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ABSTRACT

Intravenous thrombolysis improves long term functional outcomes in acute ischemic stroke. A select proportion of pa-
tients treated with thrombolysis experience rapid early neurological recovery, a powerful predictor of favourable long
term outcomes. There is increased interest to augment early neurological recovery by endovascular therapy or by adju-
vant intravenous thrombolytics. However, incomplete understanding of the physiological mechanisms of early recovery
has hampered a unified approach to monitor and to triage patients for invasive therapy. This review aimsto examine the
current understanding and insights gained from recent studies concerning early recovery and to inform the design of

future studies.
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1. Introduction

The introduction of thrombolysis with intravenous tissue
plasminogen activator (IV tPA) as an integral part of
stroke management has significantly improved stroke
outcomes [1-5]. Various studies including the pivotal
NINDS and ECASS trials have shown that 1V tPA re-
duces long term disability and improves function [1,2,4].
A proportion of patients treated with |V tPA experience a
phenomenon termed rapid neurological recovery [6-12].
It has been shown that early recovery correlates with a
more favourable long term prognosis [6-13]. This article
aims to review rapid neurological recovery and its un-
derlying mechanism, patterns of recovery, prognostic
predictors and clinical implications.

2. Rapid Neurological Recovery: Definitions,
Incidence and Outcome

A subset of patients treated with IV tPA have a signifi-
cant recovery, shedding a substantial component of their
neurological deficit within 24 hours [6-12,14]. This phe-
nomenon has been documented in a number of studies,
and has been labelled under a wide array of names in-
cluding “rapid neurological recovery”, “early neurologi-
cal improvement”, “major neurological improvement”,
“dramatic recovery” and the “Lazarus phenomenon”. Si-
milarly, it has been defined in numerous ways, as out-
lined inthe Table 1.

Despite the differing labels and definitions, the inci-
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dence and outcomes of rapid neurological recovery have
been reported consistently across the literature. Studies
showed that between 18% - 33% of patients treated with
IV tPA experienced some form of early recovery [6-9,11,
12,14]. Furthermore, patients with rapid neurological
recovery have lower 30 day mortality and are far more
likely to have a favourable functional outcome (modified
Rankin Score of 0 or 1) at 3months than patients without
early recovery [6-10,14]. Muresan et al. demonstrated
that 68% of patients who show evidence of such early
recovery experience a favourable 3-month outcome in
comparison to 29% of those without early recovery [11].

3. Mechanism of Action

3.1. Early Recovery as an Expression of Early
Recanalization

The principle of thrombolysis is based on reperfusion of
the ischemic penumbra, the consequence of which is the
arrest of infarct growth [15-17]. The prevailing theory
states that thrombolysis mediates its action by recanali-
zation, which in turn, is strongly associated with tissue
reperfusion [18,19]. This is supported by imaging and
angiographic studies demonstrating the correlation be-
tween recanalization with reduction in mortality and im-
proved long term functional outcome [20-28]. The DE-
FUSE study demonstrated that in patients with an ische-
mic penumbra, 56% of those that showed evidence of
early reperfusion had afavourable outcome [16].
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Table 1. Various definitions of rapid recovery.

Labels

Definitions

Rapid Neurological Recovery
Lazarus Phenomenon
Dramatic Recovery
Early Dramatic improvement
Major Neurological Improvement
Major Neurological Recovery
Dramatic Recovery
Early Improvement

Very Early Neurological |mprovement

Drop in NIHSS by 50% or more within 24 hours [7]
Drop in NIHSS by 50% or more within 24 hours [29]

Drop in NIHSS by 10 points or more OR Drop of NIHSS to 3 points or less during infusion [14]
Drop in NIHSS by 10 points or more OR Drop of NIHSSto 2 points or less, within 24 hours [30]
Drop in NIHSS by 8 points or more OR NIHSS of 0 points at 24 hours [6]

Drop in NIHSS by 8 points or more OR NIHSS of 0 or 1 at 24 hours [9,12]

Drop of NIHSS to 2 points or |ess after infusion [31]

Drop of NIHSSto 4 points or less at 24 hours [8]

NIHSS of 0 or improvement of 5 or more by end of infusion [11]

Conversely, in the cohort without early reperfusion
only 19% showed a good functional outcome, a finding
mirrored in numerous studies [31,32]. As recovery is
strongly associated with vessel recanalization, it stands to
reason that early recovery is likely a consequence of
early recanalization.

