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Abstract
Background—Clinical trials with rt-PA for treating acute ischemic stroke began 20 years ago in
1987, and the pivotal NINDS rt-PA Stroke Study was completed and published in 1995 with FDA
approval in 1996, about 10 years ago. A large number of papers emanated from that study and have
established the efficacy and generalizability of this treatment.

Methods—Here we summarize the background of how the NINDS trial was developed and carried
out, and its main findings.

Results—The NINDS rt-PA Stroke Study resulted from preclincal and pilot studies, and paralleled
similar studies carried out around the world. Its positive results, compared to the other trials, probably
was due to the early time window for treatment and well organized clincal and statistical centers.
Many controversies have surrounded its use since its approval. As a result of the NINDS rt-PA stroke
study, many new approaches to thrombolytic therapy are under evaluation.

Conclusion—The results of the NINDS rt-PA Stroke Study have affected the management of acute
stroke patients worldwide.

Background of the NINDS rt-PA Stroke Study
Investigations of the possible use of rt-PA for the treatment of acute stroke were first discussed
at NINDS in 1984 when plans were made for the Master Agreement for Cerebrovascular
Clinical Research, a contract program for pilot studies of stroke treatments. Later, laboratory
data from Justin Zivin54 showing the potential benefit in a focal ischemic stroke model
provided the scientific impetus required to get support within the NINDS to move forward
with pilot dose and safety studies. A 1982 report from the Ojemann laboratory33 provided
scientific support for a very short 60 to 90 minute window for treatment. Further discussions
with Tashi Yanigahara, Bill Barsan, Chick Olinger and Michael Walker led to the final protocol
outline announced by NINDS. Michael Walker, Director of the Division of Stroke and Trauma,
approved the plan to move ahead with the project immediately after the 1986 New Orleans
International Stroke Meeting. The proposed protocol required treatment within 90 minutes of
stroke onset, a time frame considered unfeasible by many in 1986. The dose escalation study
treated the first patient in February 1987.10 Principal investigators Tom Brott, Clarke Haley
and David Levy, pioneered the rapid treatment of acute stroke treatment in this study. They
developed the first stroke teams and tested different strategies for rapidly treating patients. The
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Cincinnati hospital system developed by Tom Brott and his team proved most effective at
recruiting patients. The study showed that stroke could be treated early in the ED and that the
safe dose for stroke was probably less than standard dose being used in myocardial infarction.
After the 90-minute dose escalation study was completed, several small studies were done to
test the drug in the 180 minute time frame27 and the feasibility of rapid 90-minute
randomization and blinded treatment.26

In 1990, the NINDS announced plans for the first trial of the two randomized trials in the
NINDS rt-PA Stroke Study. This phase IIB trial began in January 1991. The primary outcome
was a change in the NIHSS at 24 hours. At the time, this outcome was considered a measure
of activity but not long term efficacy. The principal investigators at the coordinating center
were Barbara Tilley and Michael Welch of Henry Ford Hospital. The eight PIs at the end of
the study were Tom Brott, Patrick Lyden, James Grotta, Steven Horowitz, Michael Frankel,
E. Clarke Haley, Steven Levine, and Michael Meyer.

As the initial phase IIB trial was being completed, the investigators began to discuss a possible
phase III trial. NINDS accelerated plans to start an efficacy trial immediately after the phase
IIB trial completion. Randomization into the Phase III trial began with only a short delay after
completion of the Phase IIB trial. The primary outcome of the Phase III efficacy trial approved
by the FDA and the DSMB was a consistent and persuasive difference in four separate
measures: the NIH Stroke Scale, the Modified Rankin Scale, the Glasgow Outcome Scale, and
the Barthel Index. The last patient was randomized in October 1994.

