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Summary
Background Timely reperfusion offers the greatest benefit in acute ischaemic stroke within the first hour after onset. 
However, geographic disparities in stroke care access persist across Germany. Despite the potential of telemedicine 
and mobile stroke units, nationwide data that quantify existing care gaps or systematically investigate the benefit of 
early imaging with subsequent thrombolysis in locally accessible, CT-equipped hospitals with telemedicine are 
lacking. This study modelled nationwide access and compared direct transfer to specialised hospitals with a 
hub-and-spoke strategy (nearest CT plus telemedicine) for early thrombolysis.

Methods We performed a cross-sectional geospatial analysis combining national facility registries and 2023 hospital 
quality reports (data collected February 1st–July 23rd, 2025). We mapped German CT-equipped hospitals (n = 1475), 
stroke-ready hospitals (≥100 annual cases of “complex neurological treatment of acute stroke”, n = 463) and certified 
stroke units (n = 349). For these facilities we modelled driving-time access up to 60 min in 5-min intervals using a 
local installation of openrouteservice, overlaying these on population and settlement grids. Additional scenarios 
simulated variations in ambulance speed (default: standard openrouteservice vehicle speed) or additional 
in-hospital delays when using a hub-and-spoke scenario. We then compared hub-and-spoke versus direct transfer 
to specialised hospitals on a national, state- and county-level.

Findings Within 30 min, nearly all residents (82,484,915/83,420,000; 98.9%) could reach a CT-equipped hospital, 
90.0% (75,051,793) a stroke-ready hospital, but only 85.0% (70,875,055) a certified stroke unit. Compared with 
direct transfer to a stroke unit, a hub-and-spoke pathway would let 36.4% of inhabitants start imaging ≥10 min 
sooner (assuming normal speed, other scenarios varying from 4.5% to 40.0%) and for 14.2% it could save 
≥20 min (varying from 1.1% to 18.2% across scenarios). Estimated benefits of a hub-and-spoke model depended 
on assumed driving speed and declined with simulated CT delays. Rural regions had particularly pronounced 
access gaps to stroke care, as evidenced by lower levels of urbanisation in regions with a higher hub-and-spoke 
benefit potential. State-level analysis illustrated heterogeneity, with 48.6% of inhabitants potentially benefitting 
from a hub-and-spoke model in Saxony-Anhalt, but <5% in city-states (assuming normal driving speed and 
10-min delay).

Interpretation Marked intra-national inequities in rapid accessibility to stroke care persist. Leveraging CT-equipped 
hospitals with telemedicine could enable timelier thrombolysis within a hub-and-spoke model. Open questions 
regarding implementation and economics should be investigated.
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Introduction
Acute ischaemic stroke remains the foremost cause of 
adult disability and the second leading cause of death in 
high-income countries. 1,2 Beyond population growth 
and ageing, the rising global stroke burden is further 
fuelled by the limited effectiveness of current primary 
prevention strategies for stroke and cardiovascular dis-
ease. Disparities and major gaps in access to acute 
stroke care persist, especially in rural areas. 3 These gaps 
are particularly critical given that timely recanalisation 
of the occluded vessel—whether through intravenous 
thrombolysis (IVT) or endovascular thrombectomy–is 
essential for preserving penumbral tissue and mini-
mising long-term disability. 4 Early-treated patients have 
a markedly higher probability to benefit from treat-
ment. 5,6 Addressing persistent disparities and closing 
major gaps in access to acute stroke care has been 
recognised as a key research priority by the European 
Stroke Organisation (ESO). 7

Currently, less than 15% of patients across Europe 
receive acute reperfusion therapies, 8 largely due to 
delayed presentation and limited access to timely stroke

care. 9 For every 10-min interval delay in 100 patients, 
1.2 had worse ambulation and 0.8 showed higher 
dependence at discharge. 10 This treatment gap is 
increasingly being understood through data-driven 
mapping approaches, which have proven essential for 
identifying geographic disparities in stroke service 
provision–particularly in rural or underserved regions, 8 

but even in urban areas, substantial prehospital delays 
persist. In the Berlin STEMO trial, only 5% of throm-
bolysed patients receiving conventional care were 
treated within the golden hour (≤60 min from symp-
tom onset), highlighting the limitations of standard 
stroke workflows even within a highly developed 
metropolitan system. 11,12 To improve access to time-
critical stroke interventions, multiple strategies have 
proven effective—including prehospital triage systems 
with teleconsultation, centralised ambulance coordina-
tion, and structured training of stroke unit teams. 9 In 
particular, regional disparities in stroke unit availability 
and transportation times highlight the potential of 
teleneurology concepts, 13 mobile stroke units 14 and 
dynamic, map-based routing systems 15 to further

Research in context

Evidence before this study
Timely access to reperfusion therapy is critical in acute 
ischaemic stroke, with intravenous thrombolysis within the 
first 60 min (“golden hour”) yielding the greatest clinical 
benefit. However, geographical disparities in access to stroke 
units persist across Germany.
We searched PubMed for studies from 1st January 2000 to 
30th June 2025 using the search terms “stroke” OR “stroke 
care” AND “isochrone” OR “telemedicine”. No filters were 
applied with regard to the study design.
Previous research has highlighted the potential of 
telemedicine, mobile stroke units, and prehospital triage to 
improve treatment rates, but no prior nationwide study has 
systematically quantified population-level coverage gaps or 
evaluated the impact of early in-hospital imaging at the 
nearest CT-equipped facility combined with teleconsultation 
on golden-hour access.