3.2. Early Recanalization s Not the Entire Story

However, recent research has cast doubts over the role of
recandization as the sole determinant of early recovery.
Alexandrov et al. showed that of 73 patients that experi-
enced early recanalization post thrombolysis, 37% show-
ed no early improvement, and 23% had suboptimal out-
comes at 3 months [33]. Similar discordance has been
shown in intra-arterial and mechanical retrieval studies
where despite early recanalization rates of 70% and 81%
respectively, only 34% and 25% of patients experienced
a good outcome [34,35]. This demonstrates that a pro-
portion of patients with early recanalization do not have
early recovery, suggesting that there are other factors at
play. The literature provides two major hypotheses that
perhaps give some explanation for the discrepancy: 1)
despite early recanalization, there is a lack of perfusion
downstream; and 2) despite early recanalization, early
recovery is delayed due to “stunning”.

Recanalization does not definitively imply effective
reperfusion. In fact, there are numerous means in which
recanalization of the primary arterial occlusive site can
result in failure of distal reperfusion such as downstream
embolization, blockage of microcirculation with non-
reflow phenomenon, or rapid infarction before recanali-
zation [22,36,37]. The latter concept warrants some men-
tion as it has had the most examination in the literature.
Rapid infarction implies the loss of salvageable ischae-
mic tissue at the time of recandization, resulting in
non-nutritional reperfusion [22,36]. It is believed that the
persistence of collateral supply protects this area from
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rapid infarction and in doing so alows early recanaliza-
tion to facilitate early recovery [22,38-40]. It follows that
early recanalization without coordination of such factors
will not manifest in effective reperfusion and subsequent
early recovery or recovery at al.

Alexandrov et al. proposes that this lack of correlation
between early recanalization and early recovery may be
attributed to the “stunned brain” hypothesis [33]. This
theory describes prolonged functional deficit despite
reperfusion, due to transient “stunning” after ischaemic
insult [41,42]. It has been suggested that the stunning
itself may be caused by resolving oedema, reperfusion
injury, or delayed improvement of microcirculation in
ischemic tissues [43-45]. Proponents of this hypothesis
cite the select patient set who despite recandization have
poor short outcomes, but in the long term have favour-
able functional gains [33].Thus despite early recanaliza-
tion, the recovery which theoretically should be early,
may be delayed.

4. The Pattern of Recovery in Rapid
Neurological Recovery

A consistent “pattern of deficit recovery” [14] has been
observed in patients with Middle Cerebral Artery (MCA)
occlusions experiencing rapid neurological recovery post
IV tPA. First raised in case reports [46], this phenome-
non has been examined in very few studies. Felberg et al.
[14] noted that patients experiencing marked improve-
ment during 1V tPA infusion recovered their deficits in
the following order: 1) gaze preference, 2) sensation, 3)
leg motor, 4) arm motor, 5) face motor, 6) aphasiaand 7)
dysarthria. It was also noted that deficits that tended to
recover earlier tended to recover completely, or to a
greater extent than other deficits [14]. In particular,
aphasic and dysarthric deficits, if present, were either
very late to improve, had only a partial response, or did
not improve at all. This pattern was also observed by
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Mikulik et al. [47]. Although there were dight differ-
ences in deficits recorded, the Mikulik study also noted
gaze preference as the deficit most likely to recover ear-
liest, and aphasia among one of the last deficits to re-
cover, if at al [47].

Felberg et al. proposes that a stepwise restoration of
collateral blood flow during clot dissolution would likely
explain this curious pattern [14]. This theory is supported
by the fact that the deficits that recovered early are rep-
resented in regions abutting Anterior Cerebral Artery
(ACA) and Posterior Cerebral Artery (PCA) territory, on
the border of the ischaemic penumbra. An alternative
theory suggests that the proximal region of the thrombus
is lysed, and flow is restored directly to the perforators
originating in the M1 segment of the MCA and the ter-
minal Internal Carotid Artery (ICA). This in turn, reper-
fuses the internal capsule and thalamus, which may ac-
count for this peculiar pattern of recovery [14,48]. How-
ever, given the few studies within this area, it is difficult
to make meaningful conclusions.