The NINDS rt-PA stroke study – main results
The NINDS rt-PA study41 was in fact two consecutive randomized trials (291 patients in the
phase IIB trial - Part 1, and 333 patients in the phase III trial - Part 2) of 0.9 mg/kg (10% bolus)
IV rt-PA using essentially the same protocol for both parts. Important aspects of the study
design included stratification of patients to ensure that half were treated within 90 minutes of
symptom onset, and the rest within 180 minutes, strict blood pressure guidelines, and careful
neurological monitoring. While Part 1 failed to meet its pre-specified primary outcome of
improvement in NIHSS by 4 points or complete resolution at 24 hours, Part 2 was positive on
its primary outcome, a global statistic that computed benefit on all 4 measured outcomes
(NIHSS, Modified Rankin Score, Barthel Index, and Glasgow Outcome Scale) (OR 1.7 (1.2–
2.6), P = 0.008), and both Parts 1 and 2 were each strongly positive on all of the 4 individual
endpoints at 3 months. Subsequent analysis showed that this benefit persisted to 1 year36 and
was highly cost effective resulting in a net savings of $4000 when published in 199817.
Importantly, safety of this dose of rt-PA was confirmed. Symptomatic hemorrhage within 36
hours, defined as any blood on required follow up CT associated with clinical deterioration as
adjudicated by a central blinded evaluator, was 6% in Part 1 and 7% in part 2 (vs 0% and 1%
in controls, p <0.001). Asymptomatic hemorrhages occurred in 3% and 5% respectively (vs
2% and 4% in controls). Despite the increased bleeding, there was no increase in mortality
with rt-PA treatment in either Part 1 or Part 2.

Data from all patients in the two studies were pooled to explore several prespecified questions.
The magnitude of benefit was very similar on all four outcome measures, and in both parts—
roughly 13–15% absolute increase in excellent outcome in treated patients. For example,
overall 42.7% of all patients treated with rt-PA achieved a modified Rankin score of 0 or 1 vs.
26.6% in controls. 17.3% of treated patient died (including those who bled) vs. 20.5% in
controls. No variable was identified that predicted benefit or lack of benefit to rt-PA, including
stroke subtype, age, gender, baseline stroke severity, or preceding use of antithrombotic
agents42. Despite the failure to detect differences in benefit when patients were dichotomized
into 0–90 minute vs 91–180 minute subgroups, when time was considered as a continuous
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variable (rather than dichotomized) and the data were controlled for baseline differences in
stroke severity (more severely affected patients arriving earlier), a significant time to treatment
interaction was observed with earlier time to treatment being the only identifiable clinical
indicator of better response to rt-PA.40 No variable was identified that predicted risk of
bleeding except for baseline stroke severity43. While patients with higher baseline NIHSS
score had worse outcome and more bleeding, they still showed a net benefit from treatment
since outcomes in this group were even worse without treatment. Baseline CT scans were
blindly re-evaluated looking for early ischemic changes as defined by the ECASS investigators
published while the NINDS trial was ongoing45. Such changes were identified in 31% of
patients, but did not predict either decreased response or increased risk with rt-PA treatment.
Several other publications from the NINDS group included confirmation of increased
reperfusion in treated patients compared to controls19, clinical deterioration following
improvement suggesting possible reocclusion22, failure to detect increased bleeding in those
who required treatment of blood pressure before and during and immediately after
treatment9, confirmation that substantial improvement at 24 hours predicted long-term
response to treatment25,8, and detailed description of how EMS, ED, and neurological services
could be organized to enable treatment of patients within 3 hours 44,51.

Controversies
The NINDS studies, and the subsequent FDA approval of rt-PA treatment for AIS were both
met with controversy. Among stroke neurologists, there was concern that thrombolytic
treatment with its attendant risks was based on clinical impression without documentation of
an arterial occlusion or definite stroke, and that patients might be better selected based on their
individual clinical and imaging presentation11. These criticisms were answered by
angiographic studies (and subsequent TCD data) that demonstrated arterial occlusions in most
patients with focal neurological deficits studied within the first few hours of onset21,37,18,
that only 2.6% of patients in the placebo group spontaneously returned to normal by 24 hours,
and all stroke subtypes seemed to respond to treatment6. Others were concerned that the data
were insufficient to grant FDA approval since previous and subsequent trials of thrombolytics
had been negative, and many viewed the NINDS study as a single trial. However, the FDA,
AAN and AHA were convinced by the two separate consecutive blinded trials with convincing
very consistent results, carried out independent of industrial sponsorship or oversight.
Eventually, several large post marketing studies3,50, most recently the SITS-most registry of
6,483 patients in Europe52, have confirmed the NINDS study results in rt-PA treated patients,
and rt-PA treatment within 3 hours is now approved in Europe, Japan, and several other
countries.