Added value of this study
This study presents a nationwide analysis modelling driving-
time access to the nearest CT-equipped hospitals, hospitals 
frequently treating stroke patients, certified stroke units, and 
thrombectomy centres in Germany. Simulating a hub-and-
spoke model that exploits those CT scanners plus 
teleconsultation shows 30.3 million people (36.4% of the 
German population) could begin imaging ≥10 min sooner 
and 9.5% would save ≥20 min compared to direct-transfer 
to stroke units, with 26.9% of residents still benefiting after

a universal 10-min in-hospital delay. Benefits are visualised 
on local levels and cluster in rural and eastern regions, 
underscoring persistent inequity. Coupled with growing 
evidence for telestroke networks, mobile stroke units and 
single-bolus tenecteplase, these findings suggest that 
repurposing ubiquitous CT capacity might be a rapid, scalable 
and cost-conscious route to equitable golden-hour 
thrombolysis. By providing open-access geospatial data 
across different assumptions and scenarios and an interactive 
visualisation tool, this study offers a scalable framework for 
data-driven optimisation of stroke systems of care and 
enables local authorities to adapt strategies tailored to the 
region. The framework and underlying code can further easily 
be used for other healthcare research.

Implications of all the available evidence
Our findings underscore substantial intra-national disparities 
in stroke unit access, particularly in rural regions, and 
demonstrate that pragmatic adaptations to current care 
pathways could significantly improve equity and timeliness 
of stroke treatment in Germany as well as further countries 
in Europe. These insights support the further 
implementation and evaluation of early in-hospital imaging 
at the nearest CT-equipped facility and teleconsultation as a 
complement to existing stroke systems. More broadly, our 
approach can inform strategic planning nationally or in other 
countries seeking to optimise access to time-critical 
interventions.
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reduce delays and guide patients more efficiently to 
appropriate care. We therefore set out to compare the 
current status quo of direct transfer to a certified stroke 
unit with an extended model: initiating imaging and 
IVT under telemedical supervision at the nearest 
CT-equipped facility, even if not a certified stroke unit. 16 

This could significantly reduce treatment times, 
particularly in periurban and rural areas, by leveraging 
existing CT infrastructure and enabling parallel work-
flows in stroke care. 16,17

To evaluate the impact and scalability of this 
approach, its potential should be systematically assessed 
across the national healthcare landscape. In this context, 
we conducted a nationwide German analysis modelling 
driving-time access to (1) CT-equipped hospitals, 
(2) stroke-ready hospitals with frequent stroke treat-
ments, and (3) certified stroke units at 5–60 min 
thresholds. We then directly compared the direct 
transfer to a specialised hospital with a telemedicine-
enabled hub-and-spoke paradigm—initiating thrombol-
ysis at the nearest CT hospital followed by transfer—to 
quantify potential gains in timely stroke care 
accessibility.

Methods
Data collection
To obtain a list of all hospitals with CT scanner, all 
hospitals listed in the German Hospital Directory 
(https://www.deutsches-krankenhaus-verzeichnis.de) 
that reported having performed native CT examina-
tions (operation and procedure (OPS)-code 3–20*) in 
the most recent 2023 reporting year were identified. 
Facilities were deduplicated and those documenting 
fewer than three CT procedures in 2023 were 
excluded. (Tele-)Stroke unit data were obtained from 
the German Stroke Society’s publicly available data-
base on February 7, 2025 (https://www.dsg-info.de/ 
stroke-units-neurovaskulaere-netzwerke/). 18 For throm-
bectomy centres, data from the German Stroke So-
ciety were manually cross-referenced and matched 
with the list provided on the DeGIR website (https:// 
degir.de/degir-dgnr-zentren/, module E and EF) 19 —also 
on February 7, 2025. To include hospitals that treat 
substantial numbers of stroke patients but are not 
(yet) certified as stroke units, we obtained access to 
the federally mandated German hospital quality 
reports and downloaded the 2023 edition on 23 July 
2025. We then selected hospitals that had billed OPS 
8–981 (“complex neurological treatment of acute 
stroke”) or OPS 8–98b (“other acute neurological 
stroke treatment”, without or with tele-consultation) 
at least 100 times in 2023. Hospitals meeting this 
OPS threshold but not classified as certified stroke 
units as well as all stroke units were assigned to a 
new category, labelled “stroke-ready hospitals”.