5. Clinical Predictors

The literature describes many prognostic predictors for
good outcome post stroke [49]. Similarly, studies exam-
ining rapid neurological recovery have identified nu-
merous clinical predictors of the phenomenon itself, in-
cluding age, baseline National Institute of Health Stroke
Scale (NIHSS) and admission glucose [6-11,14].

5.1. Basaline NIHSS

A low baseline NIHSS score has been shown to be a
clinical predictor of rapid neurological recovery. Ma
chumpurath et al. [7] showed that those with baseline
NIHSS scores of less than 12 were three times more
likely to have early recovery than their more severely
affected counterparts. This has been mirrored in other
trials[8,12,50].

One mechanism explaining this finding centers on the
view that the NIHSS score is a surrogate marker of clot
burden [51]. Larger clots would intuitively be less likely
to lyse with 1V tPA. It follows then that patients present-
ing with a high NIHSS score and therefore a greater clot
burden, would be less susceptible to thrombolysis.

5.2. Age

Advancing age is a key risk factor for stroke, and yet
thrombolysis in this demographic is associated with
poorer outcomes in comparison to the younger patient set
[52-54]. IV tPA in the elderly population is associated
with less functional gain, an increased risk of Intra-cere-
bral Haemorrhage (ICH) and a higher rate of mortality
[52-54]. Of note, increasing age is also associated with a
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lower probability of rapid neurological recovery [8].
Dharmasoraja et al. revealed that those less than 70 years
of age are twice as likely to experience rapid recovery [8].
Similar results have been reproduced by Brown, Blinzler,
Boddu and Machumpurath [6,7,12,55]. This is an intui-
tive finding reflected in the wider literature regarding age
and outcome post stroke.

5.3. Admission Glucose

Hyperglycaemia is a poor prognostic predictor for rapid
neurological recovery [7,11,12]. Machumpurath et al.
showed that patients with hyperglycaemia on admission
were 2.8 times less likely to experience rapid neurologi-
cal recovery than their normoglycemic counterparts, a
finding that was mirrored in other trials [7,9,11]. In fact,
hyperglycemia has been associated with not only lower
recanalization rates, but lower rates of rapid neurological
recovery despite recanalization [56]. Moreover, the dele-
terious effects of hyperglycemia on stroke outcome as a
whole are well documented [2,9,57-60].

Numerous mechanisms have been proposed to explain
these findings. Diabetics and patients presenting with
hyperglycemia have elevated serum levels of plasmino-
gen activator inhibitor type 1 (PAI-1), a rapid endoge-
nous inhibitor of tPA implicated in lowering levels of
active tPA [61-63]. It follows that elevated levels of
PAI-1 have been shown to be predictive of not only poor
response to thrombolysis and failure of clot lysis, but
also worse long term outcomes [61-65]. Although not
directly pertaining to thrombolysis, there are two other
major mechanisms in the literature explaining this inter-
action. The first suggests that hyperglycemia itself exac-
erbates brain injury via intracellular acidosis and in-
creased free radical production, which despite recanali-
zation may render the ischemic penumbra unsalvageable
[66]. The second hypothesizes that increased glucose
levels are a reflection of stress response and cortisol ac-
tivation and/or damage to areas involved in glucose
regulation [57,67].

5.4. Timeto Treatment

Time to treatment is a surprising anomaly. While the
fundamental NINDS trial showed the efficacy of throm-
bolysis to be within three hours of symptom onset, fur-
ther research has demonstrated a favourable outcome in
the 3 - 4.5 hour time window [1,2]. However, it remains
that a shorter time to treatment is still associated with
better long term outcomes. Lees et al. in their pooled
analysis of the ECASS Ill and EPITHET trials showed
that the a favourable three month outcome was inversely
proportional to time to treatment with the odds ratio de-
creasing from 2.55 for 0 - 90 min to 1.22 for 271 - 360
min [68]. While the impact of this predictor is well
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documented for 3-month outcomes, the effect of time to
treatment on rapid neurological recovery has been con-
sistently inconclusive with a large number of studies
showing no significant association [6,7,9,11,12,50]. The
literature has yet to propose a convincing explanation.