The most vehement concerns were from the Emergency Medicine community who viewed
with alarm the abrupt need to treat patients with rt-PA without what they perceived as the
necessary supporting infrastructure in place28. They were concerned about risk vs. benefit,
particularly less benefit in patients with more severe strokes treated towards the end of the 3
hour time window, and increased risk using the drug without the presence of a “stroke expert”.
The risk/benefit and time issue was particularly vexing since in the NINDS stroke study there
was an imbalance in baseline stroke severity favoring rt-PA treated patients in the 90–180
minute group. This necessitated an independent review of the data which confirmed the
conclusions of the NINDS study despite the presence of these imbalances35,30. But the lack
of infrastructure and stroke expertise available at most hospitals remains a problem. Indeed,
increased risk was reported when criteria for treatment were violated34, while post marketing
studies in community hospitals that adhered to criteria showed the same risk/benefit as in the
NINDS trial46,20. The lack of uniform expertise in stroke care in most EDs, however, resulted
in lack of endorsement of rt-PA therapy as “standard of care” by the emergency medicine
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community, and has been the basis for encouraging the development both of specialized stroke
centers and increased stroke training for ED personnel53,4.

Ongoing research spurred by the NINDS study
Presently, in addition to the development of the infrastructure that will enable more use of rt-
PA, research efforts are focused on two main areas—building on the ability of IV rt-PA to
achieve recanalization, and extending treatment benefit beyond 3 hours. IV rt-PA benefit has
been closely linked to the success of early recanalization, but complete arterial opening only
occurs in roughly 20% of patients, and any recanalization in about 50% within 2 hours6.
Methods under evaluation to augment the effects of IV-rt-PA within the 3 hour window include
combining the drug with ultrasonic energy5, or with antithrombotic drugs such as GP2b3a
antagonists15,12, or direct thrombin inhibitors39. Another approach has been to follow the IV
treatment with intra-arterial catheter based lytic or mechanical clot extraction37,29,48,47.

Pooled analysis of IV rt-PA data from North American and European studies strongly suggest
some benefit for treatment out to 5 hours, though once again demonstrating that most benefit
occurred with early treatment24. Imaging studies have demonstrated “penumbral” tissue in
some patients even out to 24 hours38. Several studies are testing the benefit of IV rt-PA, other
lytics, or mechanical clot extraction up to 8–9 hours post symptom onset using MRI or CT
“mismatch” criteria to select patients14,23,16, and two other studies are ongoing testing the
benefit of treatment beyond 3 hours in patients without such imaging selection13,31.

Implementation of the results and future consequences of the NINDS rt-PA
studies

Following the approval of rt-PA for acute ischemic stroke by the FDA, the community of
experts in cerebrovascular disease began to incorporate this new treatment paradigm into their
practices. National guidelines were written and published1. There was extensive discussion on
the manner in which the drug would be used in practice. In 1996 the NINDS had sponsored a
National Symposium on the Rapid Treatment of Acute Stroke39. This Symposium brought
together national organizations with interests in providing emergency care for acute stroke and
revitalized the Brain Attack Coalition (BAC). The executive committee of the BAC consists
of the leadership of major professional, governmental, and advocacy groups7. The Brain Attack
Coalition has sponsored initiatives to unify the stroke community’s description of the
symptoms of stroke, has addressed the issue of hospital and physician reimbursement, has
initiated the concept of the primary stroke center4, and has provided a venue for the exchange
of information about professional and public information programs. The cerebrovascular
disease subspecialty was developed during this same time period, motivated in part by the
growth of interest in acute stroke care2.

At the present time, the use of rt-PA is growing slowly. More and more residents have entered
practice with experience and confidence in the use of rt-PA for acute stroke. The efforts of the
members of the Brain Attack Coalition have been successful at increasing both professional
and public education. While not every patient treated with rt-PA benefits, from 12 to 50% are
likely to benefit in some way. The estimated 178,000 US patients that have been treated since
1996 are only a few of the millions that have had strokes in the US, but even so, significant
reductions in disability and large cost savings have justified continuing to make the effort and
encourage our efforts to make rt-PA and other treatments available to even more32.

