appli-
cable to regions with similar population density, between-
center distances and in-hospital workflow times. Modeling
studies can be used to translate these results to other
regions with different geographic features, while clinical
data is needed to optimize the estimates of (time-depen-
dent) treatment efficacy, performance of prehospital stroke
scales and model assumptions. A recent modeling study
about the optimization of US stroke care systems showed
that bypass strategies might be more efficient to maximize
direct EVT access than increasing the number of EVT

Stroke. 2020;51:3310-3319. DOI: 10.1161/STROKEAHA.120.031144
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centers.® Another study compared the effect of different
triage policies on population level for a large region in Ger-
many and showed that in certain regions direct transporta-
tion to an intervention center may yield better outcomes
than the drip-and-ship approach.3*3% This group showed
that the current guidelines might be too conservative and
suggested an additional delay to IVT of <30 minutes in
urban areas and <60 minutes for rural regions.®

Our study was the first to evaluate nationwide triage
strategies for the United States and confirmed the benefi-
cial effect of increasing the accepted delay to bypass the
primary stroke center. Adjustments of the current recom-
mendations from the AHA/American Stroke Association
are warranted to improve outcomes of the ischemic stroke
population. Direct transportation of LVO-suspected patients
within the 4.5-hour time-window should be permitted when
leading to delays of 30 minutes or more, but only when
this will not disqualify IVT. Regional policies can be further
optimized based on local geographic circumstances and
organization of stroke care, for example, by using a more
specific stroke scale or cut point when driving times are
long or resources are scarce. Air transportation or the use
of mobile stroke units could be of great importance for local
triage systems in rural areas. The additional benefit of a GPS
(Global Positioning System)-controlled application to calcu-
late the preferred strategy based on the exact location of the
ambulance (ie, on census tract level) seems limited, unless
local driving times and workflow times fluctuate strongly. In
the future, with increasing population density and increasing
numbers of intervention centers expected, direct transporta-
tion to the intervention center may become more beneficial.

CONCLUSIONS

Prehospital triage strategies can greatly improve outcomes
of the ischemic stroke population in the United States but
increase the number of non-LVO stroke patients trans-
ported to an intervention center. The current AHA triage
algorithm is suboptimal as a nationwide policy and should
be modified to allow more delay when directly transporting
suspected LVO patients to an intervention center.
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