Isochrone calculation
The updated calculation builds on previously published 
work. 20,21 Accessibility was quantified via driving-time 
isochrones, which delineate areas reachable within 
specific travel durations. Using a local Docker installa-
tion of openrouteservice (version 9.1.2) 22,23 with the 
“driving-car” profile, isochrones were computed with a 
maximum travel time of 1 h (3600 s) and at 5-min in-
tervals (300 s). For each centre, isochrones corre-
sponding to 5 up to 60 min were generated and 
processed as polygon geometries using the Shapely 
library. A thus-defined isochrone is a geographic area 
showing how far one can travel from a specific point 
within a certain time by car. To account for potential 
variations in emergency response conditions, additional 
isochrones were generated assuming increased (1.2×) 
and decreased (0.8×) driving speeds, representing sce-
narios of expedited and congested travel, respectively.

Geospatial aggregation and population analysis
Stroke unit classifications were extracted according to 
the official classes of German stroke unit certification. 
Isochrone polygons for centres within each investigated 
category (e.g., all hospitals with documented CT use, all 
stroke units, regional stroke units, supra-regional 
stroke units–with the latter providing advanced care 
and serving populations beyond a single administrative 
region–and thrombectomy centres) were aggregated via 
a union operation to create a composite coverage area 
for each travel time threshold. We thus merged the 
areas reachable by car within a certain time to show 
overall coverage for that type of care. These unioned 
geometries were then used as masks for spatial popu-
lation analysis. Population estimates were derived by 
overlaying the aggregated isochrone polygons onto the 
most recent release of the Global Human Settlement 
Population Grid with population estimates for 2025 
(GHS-POP E2025) 24,25 using Rasterio for raster mask-
ing. The total population within each coverage area was 
computed to obtain both absolute and percentage esti-
mates relative to the national population according to 
the used dataset. A population of 83,420,000 residents 
for Germany was assumed.

Time benefit analysis and scenario comparison
To quantify the potential advantages of accessing CT-
equipped hospitals versus stroke units, we performed 
a grid-based comparative analysis across Germany us-
ing a 1-km resolution spatial grid. For each grid point, 
minimum travel times to the nearest CT hospital and 
nearest stroke unit were calculated using the respective 
precomputed isochrone datasets. Time benefits were 
defined as the difference in travel time (stroke unit time 
minus CT hospital time), with a 10-min threshold 
applied to identify clinically significant advantages. To 
account for varying real-world conditions, six scenarios
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were analysed: three representing different driving 
speeds (normal conditions according to open-
routeservice, emergency response with +20% speed, and 
congested traffic with −20% speed), and three incorpo-
rating time penalties of 10, 20, or 30 min added to CT 
hospital access to simulate potential delays from reduced 
institutional experience or teleneurology consultation 
requirements. We chose these different driving speed 
and procedural scenarios as bounding conditions in the 
absence of harmonised emergency service data and 
empirical procedural data across the nation. Areas were 
classified into benefit categories compared with direct-
shipment-to-centre ranging from high (≥30 min 
saved), medium (20–30 min), and low (10–20 min) time 
savings, to regions where only CT hospitals were acces-
sible within 60 min, areas where neither service was 
reachable within 60 min, and areas with minimal dif-
ferences (<10 min) considered clinically irrelevant. 
Population coverage for each scenario was calculated by 
overlaying these classified benefit areas with the 
GHS-POP dataset.

To analyse the urban-rural characteristics of exem-
plary isochrones and their potential benefit areas, we 
utilised the GHS-Settlement Model dataset. 25 Areas were 
classified as urban (codes 30, 23, 22, 21; encompassing 
urban centres, towns, and suburban areas), rural (codes 
13, 12, 11; rural areas of varying densities), or ‘other’ 
(water bodies [code 10] and all remaining categories). 

For further fine-grained local analyses on state and 
county level, openly available geographical datasets 26,27 

based on official government data were used to repeat 
the respective analyses. Road network data were sourced 
from OpenStreetMap (https://www.openstreetmap.org) 
on February 7th, 2025. 28 A schematic high-level overview 
of the analyses can be found in Supplement S1.

Data analysis and visualisation
All analyses were implemented in Python (version 
3.12.9) with all source code and used packages available 
in the respective GitHub repository: https://github. 
com/MasanneckLab/GeoStroke-Analyses.

Interactive web application for data exploration
To further enhance the opportunities to explore the 
numerous resulting datasets, we developed an interac-
tive web-based visualiser (https://masannecklab.github. 
io/GeoStroke-Visualizer/), allowing users to intuitively 
explore access to CT or stroke care by state or county, 
visualise benefits under different scenarios, explore 
absolute and relative population coverage and download 
the respective results. This web application is a static, 
client–side interface built with vanilla HTML, CSS, and 
JavaScript, hosted via GitHub Pages, which dynamically 
loads region-specific metadata and visualisation assets 
from a structured directory of pre-rendered images and 
data files. Its full source code is also available in the 
repository.

Ethical consideration
An ethical approval was not required, since exclusively 
publicly available datasets were used. As this study 
involved no people and relied solely on geospatial ana-
lyses, informed consent was not required.

