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Abstract

Background: Hydroxymethylglutaryl coenzyme A reduc-
tase inhibitors (‘statins’) reduce the neuronal injury in dose-
dependent fashion in rodent stroke models. We sought to
determine whether lovastatin at doses above those current-
ly approved can be administered safely within 24 h after an
acute ischemic stroke. Methods: We conducted a phase 1B
dose-finding study using an adaptive design novel to stroke
trials, the continual reassessment method, to find the high-
est tolerated dose of lovastatin. Planned doses were 1, 3, 6, 8
and 10 mg/kg/day for 3 days. The primary safety outcomes
were myotoxicity and hepatotoxicity. The model was cali-
brated to select a dose causing 7-13% toxicity. Results: We
enrolled 33 patients (16 men/17 women, age range 23-82
years). Three patients were treated at 1 mg/kg, 10 at 3 mg/kg,
12 at 6 mg/kg, and 8 at 8 mg/kg. Thirty of the 33 patients
(90.9%) completed at least 11 of 12 doses. Two patients at the
6-mg/kg dose level experienced transient mild elevations in

transaminases without clinical sequelae. After an initial dose
reduction, the dose was re-escalated to 8 mg/kg, and no fur-
ther patients reached safety outcomes. No clinical liver dis-
ease, myopathy, or creatine phosphokinase elevations oc-
curred. The final model-based toxicity at 8 mg/kg was 13%;
no patient was treated at 10 mg/kg. Conclusions: Lovastatin
at doses above those currently approved by the Food and
Drug Administration is feasible for 3 days after an acute isch-
emic stroke and the maximum tolerated dose is estimated to
be 8 mg/kg/day. Further randomized studies are warranted
to confirm its safety and to demonstrate its efficacy in im-
proving functional outcomes after stroke.

Copyright © 2009 S. Karger AG, Basel

Introduction

Hydroxymethylglutaryl coenzyme A reductase in-
hibitors, or ‘statins’, prevent myocardial infarction,
stroke, and other vascular events [1, 2]. Their benefit may
be partly independent of their effects on lowering cho-
lesterol [3-5]. Experimental and clinical evidence sug-
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gest that by reducing downstream products of the meva-
lonate pathway other than cholesterol, statins can have
beneficial effects on endothelial function, coronary and
cerebral blood flow, inflammation, and hemostasis [4, 5].
More recently, experimental studies have demonstrated
that several statins can reduce neuronal injury and in-
farct size in rodent models of acute ischemic stroke [6—
13]. In these animal models, statins have been given both
before the experimental stroke and as an acute treatment
early (3 h) after the stroke. The mechanism of this neu-
roprotection is also independent of the effect on choles-
terol, and appears primarily related to improved endo-
thelial function, increased cerebral blood flow, and re-
duced inflammation, rather than to a direct neuronal
cytoprotective benefit. Furthermore, the greatest neuro-
protective effect in these studies was seen at the highest
doses, with a dose-response effect. There is also evidence
that statins may have pro-restorative effects on neuronal
recovery after stroke when used up to 24 h later, includ-
ing angiogenesis, synaptogenesis, and neurogenesis
(14].

Observational studies and preliminary clinical trials
in humans have provided some support for a benefit of
statins administered at traditional doses in acute isch-
emic stroke. Patients already taking statins at the time of
stroke have better functional outcomes and reduced mor-
tality compared to patients not taking statins, as shown
in many studies [15-19]. One pilot randomized trial of
simvastatin 40 mg daily in acute ischemic stroke patients
reported a benefit in neurological exam scores as early
as 3 days after treatment, though consistent benefits in
functional outcomes were not maintained at 90 days [20].
Another randomized study found that cessation of stan-
dard-dose statins in patients already on them led to worse
outcomes [21]. Other observational studies and small tri-
als have failed to confirm a benefit and have suggested a
potential for increased risk [22, 23]. It is of note that all
trials thus far have focused on standard doses of statins,
although animal models have suggested that there is a
dose-response effect on neuroprotection. It is plausible,
therefore, that statin doses higher than currently ap-
proved for long-term cholesterol reduction may be of
greater benefit in acute stroke than traditional doses.