While the results of previous research are working their way into everyday stroke practice,
new ideas and treatment strategies are being developed for future application. The NINDS has
set up six specialized programs for translational research in acute stroke (SPOTRIAS) and is
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initiating a Neurological Emergency Treatment Trial Network (NETT) to facilitate the
development of better treatments for stroke. There are many trials ongoing that are evaluating
a wide range of treatments. Stroke prevention, rehabilitation, and acute treatment strategies are
being tested. Taken together, all of these efforts promise continuing improvements in brain
health.
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ED  
emergency department

NIHSS  
National Institutes of Health Stroke Scale

FDA  
U.S Food and Drug Administration

DSMB  
data safety and monitoring board

CT  
computed tomography

MRI  
magnetic resonance imaging

OR  
odds ratio

AIS  
acute ischemic stroke

TCD  
transcranial doppler

AAN  
American Academy of Neurology

AHA  
American Heart Association

GP2b3a  
glycoprotein 2b 3a

References
1. Adams HP, Brott TG, Furlan AJ, Gomez CR, Grotta J, Helgason CM, Kwiatkowski T, Lyden PD,

Marler JR, Torner J, Feinberg W, Mayberg M, Thies W. Guidelines for Thrombolytic Therapy for
Acute Stroke: A Supplement to the Guidelines for the Management of Patients With Acute Ischemic
Stroke. Circulation 1996;94:1167–1174. [PubMed: 8790069]

2. Adams HP Jr, Kenton EJ 3rd, Scheiber SC, Juul D. Vascular neurology: a new neurologic subspecialty.
Neurology 2004;14;63(5):774–776. [PubMed: 15365122]

Grotta and Marler Page 5

Surg Neurol. Author manuscript; available in PMC 2009 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Albers GW, Bates VE, Clark WM, Bell R, Verro P, Hamilton SA. Intravenous tissue-type plasminogen
activator for treatment of acute stroke: The Standard Treatment with Alteplase to Reverse Stroke
(STARS) study. JAMA 2000;283:1145–1150. [PubMed: 10703776]

4. Alberts MJ, Hademenos G, Latchaw RE, Jagoda A, Marler JR, Mayberg MR, Starke RD, Todd HW,
Viste KM, Girgus M, Shephard T, Emr M, Shwayder P, Walker MD. Recommendations for the
establishment of primary stroke centers. Brain Attack Coalition. JAMA 2000;283(23):3102–9.
[PubMed: 10865305]

5. Alexandrov AV, Molina CA, Grotta JC, Garami Z, Ford SR, Alvarez-Sabine J, Montaner J, Saqqur
M. Demchuk AM, Moye LA, Hill MD, Wojner AW, CLOTBUST Investigators. Ultrasound-enhanced
systemic thrombolysis for acute ischemic stroke. N Engl J Med 2004;351:2170–8. [PubMed:
15548777]

6. Alexandrov AV, Grotta JC. Arterial Reocclusion in Stroke Patients Treated with Intravenous Tissue
Plasminogen Activator. Neurology 2002;59:862–867. [PubMed: 12297567]

7. The Brain Attack Coalition Internet Web Site is http://www.stroke-site.org. Members of the Leadership
Committee are the American Academy of Neurology, American Association of Neurological
Surgeons, American Association of Neuroscience Nurses, American College of Emergency
Physicians, American Society of Interventional and Therapeutic Neuroradiology, American Society
of Neuroradiology, American Stroke Association, a Division of American Heart Association, Centers
for Disease Control and Prevention Congress of Neurological Surgeons, National Association of EMS
Physicians, National Association of State EMS Officials, National Institute of Neurological Disorders
and Stroke, National Stroke Association, Stroke Belt Consortium, and Veterans Administration.

8. Broderick JP, Lu M, Kothari R, Levine SR, Lyden PD, Haley EC, Brott TG, Grotta JC, Tilley BC,
Marler JR, Frankel M. Finding the Most Powerful Measures of the Effectiveness of Tissue
Plasminogen Activator in the NINDS tPA Stroke Trial. Stroke 2000;31:2335–2341. [PubMed:
11022060]

9. Brott T, Lu M, Kothari R, Fagan S, Frankel M, Grotta J, Broderick J, Kwiatkowski T, Lewandowski
C, Haley C, Marler J, Tilley B. Hypertension and Its Treatment in the NINDS rt-PA Stroke Trial.
Stroke 1998;29:1504–1509. [PubMed: 9707184]