Results
Access to CT-equipped hospitals
Within 15 min, 63,660,670 people (76.3%) could reach 
at least one of 1475 hospitals with on-site CT. Coverage 
rose sharply to 82,484,915 (98.9%) by 30 min, 
83,342,930 (99.9%) by 45 min, and 83,366,218 (99.9%) 
by 60 min (Table 1, Fig. 1A). Thus, nearly the entire 
population could access initial imaging for suspected 
stroke within half an hour. While there appeared to be

Type Time
(min)

Covered
population

Percentage
(%)

CT-equipped hospitals 15 63,660,670 76.3
30 82,484,915 98.9

45 83,342,930 99.9

60 83,366,218 99.9
Stroke-Ready hospitals 15 42,673,811 51.2

30 75,051,793 90.0

45 82,019,212 98.3

60 83,183,701 99.7
All certified stroke units 15 38,387,496 46.0

30 70,875,055 85.0

45 80,767,201 96.8

60 82,764,286 99.2
Only Supraregional stroke units 15 25,172,663 30.2

30 54,634,780 65.5

45 73,448,888 88.1

60 80,924,726 97.0
Only Regional/Telemedicine 
supported stroke units

15 20,818,316 25.0
30 55,953,360 67.1

45 75,255,717 90.2

60 81,427,645 97.6
Only Thrombectomy-Certified 
Stroke Units

15 19,726,605 23.7
30 47,994,024 57.5

45 67,453,075 80.9

60 77,172,441 92.5
Only telemedicine supported 
stroke units (Subset of Regional)

15 1,383,768 1.7
30 8,534,560 10.2

45 19,694,013 23.6

60 33,312,753 39.9

The table reports the number and percentage of residents within 15-, 30-, 45-, 
and 60-min driving time (“isochrones”) of different categories of hospitals. 
Coverage is shown for all hospitals with on-site CT scanners, stroke-ready 
hospitals (defined as hospitals performing ≥100 OPS-coded acute stroke 
treatments annually), all certified stroke units, supraregional stroke units, 
regional/telemedicine-supported stroke units, thrombectomy-certified stroke 
units, and the subset of only telemedicine-supported stroke units. Population 
coverage estimates are based on the 2025 Estimate Global Human Settlement 
Population Grid and national isochrone modelling using openrouteservice.

Table 1: Population coverage statistics of isochrones.
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Fig. 1: Geographic access to CT imaging and stroke care facilities in Germany. Maps of Germany showing 5–60-min drive-time isochrones 
(light blue to red) around a) all hospitals with on-site CT scanners, b) hospitals that frequently treat stroke patients or are certified stroke 
units, c) only certified stroke units, and d) thrombectomy-capable stroke units. Black dots mark the respective facilities. Areas not reached 
within 60 min are left white. For population coverage see Table 1. For more detailed state or county analyses see Supplements S3–S6 or the 
interactive web application https://masannecklab.github.io/GeoStroke-Visualizer/.
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regions in north-eastern, central and south-western 
Germany with difficulties to access, the number of 
regions without access within 45 min was very small.

Access to stroke-ready hospitals
Already at the 15-min threshold, 42,673,811 people 
(51.2%) could reach at least one of 463 stroke-ready 
hospitals. Coverage increased further to 75,051,793 
(90.0%) by 30 min, 82,019,212 (98.3%), by 45 min, and 
83,183,701 (99.7%) by 60 min (Table 1, Fig. 1B).

Access to certified stroke units
Overall certified stroke-unit coverage was substantially 
lower than CT-hospital coverage at shorter intervals 
(Table 1, Fig. 1C). At 15 min, only 38,387,496 residents 
(46.0%) lived within reach of at least one of 349 certified 
stroke units. By 30 min, coverage improved to 
70,875,055 (85.0%), increasing further to 80,767,201 
(96.8%) at 45 min and 82,764,286 (99.2%) at 60 min. A 
further stratification by supra-regional and regional/ 
telemedicine-supported stroke unit can be found in 
Fig. 2. These analyses already revealed substantial local 
differences with incomplete coverage across parts of 
northern, eastern and south-western Germany. We 
further compared stroke unit access to thrombectomy-
certified neurovascular centres, which was the most 
geographically constrained. Only 19,726,605 residents 
(23.7%) were within 15 min of a DeGIR-thrombectomy-
certified centre; 47,994,024 (57.5%) within 30 min; 
67,453,075 (80.9%) within 45 min; and 77,172,441 
(92.5%) within 60 min (Table 1, Fig. 1D). Regional 
stroke units supported by telemedicine were particu-
larly common in southern Germany, especially Bavaria, 
with a notable example in northern Germany being the 
only stroke unit on an island on Rügen (see 
Supplement S2). Reflecting their location in less 
densely populated areas, these units covered only 
1,383,768 (1.7%) residents within 15 min and 8,534,560 
(10.2%) within 30 min (see Table 1). Detailed state- or 
county-wise analyses with higher temporal resolution 
can also be accessed in the web application and 
Supplement S3–S6.