Early-phase trials in cancer patients have provided ev-
idence that statins at doses above the approved level are
well-tolerated for short periods of time in humans. Lov-
astatin, in particular, has been tested in humans at doses
similar to and higher than those that have been shown to
be neuroprotective in rodent models [24-27]. Because
there may be important differences between cancer and
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Table 1. Starting dose escalation plan

Phase 1B Cohort Lovastatin dose Maximum dose, Dose
cohort size every6hfor72h  based on dose days 3-30
No. n mg/kg/day calculated for mg/day
weight of 100 kg
mg
1 3 1 100 20
2 3 3 300 20
3 6 6 600 20
4 9 8 800 20
5 12 10 1,000 20
Total 33

These dose levels applied before any dose-limiting toxicity was
observed. The Data and Safety Monitoring Committee met to dis-
cuss continuation to the next cohort after every 3 patients were
enrolled. Dose (de-)escalation was conducted according to the
time-to-event CRM once a dose-limiting toxicity was observed.

stroke patients in patient characteristics, including age
and comorbid illness, and disease pathophysiology, in-
cluding a potential high risk of hemorrhagic complica-
tions in stroke patients, proof of safety in stroke patients
is required. Despite their role in vascular prophylaxis, no
translational studies have been performed to test the safe-
ty of statins at doses higher than currently approved when
administered as early therapy in stroke patients. The in-
vestigator-initiated Neuroprotection with Statin Therapy
for Acute Recovery Trial (NeuSTART) drug development
program was started to provide data on the safety, phar-
macokinetics, and pilot efficacy of this approach. This
paper describes the main results of a phase 1B dose-es-
calation and dose-finding study designed to test the hy-
pothesis that short-term statin therapy, at doses that are
maximally effective in animal studies of neuroprotec-
tion, is feasible and safe in patients with acute ischemic
stroke. We further provide pharmacokinetic data and
provide an example of use of an adaptive statistical de-
sign, the time-to-event continual reassessment method
(CRM) [28, 29], which has until now been novel to acute
stroke research.

Methods

The rationale, methods, and protocol for this study have been
described in detail in a previous publication [30]. Briefly, Neu-
START was a 2-center phase 1B dose-escalation and dose-find-
ing study in which ischemic stroke patients were treated within
24 h of symptom onset at escalating dosage levels of short-term
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Table 2. Inclusion and exclusion criteria

Inclusion criteria
1 Patient’s age is 218

2 Patient satisfies criteria for ischemic stroke: acute focal
neurological deficit of likely ischemic vascular origin

3 Patient or legally authorized representative has provided
written informed consent prior to study entry

4 Patient can receive first treatment dose within 0-24 h of
stroke onset; for patients found with stroke on awakening, it
will be assumed that the stroke occurred the last time they
were known to be normal

5 Patient has pretreatment brain CT scan compatible with
ischemic stroke that excludes hemorrhagic and nonvascular
etiologies of symptoms

6 Patients taking statins at time of stroke may be included

Exclusion criteria
1 Brain imaging study shows lesion other than ischemic
stroke that could explain patient’s symptoms (intracranial
or subarachnoid hemorrhage, arteriovenous malformation,
aneurysm, multiple sclerosis, tumor, abscess or other);
asymptomatic meningiomas are allowed

Mild stroke, defined as NTHSS <2

3 Patient has received or is expected to receive intravenous
rt-PA within 3 h or intra-arterial rt-PA within 6 h of stroke
onset, according to our institutional standard of care

4 Patient has received intravenous rt-PA after 3 h or intra-
arterial rt-PA after 6 h after stroke onset

5 Patient is comatose, regardless of etiology (>4 points on the
first 3 items of the NIHSS)

6 Patient has history of intolerance or allergic reaction to any
statins (myotoxicity, hepatic dysfunction, rash or other)

7 Patient has used drugs within past 30 days that utilize the
cytochrome CYP3A pathway (cyclosporine, itraconazole,
ketoconazole, erythromycin, azithromycin, clarithromycin
or nefazodone)

8 Patient has used drugs within past 30 days that increase risk
of myotoxicity with statins (gemfibrozil, other fibrates,
niacin, amiodarone or verapamil)

10 Recent major trauma (<3 months)

11 Hypothermia (body temperature <96°F)

12 Baseline hypoxia (defined as oxygen saturation <92% on
room air)

13 Patient has history of likely or proven systemic viral
infection within 30 days

14 Patient has known HIV infection or used protease
inhibitors

15 Endocarditis likely as cause of stroke
16 Mitochondrial disorder likely as cause of stroke

17 Pregnancy or lactation

18 Patient has history of rhabdomyolysis, myopathy or other
severe muscle disease

19 Patient has history of hepatitis, decompensated liver disease
(ascites, bleeding varices or encephalopathy) or liver failure