10. Brott TG, Haley EC, Levy DE, Barsan W, Broderick J, Sheppard GL, Spilker J, Kongable GL, Massey
S, Reed R. Urgent therapy for stroke. Part I. Pilot study of tissue plasminogen activator administered
within 90 minutes. Stroke 1992 May;23(5):632–40. [PubMed: 1579958]

11. Caplan L, Mohr J, Kistler J, Koroshetz. Thrombolysis – Not a Panacea for Ischemic Stroke. NEJM
1997;337(18):1309–1313. [PubMed: 9345084]

12. Clinicaltrials.gov NCT00046293. ReoPro and Retavase to Treat Acute Stroke
13. Clinicaltrials.gov NCT00153036. A Placebo Controlled Trial of Alteplase (rt-PA) in Acute Ischemic

Hemispheric Stroke Where Thrombolysis is Initiated Between 3 and 4.30 Hours After Stroke Onset.
14. Clinicaltrials.gov NCT00238537. Echoplanar Imaging Thrombolysis Evaluation Trial (EPITHET).
15. Clinicaltrials.gov NCT00250991. Combined Approach to Lysis Utilizing Eptifibatide and rt-PA in

Acute Ischemic Stroke (CLEAR Stroke) Trial.
16. Clinicaltrials.gov NCT00389467. MR and Recanalization of Stroke Clots Using Embolectomy (MR

RESCUE).
17. Fagan SC, Morgenstern LB, Petitta A, Ward RE, Tilley BC, Marler JR, Levine SR, Broderick JP,

Kwiatkowski TG, Frankel M, Brott TG, Walker MD. Cost-effectiveness of tissue plasminogen
activator for acute ischemic stroke. NINDS rt-PA Stroke Study Group. Neurology 1998 Apr;50(4):
883–890. [PubMed: 9566367]

18. Fieschi C, Argentino C, Lenzi GL, Sacchetti ML, Toni D, Bozzao L. Clinical and Instrumental
Evaluation of Patients with Ischemic Stroke Within the First Six Hours. J Neurol Sci 1989;91 (3):
311–321. [PubMed: 2671268]

19. Grotta J, Alexandrov A. tPA-Associated Reperfusion After Acute Stroke Demonstrated by SPECT.
Stroke 1998;29:429–432. [PubMed: 9472885]

20. Grotta JC, Burgin WS, El-Mitwalli A, Long M, Campbell M, Morgenstern LB, Malkoff M,
Alexandrov A. Intravenous Tissue-type Plasminogen Activator Therapy for Ischemic Stroke:
Houston Experience 1996–2000. Arch Neurol 2001;58:2009–2013. [PubMed: 11735774]

Grotta and Marler Page 6

Surg Neurol. Author manuscript; available in PMC 2009 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.stroke-site.org


21. Grotta J. t-PA – The Best Current Option for Most Patients. NEJM 1998;337(18):1310–1312.
[PubMed: 9345085]

22. Grotta JC, Welch KMA, Fagan SC, Lu M, Frankel MR, Brott T, Levine SR, Lyden PD. the NINDS
rt-PA Stroke Study Group. Clinical Deterioration Following Improvement in the NINDS rt-PA Stroke
Trial. Stroke 2001;32:661–668. [PubMed: 11239184]

23. Hacke W, Albers G, Al-Rawl Y, Bogousslavsky J, Davalos A, Eliasziw M, Fisher M, Furlan A, Kaste
M, Lees KR, Soehngen M, Warach S. DIAS Study Group. The Desmoteplase in Acute Ischemic
Stroke Trial (DIAS): a phase II MRI-based 9-hour window acute stroke thrombolysis trial with
intravenous desmoteplase. Stroke 2005;36(1):66–73. [PubMed: 15569863]

24. Hacke W, Donnan G, Fieschi C, Kaste M, von Kummer R, Borderick JP, Brott T, Frankel M, Grotta
JC, Haley EC Jr, Kwiatkowski T, Levine SR, Lewandowski C, Lu M, Lyden P, Marler JR, Patel S,
Tilley BC, Albers G. ATLANTIS Trials Investigators; ECASS Trials Investigators; NINDS rt-PA
Study Troup Investigators. Association of outcome with early stroke treatment: pooled analysis of
ATLANTIS, ECASS, and NINDS rt-PA stroke trials. Lancet 2004;363:768–74. [PubMed:
15016487]