When analysing the degree of urbanisation covered 
by these isochrones, there was a consistent decrease in 
the proportion of urbanised areas, from 36.5% within 
15-min stroke unit isochrones down to just 9.9% within 
the 60-min isochrones for all CT-equipped hospitals. In 
line with this, the 15-min stroke-unit isochrones 
covered 43.0% (15,088 km 2 ) of all German urban areas, 
but only 11.6% (26,280 km 2 ) of all rural areas. And 
while rural coverage increased to 54.6% (164,643 km 2 ) 
for 30-min stroke unit isochrones, all hospitals with CT

Fig. 2: National coverage by stroke unit tier. Drive-time iso-
chrones (5–60-min) around a) all certified stroke units, b) supra-
regional stroke units, and c) regional/telemedical stroke units in 
Germany. Black dots mark each stroke unit. Areas not reached

within 60 min are left white. For population coverage see Table 1. 
For a map of coverage of only telemedicine-supported regional 
stroke units see Supplement S2.
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already covered 89.5% (284,712 km 2 ) at 30 min 
(see Supplement S7 for detailed area measurements 
and urbanisation data).

Benefit analyses—when and where does the 
hub-and-spoke paradigm yield greatest impact?
Our analysis revealed varying degrees of benefit across 
different regions in Germany (see Fig. 3A). Assuming 
normal vehicle speed, the majority of the population 
(52,133,844; 62.7%) experienced a difference of less 
than 10 min. However, slightly more than one-third of 
the German population (36.4%; 30.3 million in-
habitants) would reach a CT-capable hospital at least 
10 min faster than a certified stroke unit. When strati-
fied by benefit, 22.2% of the population would save 
10–20 min, 9.4% 20–30 min, and 4.8% more than half 
an hour. A marginal 0.7% of residents even live in areas 
where a stroke unit is out of 60-min reach, yet a CT 
facility is accessible within 60 min. Of note, 0.7% live in 
areas where neither facility could be reached within 
60 min, yielding the comparison impossible (see 
Table 2). While areas with likely no benefit showed 
higher shares of urban areas (13.5%), these declined in 
areas with 10-min benefit (8.3%), 20–30-min benefit 
(5.9%) and >30-min benefit (6.4%). Areas with only CT-
access had an especially low degree of urbanisation 
(1.2%), whereas areas that could not be reached from 
either facility within 60 min showed low urbanisation 
(2.9%) while also having high shares of water bodies or 
uninhabited areas (12.7%) (see Supplement S8).

Altering pre-hospital conditions shifted the magni-
tude of benefit but not its general geographic distribu-
tion pattern. Faster transfer (+20% driving speed) 
trimmed the share of population with a benefit of more 
than 10 min to 31.9%, whereas slower transfer (−20% 
driving speed) enlarged it to 40.0% (see Fig. 3 B and C; 
see Table 2).

As primarily navigating to a CT-equipped hospital 
with less stroke experience and the potential setup of 
teleneurological support might incur additional delays, 
we calculated scenarios assuming normal driving speed 
with fixed penalty times added. Introducing a moderate 
penalty of 10 or 20 min markedly reduced potential

Fig. 3: Time benefit estimation of hospital with CT versus 
certified stroke unit across Germany. Maps of Germany showing 
estimated time benefit of reaching the nearest hospital with a CT 
scanner versus a certified stroke unit under three driving speed

scenarios: a) normal driving speed, b) increased speed (+20%), and 
c) reduced speed (−20%). Time benefit categories reflect estimated 
additional drive-time required to reach a stroke unit compared to a 
CT-equipped hospital: high (30+ min), medium (20–30 min), low 
(10–20 min), or likely irrelevant (<10 min). Areas where only CT 
access is available within 60 min are shown in light blue, and re-
gions without access to any analysed facility within 60 min are 
shown in grey. For quantitative analyses of these scenarios, see 
Table 2. For the same analysis focussing on stroke-ready hospitals 
versus all CT-equipped hospitals, refer to Supplement S9. County or 
state-wise representations and statistics can be found in 
Supplements S11 and S12 or on the interactive web application 
https://masannecklab.github.io/GeoStroke-Visualizer/.
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beneficiaries (from 36.4% down to 26.9% and 13.4%, 
respectively). Imposing a universal 30-min delay almost 
abolished the advantage (4.6%) (see Fig. 4; see Table 2). 

When calculating potential benefits from all CT-
equipped hospitals to stroke-ready hospitals (n = 463) 
instead of certified stroke units (n = 349), the share of the 
population that might benefit from a direct-to-CT strat-
egy fell as expected (e.g., to 29.4% in the baseline sce-
nario down from 36.4% for only certified stroke units) 
(see Table 2 and Supplements S9 and S10 for details). 
Exact state- or county-wise calculations can be found in 
the web application and Supplements S11 and S12.