20 Liver function tests (ALT, AST) =2 X upper limit of normal

21 Unstable cardiovascular (including uncontrolled
hypertension), pulmonary, gastrointestinal, hepatic or
musculoskeletal disease

22 Patient has evidence of congestive heart failure or has
history of end-stage cardiovascular disease (e.g. CHF
NYHA class III or IV or unstable angina)

23 Abnormal ECG showing: hemodynamically significant
arrhythmia or frequent PVCs (>5/min; controlled atrial
arrhythmia will not be an exclusion criterion); evidence
of acute myocardial infarction; Mobitz II 2nd-degree AV
block or 3rd-degree AV block; ventricular tachycardia or
ventricular fibrillation

24 Significant renal insufficiency, indicated by serum
creatinine >2.0 mg/dl

25 Hypoglycemia (glucose <60 mg/dl) or diabetic ketoacidosis
unresponsive to therapy

26 Any of these hematologic abnormalities: Hb <10 g/dl; WBC
<3.0 X 10*/mm?; platelet count <50,000/mm?

27 Patient has received investigational drug within 30 days

28 Patient has severe behavioral or social problems that may
interfere with the conduct of clinical study procedures

9 Baseline major electrolyte disturbances (sodium <125 or
>150, potassium <3.0 or >5.5)

29 Patient is unlikely, in the investigator’s opinion, to complete
the study and return for follow-up visits for any reason

NIHSS = National Institutes of Health Stroke Scale; rt-PA = recombinant tissue-type plasminogen activator; CHF = congestive
heart failure; NYHA = New York Heart Association; PVC = premature ventricular contraction; AV = atrioventricular; Hb = hemoglo-

bin; WBC = white blood count.

high-dose lovastatin (the initial dose plan was 1, 3, 6, 8, or 10 mg/
kg/day for 3 days; table 1). Lovastatin was chosen because of the
preliminary data available from safety trials in cancer patients
and because of Food and Drug Administration concerns about
safety at higher doses with certain other statins. Patients with
acute ischemic stroke who could be treated within 24 h of symp-
tom onset were eligible. A time window of 24 h was chosen be-
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cause the primary goal of the study was to assess safety. Inclusion
and exclusion criteria are listed in table 2 [30]. Patients who were
treated with intravenous tissue plasminogen activators were ex-
cluded from the trial because of Food and Drug Administration
concerns that a high-dose statin therapy might either interfere
with the efficacy of the tissue plasminogen activators or lead to an
increased risk of hemorrhage due to effects on the platelet func-
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tion. The study was approved by the institutional review boards
of the 2 participating hospitals, and all patients provided in-
formed consent.

The patients were administered the total daily dose in 4 di-
vided doses, to be consistent with cancer trials that demonstrated
safety at high doses in that patient population [24-26]. The study
drug was administered orally to most patients and via a nasogas-
tric tube to dysphagic patients. After the initial 3 days, all patients
received lovastatin 20 mg daily for 27 days (table 1), unless they
had experienced toxicity, to avoid any statin withdrawal effects.
They received an actual dose within 6% of the target calculated
dose on a milligram per kilogram basis. The maximum daily
dose for any individual patient was based on a maximum weight
of 100 kg. Other medications that increase the risk of myopathy
were prohibited [30]. Patients already taking statins were en-
rolled as long as the patient and treating physician were willing
to discontinue the current statin in favor of the study medica-
tion.

Significant muscle or hepatic toxicity was chosen as the pri-
mary endpoint for the study based on well-established under-
standing of the likely toxicity expected with statin agents gained
from multiple prior clinical trials in patients with cardiovascular
disease as well as from the results of smaller early-phase studies
in cancer patients [24-26]. The primary safety outcome was the
development of clinical or laboratory evidence of major hepatic
or muscle toxicity. The definition of the primary safety outcome,
in keeping with other statin trials [31, 32], was defined as either:
(1) liver toxicity: liver function test [alanine aminotransferase
(ALT) and/or aspartate aminotransferase (AST)] levels increase
at any time point >3 times the upper limit of normal (ULN), de-
velopment of jaundice, otherwise unexplained coagulopathy, or
other clinical evidence of hepatitis or liver failure; or (2) muscle
toxicity: increase in creatine phosphokinase (CK) at any time
point >10 times the ULN, or clinical evidence of muscle pain or
weakness not related to the stroke and associated with CK >5
times the ULN.