25. Haley E, Lewandowski C, Tilley B. NINDS rt-PA Stroke Study Group. Myths regarding the NINDS
rt-PA Stroke Trial: Setting the record straight. Annals of Emergency Medicine 1997;30:676–682.
[PubMed: 9360581]

26. Haley EC Jr, Brott TG, Sheppard GL, Barsan W, Broderick J, Marler JR, Kongable GL, Spilker J,
Massey S, Hansen CA, et al. Pilot randomized trial of tissue plasminogen activator in acute ischemic
stroke. The TPA Bridging Study Group. Stroke 1993 Jul;24(7):1000–4. [PubMed: 8322373]

27. Haley EC, Levy DE, Brott TG, Sheppard GL, Wong MC, Kongable GL, Torner JC, Marler JR. Urgent
therapy for stroke. Part II. Pilot study of tissue plasminogen activator administered 91–180 minutes
from onset. Stroke 1992 May;23(5):641–5. [PubMed: 1579959]

28. Hoffman J, Cooper R. Stroke thrombolysis: we need new data, not more reviews. The Lancet
Neurology 2005;4(4):204–205.

29. The IMS Study Investigators. Combined Intravenous and Intra-Arterial Recanalization for Acute
ischemic Stroke: The Interventional Management of Stroke Study. Stroke 2004;35:904–912.
[PubMed: 15017018]

30. Ingal JT, O’Fallon WM, Asplund K, Goldfrank LR, Hertzberg VS, Louis TA, Christianson TJ.
Findings from the reanalysis of the NINDS tissue plasminogen activator for acute ischemic stroke
treatment trial. Stroke 2004;35(10):2418–2424. [PubMed: 15345796]

31. International Stroke Trial -2
32. Johnston SC, Rootenberg JD, Katrak S, Smith WS, Elkins JS. Effect of a US National Institutes of

Health programme of clinical trials on public health and costs. Lancet 2006;22;367(9519):1319–27.
[PubMed: 16631910]

33. Jones TH, Morawetz RB, Crowell RM, Marcoux FW, FitzGibbon SJ, DeGirolami U, Ojemann RG.
Thresholds of focal cerebral ischemia in awake monkeys. J Neurosurg 1981 Jun;54(6):773–782.
[PubMed: 7241187]

34. Katzan IL, Furian AJ, Lloyd Le, et al. Use of tissue-type plasminogen activator for treatment of acute
stroke: the Cleveland area experience. JAMA 2000;283:1151–1158. [PubMed: 10703777]

35. Kwiatkowski T, Libman R, Lewandowski C, Tilley BC, Grotta J, Lyden P, Levine S, Brott T. the
NINDS rt-PA Stroke Study Group. The Impact of Imbalances in Baseline Stroke Severity on
Outcome in the NINDS rt-PA Stroke Study. Ann Emerg Med 2005;45:377–84. [PubMed: 15795715]

36. Kwiatkowski TG, Libman RB, Frankel M, Tilley BC, Morgenstern LB, Lu M, Broderick JP,
Lewandowski CA, Marler JR, Levine SR, Brott T. Effects of tissue plasminogen activator for acute
ischemic stroke at one year. National Institute of Neurological Disorders and Stroke Recombinant
Tissue Plasminogen Activator Stroke Study Group. N Engl J Med 1999 Jun 10;340(23):1781–7.
[PubMed: 10362821]

37. Lewandowski C, Frankel M, Tomsick T, Broderick J, Frey J, Clark W, Starkman S, Grotta J, Spilker
J, Khoury J, Brott T. the EMS Bridging Trial Investigators. Combined Intravenous and Intra-Arterial
r-TPA Versus Intra-Arterial Therapy of Acute Ischemic Stroke: Emergency Management of Stroke
(EMS) Bridging Trial. Stroke 1999;30:2598–2605. [PubMed: 10582984]

Grotta and Marler Page 7

Surg Neurol. Author manuscript; available in PMC 2009 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Marchal G, Beaudouin V, Rioux P, et al. Prolonged persistence of substantial volumes of potentially
viable brain tissue after stroke: a correlative PET-CT study with voxel-based data analysis. Stroke
1996;27:599–606. [PubMed: 8614914]

39. Marler, JR.; Jones, PW.; Emr, M. Proceedings of a National Symposium on Rapid Identification and
Treatment of Acute Stroke. The National Institute of Neurological Disorders and Stroke; Bethesda,
Maryland: Aug. 1997