Regional disparities and potential for localised 
approaches
As seen in the wider analysis above, differences between 
access to specialised stroke care and hospital-based CT 
imaging more generally differ immensely locally. A hub-
and-spoke model with care at the next-best CT would 
thus provide the greatest value in areas with a large 
discrepancy between stroke unit access and access to local 
hospitals with CTs. Although no substantial differences 
were observed in highly urbanised states such as Berlin, 
Hamburg, and Bremen (likely no benefit for >95% of the 
population for CT versus Certified stroke units in normal 
driving scenario with 10 min teleneurology penalty), 
notable disparities emerged in certain other federal states. 
This is especially the case for north-eastern states such as 
Mecklenburg-Vorpommern (39.2% of population with 
potential benefit in same scenario, 3.7% can only reach 
CT within 60 min), Brandenburg (45.6% with potential 
benefit in same scenario; 7.2% can only reach CT within 
60 min) or Saxony-Anhalt (48.6% of population with po-
tential benefit in same scenario, 6.6% can only reach CT 
within 60 min). However, even larger states with 
comparably good overall coverage, such as the Western 
German North Rhine-Westphalia (78.4% of population 
likely no benefit, with potential (mostly low) benefit for 
21.6% in same scenario) show relevant local variability on 
a county level, with for example the county “Hochsauer-
landkreis” having large discrepancies (35.0% likely no 
benefit versus 63.0% with potential benefit). For all local 
representations on state and county-level see Supplements 
S3–S6 and S10–S11, or the interactive web application, 
which enables users to explore state- and county-level 
scenarios, provides intuitive visualisations along with 
detailed area and population estimates (https:// 
masannecklab.github.io/GeoStroke-Visualizer/). Illustra-
tive web application screenshot examples of the state 
North Rhine-Westphalia and the county “Hochsauer-
landkreis” in the mentioned scenario can be found in 
Supplements S13 and S14.

Discussion
The safety and effectiveness of ischaemic stroke treat-
ment are highly dependent on fast prehospital and
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intra-hospital processing times. 10 Using isochrone 
analysis, our study shows that although certified stroke 
units are widely distributed across Germany, their 
geographical distribution does not consistently match 
the time-critical requirements of acute stroke care. By 
modelling travel times, we identified significant 
regional differences in accessibility. While urban and 
densely populated regions tend to have a high level of 
stroke care within acceptable time windows, accessi-
bility is significantly worse in some rural and struc-
turally underserved areas. 29,30 In these regions, patients 
are often faced with long transfer times that can exceed 
the recommended treatment windows for IVT or 
endovascular therapy. Given a German registry’s me-
dian door-to-needle (thrombolysis) time of 30 min, 31 a 
maximum 30-min transfer interval is required to be 
able to achieve thrombolysis within 60 min of symptom 
onset in an ideal setting. 16 Under the current distribu-
tion of certified stroke units, only 85% of the German 
population meets this criterion. These findings high-
light a mismatch between infrastructure availability and 
clinical urgency and emphasise the need for targeted 
health system planning to address geographic dispar-
ities in stroke care. As a potential response to this gap, 
leveraging the existing CT infrastructure across all 
hospitals could allow a substantial proportion of pa-
tients to receive essential imaging—and thus essential 
treatment—much earlier. Thus, utilising any CT-
equipped hospital for initial imaging and teleassess-
ment elevates 30-min coverage to 98.9%. A 15-min 
transfer interval is currently achievable for 46.0% and 
could be increased to 76.3% of the German population 
by the proposed model, indicating that a hub-and-spoke 
model could dramatically improve equitable access to 
thrombolysis during the golden hour. In addition, this 
approach may enable earlier contact between stroke

Fig. 4: Simulated impact of delays when accessing CT-equipped 
hospitals instead of stroke units. Maps of Germany showing 
estimated time benefit of reaching the nearest hospital with a CT 
scanner versus a certified stroke unit under three hypothetical 
penalty scenarios applied to CT-equipped hospitals to simulate 
delays due to lack of specialised stroke care (e.g., less experienced 
staff, teleconsulting etc.): a) +10 min penalty, b) +20 min penalty, 
and c) +30 min penalty. Time benefit categories reflect additional 
drive-time to reach a stroke unit compared to a CT-equipped 
hospital adjusted by the respective penalty: high (30+ min), me-
dium (20–30 min), low (10–20 min), or likely irrelevant (<10 min). 
Areas where only CT access remains within 60 min are shown in 
light blue, and regions without access to either facility type within 
60 min are shown in grey. For corresponding quantitative analyses, 
see Table 2. For analogous analyses comparing stroke-ready 
hospitals with all CT-equipped hospitals, refer to Supplement S10. 
Further population statistics are available in Supplements S11 and 
S12 or via the interactive tool at https://masannecklab.github.io/ 
GeoStroke-Visualizer/.

Articles

www.thelancet.com Vol 63 April, 2026 9

https://masannecklab.github.io/GeoStroke%2DVisualizer/
https://masannecklab.github.io/GeoStroke%2DVisualizer/
http://www.thelancet.com


specialists and patients via telemedicine, as well as 
provide preliminary insights into CT findings. This 
could support more informed early decision-making, 
including directing ambulances to thrombectomy-
capable centres.

Such a strategy should only be implemented in 
settings where it offers a substantial benefit compared 
to direct transfer to a certified stroke centre. Our results 
provide the necessary granularity to inform the devel-
opment of region-specific strategies, accounting for 
local disparities in healthcare infrastructure. While 
utilising the nearest CT-equipped facility may not yield 
significant benefits in densely populated city-states 
such as Hamburg or Berlin, regions in states like 
Saxony-Anhalt or Mecklenburg-Western Pomerania 
could substantially benefit, particularly with the 
expansion of telemedical stroke services. This approach 
should not be considered in isolation; rather, it should 
be complemented by additional strategies evaluated in 
our analyses, such as enhancing telemedicine-
supported certified stroke units—a concept success-
fully implemented in Bavaria, Germany’s largest state, 
to achieve comparably high coverage despite its size. 