Safety laboratory tests, including liver function tests and CK,
were measured at baseline (on day 0 prior to drug administration)
and on days 1, 2, 3, 5, 7 and 30. A muscle and liver clinical assess-
ment of pain, strength, jaundice, and bleeding was also completed
at baseline and on days 1, 2, 3, 5, 7 and 30. Pharmacokinetic anal-
yses were also made, and inflammatory biomarkers [high-sensi-
tivity C-reactive protein (hsCRP), interleukin-6 (IL-6), tumor ne-
crosis factor-a (TNF), and TNF receptor 1 (TNFR1)] as well as
lipid levels were assessed at these intervals to provide another
measure of activity. Vital signs were measured every 4 h during
the first 72 h postdose, and on days 7 and 30. Expected and unex-
pected adverse events, the use of concomitant medication, and
compliance with study procedures were assessed throughout the
study.

Statistical Analysis and Sample Size Calculations

Details of the statistical methodology used in this trial have
been published previously [30]. Briefly, the objective was to deter-
mine the maximal tolerated dose (MTD) in this patient popula-
tion. We defined the MTD as the dose associated with a 10% rate
of occurrence of the primary safety endpoint or the dose-limiting
toxicity within the 30-day treatment period. The study design tol-
erates 10% toxicity in stroke patients in order to be able to treat
patients at a higher and thus potentially efficacious dose.

High-Dose Lovastatin for Acute Ischemic
Stroke

Patients were scheduled to be enrolled in groups of size 3. The
first 3 patients received dose level 1 (1 mg/kg/day). Once a pri-
mary safety event was observed, the time-to-event CRM [28, 29,
33] was used to determine dose escalation, and each individual
patient was given a dose based on the updated dose-toxicity mod-
el at the time the patient was enrolled into the trial. The local Data
and Safety Monitoring Committee made the final determination
whether an event was related to the study therapy. Under the
time-to-event CRM paradigm, when a patient was eligible for en-
rollment, the toxicity probability was estimated for each dose,
based on safety information accrued up to that time and the prior
expectation of toxicity; the estimation was based on the posterior
mean of an empiric dose-toxicity model (see fig. 2, filled circle
curve) [34]. The new patient was then assigned to the current es-
timate of MTD. The dose toxicity model was calibrated such that
the time-to-event CRM would converge to assign a dose that
caused 7-13% toxicity, within 3% of our target [35]. After enroll-
ment finished, we calculated the final estimate of the probability
of developing a safety event for each dose, using both the Bayesian
posterior calculation and the maximum likelihood estimation.
The 95% CIs of the toxicity probabilities were also calculated
based on the maximum likelihood estimates [36].

We planned to accrue 33 evaluable patients using the time-
to-event CRM with an empiric dose-toxicity model [34]. This
design would select the correct MTD with probabilities over
50% in our simulated scenarios. More importantly, given our
primary focus on safety in this study, the probability of choosing
a dose with a 25% or higher likelihood of toxicity was no more
than 18%. Generally, a sample size of 33 patients ensures that
estimates of any binary variable will have a 95% CI of width
=<0.34 and will enable us to detect any unexpected toxicity that
occurs at a 5% rate (in a non-dose-dependent fashion) with a
0.82 probability.

Because we considered the possibility that there could be dose-
related increases in laboratory tests short of reaching a primary
safety outcome, we also performed exploratory analyses of liver,
muscle, other laboratory tests, and vital signs during the first
72 hamong the dose levels. Linear mixed effects models were used
to assess the dose effects and adjust for the time trend on the lab-
oratory measurements. Nonparametric Jonckheere-Terpstra tests
were also used to assess dose effects on liver and muscle tests at
each posttreatment time point. Marker levels were log-trans-
formed as needed to stabilize the variance. The changes from
baseline on a log scale in marker levels of hsCRP, IL-6, TNF, and
TNFR1 were analyzed using the linear mixed effects models with
dose and time as fixed covariates. Time trends were explored
graphically by plotting all these outcomes against the times of
measurement for each patient. Secondary safety outcomes and
adverse events were tabulated and summarized by the observed
rates and 95% ClIs.