40. Marler JR, Tilley BC, Lu M, Brott TG, Lyden PC, Grotta JC, Broderick JP, Levine SR, Frankel MP,
Horowitz SH, Haley EC Jr, Lewandowski CA, Kwiatkowski TP. for the NINDS rt-PA Stroke Study
Group. Early Stroke Treatment Associated With Better Outcome. Neurology 2000;55:1649–1655.
[PubMed: 11113218]

41. The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. Tissue
plasminogen activator for acute ischemic stroke. New Engl J Med 1995;333:1581–1587. [PubMed:
7477192]

42. The NINDS t-PA Stroke Study Group. Generalized Efficacy of t-PA for Acute Stroke - Subgroup
Analysis of the NINDS t-PA Stroke Trial. Stroke 1997;28:2119–2125. [PubMed: 9368551]

43. The NINDS t-PA Stroke Study Group. Intracerebral Hemorrhage After Intravenous t-PA Therapy
for Ischemic Stroke. Stroke 1997;28:2109–2118. [PubMed: 9368550]

44. The NINDS t-PA Stroke Study Investigators. A Systems Approach to Immediate Evaluation and
Management of Hyperacute Stroke. Stroke 1997;28:1530–1540. [PubMed: 9259745]

45. Patel SC, Levine SR, Tilley BC, Grotta JC, Lu M, Frankel M, Haley EC, Brott TG, Broderick JP,
Horowitz S, Lyden PD, Lewandowski CA, Marler JR, Welch MKA. for the NINDS rt-PA Stroke
Study Group. Lack of Clinical Significance of Early Ischemic Changes on Computed Tomography
in Acute Stroke. JAMA 2001;286:2830–38. [PubMed: 11735758]

46. Schmuilling S, Grond M, Rudolf J, Heiss WD. One year follow-up in acute stroke patients treated
with rtPA in clinical routine. Stroke 2000;31:1552–1554. [PubMed: 10884452]

47. Smith WS. for the Multi MERCI Investigators. Safety of Mechanical Thombectomy and Intravenous
Tissue Plasminogen Activator in Acute ischemic Stroke. Results of the Multi Mechanical Embolus
Removal in Cerebral Ischemia (MERCI) Trial, Part I. AJNR 2006;27:1177–1182. [PubMed:
16775259]

48. Smith WS, Sung G, Starkman S, et al. the MERCI Trial Investigators. Safety and efficacy of
mechanical embolectomy in acute ischemic stroke: results of the MERCI trial. Stroke 2005;36:1432–
1438. [PubMed: 15961709]

49. Sugg RM, Pary JK, Uchino K, Baraniuk S, Shaltoni HM, Gonzales NR, Mikulik R, Garami Z, Shaw
SG, Matherne DE, Moyé LA, Alexandrov AV, Grotta JC. Argatroban tPA Stroke Study Study:
Design and Results in the First Treated Cohort. Arch Neurol 2006;63:1057–1062. [PubMed:
16908730]

50. Tanne D, Bates VE, Verro P. the t-PA Stroke Survey Group. Initial clinical experience with IV tissue
plaminogen activator for the acute ischemic stroke: a multicenter survey. Neurology 1999;53:424–
427. [PubMed: 10430444]

51. Tilley B, Lyden P, Brott T, Lu M, Levine S, Welch K. for the National Institute of Neurological
Disorders and Stroke rt-PA Stroke Study Group. Total Quality Improvement Method for Reduction
of Delays Between Emergency Department Admission and Treatment of Acute Ischemic Stroke.
Archives of Neurology 1997;54:1466–1474. [PubMed: 9400355]

52. Wahlgren NG. Personal Communication.
53. Wojner-Alexandrov AW, Alexandrov AV, Rodrigues D, Persse D, Grotta JC. Houston Paramedic

and Emergency Stroke Treatment and Outcomes Study (HoPSTO). Stroke 2005;36:1512–1518.
[PubMed: 15961712]

54. Zivin JA, Fisher M, DeGirolami U, Hemenway CC, Stashak JA. Tissue plasminogen activator reduces
neurological damage after cerebral embolism. Science 1985 Dec 13;230(4731):1289–1292.
[PubMed: 3934754]

Grotta and Marler Page 8

Surg Neurol. Author manuscript; available in PMC 2009 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