Our analysis highlights the disadvantage rural areas 
face: only 54.6% of rural areas have access to a stroke 
unit within 30 min, compared to 89.5% with access to a 
CT-equipped hospital (urban areas: 87.1% versus 
99.4%). Regionally tailored strategies, as proposed here, 
could help close this gap. Recent evidence suggests 
telemedicine may be particularly effective in rural set-
tings and populations, 32 highlighting the need to sup-
port especially the parts of a country with weaker 
infrastructure. Thus, pronounced differences between 
counties and states made visible through the here pre-
sented work underscore the need for tailored, data-
driven interventions.

To better assess the real-world applicability of our 
approach, we incorporated variability into a detailed 
time benefit and scenario analysis. Using a nationwide, 
grid-based comparison of travel times to CT-equipped 
hospitals versus certified stroke units or just hospitals 
that treat many stroke patients, we modelled multiple 
driving scenarios and accounted for potential institu-
tional delays. These analyses not only revealed regional 
disparities in access but also demonstrated the potential 
impact of our proposed hub-and-spoke approach under 
different assumptions. As such, it may serve as a 
blueprint for evaluating hub-and-spoke stroke care 
models in other geographic settings and health sys-
tems. The aim of reducing the processing times in the 
prehospital chain of care led to the establishment of 
mobile stroke units, which, by including the possibility 
to perform CT-imaging within the ambulance, allow 
fast identification of patients eligible for thrombolysis. 14 

A recent study showed that thrombolysis within the 
first 60 min of symptom onset—enabled primarily 
through mobile stroke unit care–was associated with

nearly twice the odds of an excellent clinical outcome 
compared to later treatment, without an increased risk 
of haemorrhage. 33,34 Nevertheless, introducing mobile 
stroke units on a larger scale is hampered by immense 
costs of purchasing and operating them, raising un-
certainties about cost-effectiveness. 35

The previously proposed approach of in-ambulance 
video-consulting, including video-guided NIHSS 
assessment to evaluate eligibility for thrombolysis 
therapy, could be used to improve the rescue chain 
without the constraints of mobile stroke units. 16 

Notably, in-transit clinical assessment has been 
shown to reduce treatment times without compro-
mising safety. 36–38 Remote evaluation of the NIHSS via 
telemedicine has proven reliable, 39 and thrombolysis 
administered within telestroke networks has demon-
strated both safety and efficacy. 37,40 However, these ap-
proaches have not yet proven to be cost-effective and 
resource-efficient, warranting further precisely 
designed implementation studies.

The feasibility of administering IVT in hospitals 
with CT scanners but lacking structured stroke work-
flows is a valid concern. Telestroke systems have 
demonstrated to effectively achieve treatment times 
comparable to those of dedicated stroke centres 34,41,42 

relying on trained personnel, rapid assessment, and 
streamlined protocols. Evidence from telestroke pro-
grams further indicates that improvements in IVT rates 
depend on integrated care structures, interprofessional 
team training, and robust quality management. We 
propose a stepwise exploratory implementation, begin-
ning with teleassessment prehospitally, including 
NIHSS evaluation in the ambulance. Patients would 
then be transported to the stroke centre and treated by 
the prior teleconsultant and neurological team. In a 
subsequent phase—guided by insights from the initial 
rollout—imaging could be performed at a CT-equipped 
facility, followed by the administration of thrombolysis. 
A mobile device–based approach would ensure contin-
uous expert stroke supervision during thrombolysis, 
even outside a certified stroke centre. To ensure prompt 
secondary transportation to a dedicated stroke centre, 
part of the thrombolysis supervision and risk manage-
ment would be performed by emergency medical ser-
vices (EMS) personnel in the ambulance, given fast CT 
processing times. Emergency physicians, already skil-
led in managing stroke-related issues like blood pres-
sure and agitation, could help bridge gaps in hospital 
workflows when supported by telemedicine and clear 
protocols. Successful implementation should be 
accompanied by substantial training of EMS personnel 
and by establishment of a safety board supervising 
processing time and outcomes. 43 Moreover, EMS 
personnel are already accustomed to managing drip-
and-ship patients needing bridging-thrombolysis in 
the ambulance, as well as stroke patients initially pre-
senting to non-stroke centre emergency departments

Articles

10 www.thelancet.com Vol 63 April, 2026

http://www.thelancet.com


which are subsequently transported to a stroke unit. In 
our experience, complications tend to arise later in the 
care pathway, when the patient has been admitted to a 
stroke unit. Finally, the single-bolus agent ten-
ecteplase—due to its ease of administration and 
favourable pharmacokinetics—may enhance the prac-
ticality of IVT in non-specialised settings. 44

Conceptually, the pathway we describe extends 
existing hospital-to-hospital telestroke networks into the 
prehospital setting. Existing organisational recommen-
dations of the German Stroke Society 45 and earlier Eu-
ropean frameworks 46 should be adapted to make EMS 
personnel the first point of contact for teleneurologists. 
Exemplary regulatory and organisational requirements 
adapted from these recommendations and extended to 
the hub-and-spoke setting are summarised in Panel 1. 
We admit that depending on country-specific regula-
tion, different legal constraints may exist.