Source of Funding

This trial was conducted as part of an investigator-initiated
program project funded by the National Institutes of Health and
the National Institute of Neurological Disorders and Stroke,
which focused on the therapy of acute stroke (the New York-Co-
lumbia Collaborative Specialized Program of Translational Re-
search in Acute Stroke - SPOTRIAS). Two centers participated,
the initiating Columbia University Medical Center and a second
center at New York Hospital-Cornell.
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Fig. 1. Patient flow throughout the course of the trial. Patients are
presented in chronological order from left to right. Open circles
indicate patients treated without reaching a primary safety out-
come. Crosses indicate patients who reached primary safety out-
comes. Note that dose de-escalation occurred after 2 patients
reached primary safety outcomes at the 6-mg/kg dose tier. The
second patient in this pair was enrolled before the first patient was
noted to reach a primary safety outcome.

Results

The patient characteristics are presented in table 3. It
is of note that 91% of the patients completed 11 of 12 of
the 4 divided daily doses during days 1-3 of the study.
Figure 1 shows the course of patient flow, including the
dose escalation, de-escalation, and re-escalation in the
study. The figure illustrates that, after 2 toxic events oc-
curred at the third dose level (6 mg/kg/day), the dose was
de-escalated to 3 mg/kg/day. Two patients were treated at
the dose level of 6 mg/kg before dose de-escalation be-
cause they were enrolled at about the same time and the
second event occurred before the first had been recog-
nized. The dose was then re-escalated when the model-
based toxicity was again compatible with a toxicity of 7-
13%. The study was stopped when the originally planned
33 patients were enrolled, and a maximum dose of 8 mg/
kg was given. No further toxic events occurred. The final
model-based estimate of toxicity was 13% (95% CI 3-
28%) for a dose of 8 mg/kg/day (fig. 2).

Online suppl. fig. 1 (www.karger.com/doi/10.1159/000228709)
shows the peak levels of the primary safety laboratory
tests for each patient. Two patients exceeded the toxicity
threshold (3 times the ULN) for either AST or ALT, but
no patients exceeded 5 times the ULN for CK. The mixed
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Fig. 2. Model-based probabilities of dose-limiting toxicity. Filled
circles represent a priori assumptions about dose-limiting toxic-
ity. Crosses represent the point estimates of the final probabilities
calculated from the CRM model. Dashed lines represent the 95%
CI for the final probabilities.

Table 3. Summary of patient characteristics

Patient characteristics Mean £ SD, or n (%)

Total 33
Age, years
Mean * SD 62+15.0
Range 23—82
Men 16 (48.4)
Race
Hispanic 16 (48.4)
Non-Hispanic white 7(21.2)
Non-Hispanic black 9 (27.3)
Asian 1(3.0)
NIH Stroke Score at baseline
Median 5
Range 2—-17

Time from symptom onset to treatment initiation, h

Mean * SD 15.7x£7.2

Range 1.0—-25.1
Stroke subtype

Cardioembolic 11 (33.3)

Lacunar 15 (45.5)

Large vessel atherosclerotic 4(12.1)

Other/cryptogenic 3(9.1)
Treatment

Completed >11 of 12 doses 30 (90.9)

Completed 29 of 12 doses 32 (97.0)

NIH = National Institutes of Health.

Elkind et al.



effects models of the CK and aminotransferase levels pro-
vided evidence for modest dose effects (p = 0.09 for the
CKand p = 0.08 for aminotransferase levels). Jonckheere-
Terpstra tests confirmed a slight dose-related decline in
CK on day 1 (p = 0.042) and a dose-related subclinical
elevation in AST on days 5 and 7 (p = 0.026 and 0.037,
respectively). All levels returned to normal no later than
30 days after.

There was a significant decrease in TNF-a receptor 1
(TNFRI1) levels associated with dose increase; TNFR1 de-
creased by 1.6% (p = 0.051) per unit increase in the dose
(mg/kg). There was no effect on CRP, IL-6, or TNF levels.
Total cholesterol, low-density lipoprotein, and triglycer-
ide levels decreased acutely after the stroke and then in-
creased again over 30 days. High-density lipoprotein lev-
els remained stable. There was no evidence of an effect of
the dose level on the lipid or triglyceride levels. There was
also a trend toward a decrease in systolic blood pressure
measured at 4-hour intervals during the first 72 h (-2.0%
per unit dose increase; p = 0.064), but no significant
change in pulse or diastolic blood pressure.