Further challenges are stroke mimics, which make 
up a relevant proportion of patients transported and 
treated under stroke codes. Decreasing door-to-needle 
times may even increase stroke mimics treated with 
thrombolysis. 47–49 Analyses of teleneurological settings 
have indicated a high proportion of stroke mimics 
among those receiving thrombolysis, with a recent 
monocentre study reporting 24% 50 and potentially even 
higher rates in less controlled settings such as the one 
proposed here. Nevertheless, thrombolysis in stroke 
mimics appears to be safer than in actual stroke pa-
tients 51 and tools such as the Telestroke Mimic Score 52 

along with extensive EMS education may help miti-
gate this issue.

A key limitation of our analysis is the lack of reliable 
data on the 24/7 availability of CT imaging across all 
hospitals, which is essential for consistent and timely 
stroke care and might alter analyses (especially at 
night). It may also be discussed, whether CT

angiography imaging should also be a minimum 
requirement, which might alter analyses to a small 
degree. Moreover, while all data sources were carefully 
selected and cross-validated where possible, they may 
still contain inaccuracies or omissions that could in-
fluence the results. Although, while we tested multiple 
sensitivity scenarios, these rely on uniform speed 
multipliers and fixed delay penalties specified as prag-
matic bounding conditions. Importantly, they may not 
capture structural or locally varying features that shape 
real-world intervals—e.g., time-of-day congestion, 
urban–rural differences in dispatch and on-scene times, 
or loading/unloading and door-to-CT processes–and 
could widen or narrow absolute gains. In the absence 
of harmonised, nationwide EMS data, empirical cali-
bration and validation were not possible, however, 
future work should couple this framework to such 
datasets. Similarly, the 10, 20 and 30-min delays were 
chosen as rough estimates and should be revised with 
better empirical data from real-world data objectifying 
delays through non-specialised and telemedical set-
tings. Furthermore, the implementation of video-based 
thrombolysis outside certified stroke units faces unre-
solved legal, financial, and organisational challenges 
that vary between healthcare systems. Licencing re-
strictions, liability concerns, and the need for robust 
quality assurance frameworks represent significant 
barriers. Safe and effective implementation will require 
clear regulatory guidance, structured oversight, and 
well-defined responsibilities. Moreover, we acknowl-
edge that the economic implications of implementing a 
hub-and-spoke model—considering the required infra-
structure, training, and protocol development—remain 
uncertain. To translate this concept into clinical prac-
tice, prospective studies and implementation science 
approaches will be crucial to evaluate its feasibility, 
safety, real-world effectiveness, and cost-efficiency. In

Panel 1: Minimum requirements for commissioning the described hub-and-spoke model.

• 24/7 infrastructure: Continuous CT availability, laboratory availability; capacity to initiate intravenous thrombolysis or adequate EMS resources.
• Specialist access: Immediate round-the-clock teleneurology by stroke specialists, with defined response-time targets and reliable backup.
• Technology and data protection: Secure real-time audio-video and rapid image transfer, GDPR-compliant with audit logs and tested fallbacks.
• Protocols and EMS integration: SOPs for prehospital triage and video-assisted scoring, processing and monitoring. Local protocols for EMS and 
hospital cooperation.

• Overcoming governance and liability barriers: Formal hub–spoke agreements specifying roles, documentation standards, escalation pathways and 
medico-legal cover.

• Quality assurance: Registry-based monitoring of door-to-CT/needle, thrombolysis and mimic rates, and outcomes, with scheduled audit and 
feedback.

• Stepwise rollout: Gathering data and improving processes gradually, from prehospital teleneurological setting to integration into clinical pathways.
• Training and competency: Initial and recurrent joint training and simulation for EMS and ED teams.

Panel: Essential operational, technical, and governance prerequisites for commissioning a prehospital, telemedicine-enabled hub-and-spoke thrombolysis pathway, 
integrating EMS as the first point of contact. EMS, emergency medical services; GDPR, General Data Protection Regulation; SOP, standard operating procedure.
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addition, it is important to emphasise that there is no 
one-size-fits-all approach to improving access to timely 
stroke recanalisation therapies; instead, strategies must 
be tailored to the specific regional context and health-
care infrastructure. 53

In conclusion, our findings underscore substantial 
regional disparities in timely stroke care and highlight 
the potential of integrating prehospital teleconsultation 
and early imaging at CT-equipped facilities as a scal-
able, pragmatic complement to existing stroke systems. 
The here introduced approach is adaptable to other 
geographic regions and may serve as a transferable 
blueprint for other time-sensitive emergency care sys-
tems. Tailored adaptations of the here proposed hub-
and-spoke pathway may help optimise equity and 
treatment access in Germany and beyond, particularly 
in underserved regions.
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