Platelet aggregation studies, using high-dose ADP as
a stimulant to test for additional effects beyond the ex-
pected antiaggregatory effects of aspirin therapy alone,
demonstrated no significant dose-related effects on plate-
let aggregation. Additional studies using collagen and
ristocetin similarly demonstrated no evidence of any
dose-related decrease in platelet aggregation. Platelet se-
cretion studies using ADP and collagen demonstrated a
low secretion in almost all patients, consistent with the
use of antiplatelet agents; 1 patient with normal secretion
to ADP was on warfarin. There was no evidence of a dose-
related decrease in antiplatelet efficacy.

The frequency of anticipated, prespecified secondary
safety outcomes and the 95% ClIs are shown in table 4.
The most frequent events were neurological worsening
and infections (n = 5 patients for both). Three episodes of
neurological worsening occurred at a dose of 3 mg/kg/
day and 3 at a dose of 6 mg/kg/day; there were none at 1
or 8 mg/kg/day. Infections included 3 urinary tract infec-
tions, 1 cellulitis, and 1 pneumonia. One infection oc-
curred at 1 mg/kg/day, 3 at 6 mg/kg/day, and 1 at 8 mg/
kg/day. There was no statistical evidence of any associa-
tion of these outcomes with the dose level, but the num-
ber of participants was relatively small to permit exclu-
sion of any such effect. There were no episodes of aspira-
tion pneumonia, bladder or bowel incontinence, brain
herniation, cough, deep venous thrombosis, or phlebitis.
Four patients experienced a gastrointestinal upset, 3
within the first 7 days. In addition, 2 patients had to vom-

High-Dose Lovastatin for Acute Ischemic
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Table 4. Prespecified secondary safety outcomes

Secondary safety outcomes n % (95% CI)
Clinically significant hypotension! 2 6.1 (0-14.2)
Symptomatic hemorrhagic conversion? 1 3.0 (0-8.9)
Neurological worsening? 5  15.2(2.9-27.4)
Progression of stroke 1 3.0 (0-8.9)
Infections? 5 15.2(2.9-27.4)
Depression 2 6.1 (0-14.2)
Dysphagia 2 6.1 (0-14.2)
Speech disorder 3 9.1 (0-18.9)

! Defined as development of new symptoms or signs (syncope,
decreased mental status, new neurological deficit, decline in
NIHSS 22 points) attributed to a decline in systolic or diastolic
blood pressure of 210 mm Hg. Other causes of these symptoms
must have been excluded.

2 Defined as a decline of >2 points on the NIHSS and CT evi-
dence of new hemorrhage.

3Defined as a decline of >2 points on the NIHSS in the absence
of any new hemorrhage on the CT scan.

4Defined as infections that require treatment with antibiotics,
are life-threatening, result in additional disability or prolonged
hospitalization (including - but not limited to — urinary tract in-
fections, bacteremia, pneumonia, and cellulitis).

it within the first 7 days and 2 patients had diarrhea, 1 of
them within the first 7 days. A total of 9 serious adverse
events occurred in 7 patients (table 5). Three of these 9
events were considered possibly related to the study med-
ication, but none were considered as definitely related.

Pharmacokinetic assays showed linear pharmacoki-
netics at these higher-than-approved doses of lovastatin,
up to the maximum tested dose of 8 mg/kg/day. Blood
levels of lovastatin (prodrug) and lovastatin acid (the pri-
mary active metabolite) were measured at single time
points around expected peak and trough times near the
first dose (0, 2 h) and the last dose (66, 68 h), as well as af-
ter the end of the dosing period (120 h). We compared the
pharmacokinetic parameters of this study with published
data using the same dosage form (immediate release) at
standard doses (40 mg single dose) [37]. For lovastatin and
lovastatin acid, all peak and trough values measured were
within the 95% CI around the expected values. For lova-
statin acid, the values were consistently closer to projected
values than the lovastatin values. The area under the con-
centration time curve was also consistent with published
data, with no unusual values observed. For both analytes,
there was no indication of accumulation or nonlinear
metabolic rates over the studied dosage range.

Cerebrovasc Dis 2009;28:266-275 271



Table 5. Serious adverse events

Event diagnosis Dose Outcome Study drug Related to study
tier action medication
mg/kg

67-year-old non-Hispanic man recurrent stroke 3 resolved with sequelae  none not related
42-year-old non-Hispanic TIA 3 resolved none not related
white woman

Same patient TIA 3 resolved none not related
77-year-old Hispanic woman recurrent stroke 3 resolved with sequelae  none not related
78-year-old Hispanic woman atrial fibrillation 3 resolved none not related
69-year-old acute renal failure 6 resolved permanently  possibly
non-Hispanic woman discontinued

56-year-old extension of infarct 6 resolved none not related
non-Hispanic woman secondary to hypovolemia

and hypoperfusion

72-year-old intermittent dysarthria, 6 resolved none possibly
non-Hispanic man bradycardia
Same patient urinary tract infection 6 resolved none possibly

TIA = Transient ischemic attack.

Discussion

The presently described trial represents a potential
new approach to the treatment of acute ischemic stroke,
as well as a novel way of conducting a phase I trial evalu-
ating safety and determining an optimal dose of a pos-
sible neuroprotectant drug. We found that higher doses
of the generically available hydroxymethylglutaryl coen-
zyme A reductase inhibitor lovastatin than currently ap-
proved by the FDA are feasible and tolerated in patients
with acute ischemic stroke presenting within 24 h of
symptom onset. While there was some evidence of mild
transient increases in liver function tests, as might be
expected with statins, there was no evidence of clinical-
ly significant liver or muscle disease. Other adverse
events also occurred in the study, as would be expected
among a group of stroke patients, but there was no clear
evidence of a pattern of increasing adverse events with
increasing doses. We did, however, find evidence that the
inflammatory marker TNFR1 may be decreased in a
dose-dependent fashion and a suggestion that there
might be a modest dose-related blood-pressure-lowering
effect. The clinical implications of these changes are un-
certain, however, and larger, randomized safety studies

272 Cerebrovasc Dis 2009;28:266-275

are warranted to confirm that ultrahigh doses of lova-
statin are safe.

We also demonstrated that an adaptive method of
dose escalation that has been used extensively in cancer
treatment trials may be of use in early-phase stroke trials.
The rationale for such a method is that in a serious dis-
ease like stroke, with a high likelihood of disability, tar-
geting a dose that is associated with a toxicity of 10% in
order to achieve a benefit in a reduction of the disability
is a reasonable approach. Traditional methods, on the
other hand, would have targeted levels of toxicity below a
given level rather than at that level. The notion of a de-
sired trade-off between toxicity and benefit is common
in cancer research, but has been relatively underempha-
sized in studies on stroke. While there are important dif-
ferences between cancer trials and stroke trials, including
the longer duration and multiple cycles of therapy in on-
cologic trials, we would suggest that even in stroke trials
toxicity may in some cases be used as a marker of efficacy.
Medications that reduce neuronal activity and thus re-
duce the level of alertness, for example, may be of benefit
as neuroprotectants even though they are interpreted as
showing toxicity. Similar methods have been recom-
mended for use in amyotrophic lateral sclerosis trials
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[38]. In addition, our design permitted greater flexibility
in the dose adjustment compared to traditional designs
for dose escalation by allowing dose re-escalation after
the occurrence of adverse events. It also minimized the
likelihood that any patient received a toxic dose of medi-
cation.

The study design is particularly efficient at finding the
maximal tolerated dose with a limited sample size. Al-
though the 95% CI for the toxicity rate at the identified
MTD is wide, the goal of this study was not to make a
definitive safety statement about the MTD. Rather, it was
to explore and identify the right dose range. It is of note
that the lower limit of the CI at the 10-mg/kg dose ap-
proaches 10%, indicating that this dose would likely ex-
ceed the optimal safety range. Further study at 8 mg/kg
is needed to confirm its safety and tolerability, and this
study is ongoing.

Our method, the modified time-to-event CRM [33], is
even more efficient in allowing staggered patient entry
and using toxicity information collected on days 1, 2, 3
and 7. Thus, when new patients arrive before previously
treated patients complete their 30-day evaluation, partial
information is still available for estimating the dose with-
out suspending the trial and turning away potential sub-
jects. This is particularly important in stroke trials, in
which recruitment may be slow and missed opportunities
for recruitment are particularly disappointing.

It remains unclear whether the very high doses of
statins studied in our trial are able or required to produce
clinical neuroprotection in human beings. There is, how-
ever, consistent evidence of a benefit of statins when ad-
ministered to rodent models of acute ischemic stroke,
and of a dose-response effect on neuroprotection [6-12,
14]. There is some evidence that higher doses may have
less benefit than lower doses when administered at 24 h
after stroke. These data may be interpreted as providing
evidence that high-dose therapy must be started early to
be effective at reducing infarct size, though it is uncertain
when the benefits of the high-dose therapy vanish. Statins
may also increase angiogenesis, neurogenesis, and synap-
togenesis even when given after an acute neuroprotectant
effect is no longer operative [14].

Several recent trials of statins in acute stroke have been
performed, with somewhat conflicting results. The larg-
est of these, the Stroke Prevention by Aggressive Reduc-
tion in Cholesterol Levels (SPARCL) trial [2], demon-
strated the benefit of atorvastatin for secondary stroke
prevention when administered to patients without car-
diac disease or hyperlipidemia. Importantly, the patients
in the trial began their treatment at least 30 days after the

High-Dose Lovastatin for Acute Ischemic
Stroke

stroke, and thus the study cannot be considered a reliable
guide to the benefits of statins for acute therapy after
stroke. Nor does this study provide any evidence of neu-
roprotective benefits. Other studies were much smaller.
One study [20] was a pilot trial in which patients (n = 60)
were randomly assigned to simvastatin 40 mg daily or
placebo within 12 h and for 3 days after the stroke, and
there was evidence of an improvement in neurological
function by 3 days. The functional outcomes did not per-
sist at 3 months and those patients on simvastatin had an
increased risk of infections. Interestingly, we also found
ahigh rate (approximately 15%) of infections in our study,
although - because of our nonrandomized design - we
could not say whether this effect was dose related, and
infections are common complications after stroke. In an-
other trial, the risk of recurrent stroke was not reduced
with the use of statin therapy, although the study was
stopped early and the number of participants may not
have been sufficient to reach a definitive conclusion [23].
Finally, another interesting trial appeared to show that
stopping statin therapy in patients already taking statins
when admitted with acute stroke can increase the risk of
adverse outcomes, including an increased infarct volume
and worse functional outcomes. This study was limited
by its small sample size (n = 89; randomized) and the lim-
ited number of participating centers, but does provide in-
direct evidence of the benefits of statin therapy [21].

The mechanism of potential neuroprotective effects
with statins remains uncertain. We found evidence for a
dose-related decrease in TNFR1, one of the mediators of
the effect of TNF-a, though not TNF-a itself. TNFR1
may be a more stable marker than TNF-a. TNFRI is
emerging as an important marker of poor outcome after
both stroke and myocardial infarction [39], and we have
found associations between TNFR1 and mortality in
the northern Manhattan population (unpublished data).
Recent animal studies have shown that TNFR1 may be
associated with decreased neuronal proliferation after
stroke, and that abrogation of this activity may enhance
recovery [40]. Other studies have demonstrated that
TNFR2 is also associated with the neuroprotective effects
of lovastatin, but we did not measure TNFR2 levels. We
did not find any effects of lovastatin on hsCRP or IL-6
within the 30 days of this study. Future studies will be
needed to confirm these findings and to explore for statin
effects mediated by endothelial nitric oxide synthase on
the cerebral blood flow.

No dramatic effects on lipid parameters were seen
within the short time period of high-dose therapy. Im-
portantly, we also did not find any evidence that high-
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dose statin therapy led to either a decrease in the efficacy
of aspirin therapy or to any platelet dysfunction. No pa-
tients received thrombolytic therapy and further in-vitro
studies of interactions of high-dose statin therapy with
thrombolytic therapy are warranted, to be followed by
studies in patients receiving thrombolytic therapy.
There are limitations to our trial. Because statins are
in general poorly soluble, there are no parenteral formu-
lations of statins available for human use. For this reason,
we used oral lovastatin, which entailed using a large num-
ber of pills. In part, our study provides evidence that oral
administration of lovastatin is feasible and associated
with linear pharmacokinetics. Importantly, recent ani-
mal studies suggest that parenteral formulations of statins
are feasible and may have greater neuroprotective effects
[41, 42]. We also had a limited ability to test the mecha-
nism of action of statin therapy as a potential neuropro-
tectant. Although we measured levels of several inflam-
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