5.5. Atrial Fibrillation

It is well known that atria fibrillation (AF) is associated
with poor prognostic outcome in stroke [69,70]. Studies
have shown that thrombolysis in this patient set is asso-
ciated with poorer long term outcomes [71]. However,
studies examining the influence of AF on early recovery
post thrombolysis show mixed results. Kimura et al. sug-
gests that AF significantly reduces the likelihood of early
recanalization which in turn is associated with poor early
recovery [72]. Similarly Blinzler and Dharmasaroja
showed that early neurological recovery is more likely in
patients without AF [8,55]. While such findings are sig-
nificant, other studies have shown no correlation between
AF and early recovery, emphasizing the need for further
examination before any conclusions can be made [6,7,
9-11,73].

6. Implications of Rapid Neur ological
Recovery

Rapid neurological recovery post 1V tPA is associated
with improved long term outcomes. This has several im-
plications regarding monitoring recovery and adjunctive
therapies.

6.1. Cost of Monitoring

The level of disability and likelihood of functional de-
pendence emphasize the significant cost of non-recovery
to the individual. A study by Hong and Saver showed
that in patients who benefit from thrombolytic interven-
tion there is an associated 4.4 years gain in disability
adjusted life years [74]. Examining the cost effectiveness
of thrombolysis, Fagan et al. showed that while throm-
bolysis increased hospitalization costs by 1.7 million per
1000, it reduces rehabilitation and nursing home costs by
1.4 million and 4.8 million respectively [75].

Although the benefit to patients and the community is
not in question, the economic burden is till significant,
and innovations to reduce the cost of thrombolytic ther-
apy are welcome. One facet of this economic burden is
the cost of monitoring during and post thrombolysis. The
NIHSS score, the current gold standard for measuring
stroke related deficit, involves measuring 15 different
components of neurological dysfunction. While un-
doubtedly effective, monitoring by NIHSS requires a
clinician trained in assessment, over humerous time pe-
riods pre and post administration of thrombolytic. It has
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been suggested that automated continuous monitoring of
function, in particular motor recovery, can provide a
similar measure of outcome with vastly reduced costs
[76-78]. Devices such as accelerometers have been
shown to be a reliable method of monitoring not only
upper and lower limb motor function but also motor
hemi-neglect and the integrity of the corticospinal tract
[78-80]. In acute stroke these measures have shown
moderate to strong correlations with gold standard scores
such as NIHSS and the Fugal Meyer assessment arm
section [81]. However studies have shown that this cor-
relation disappears with three month outcome scores
such as the modified Rankin scale and Barthel Index [82].
Nonetheless, continuous motor measurements have been
shown to be reliable in measuring improvement of func-
tion in the subacute phase of recovery [78]. This can thus
be a valuable tool as unlike current measures it allows
direct comparison of acute and subacute functional gains
while requiring less skilled clinician assessment.

6.2. Adjunctive Therapiesand Therapeutic
Implications

Rapid neurological recovery predicting favourable out-
come has numerous clinical and therapeutic implications,
one of which is improved patient selection. This would
allow the proportion of patients least likely to respond to
IV tPA to be treated with one of many more aggressive
therapies. This has been an area of considerable study,
looking at different intravenous agents and endovascular
intervention.

Tenecteplase (TNK) is being presently studied as an
alternative to standard IV tPA for acute ischemic stroke
[83]. Initialy explored in anima models [84,85], TNK is
now validated for use in intravenous thrombolysis for
myocardial infarction [86-88]. In fact, clinical pilot stud-
ies have demonstrated that TNK efficacy is comparable
with tPA in acute ischemic stroke [89]. A promising de-
velopment, TNK still awaits investigation by a large
randomised control trial [83].

Other alternatives with greater evidence for practice
include endovascular therapies. Intra-arterial (1A) throm-
bolysis has been shown to result in higher rates of re-
canalization when compared with IV tPA studies, but
reduced morbidity and mortality at three months only
when compared with placebo [90-93]. Indeed, there is no
robust evidence of the benefit of endovascular proce-
dures over conventional 1V tPA treatment, and as such it
is not approved for direct use in patients eligible for IV
tPA [94-97]. However select non-responders, that is,
patients that fail to respond with IV tPA, are subse-
quently offered IA “rescue therapy”. This has shown
considerable promise. Rubiera et al. showed that 40% of
non-responders that received “rescue therapy” were func-
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tionally independent at 3 months as compared with only
14.9% of non-responders that were not offered any fur-
ther therapy [97]. Nonetheless, these therapies have yet
to be fully investigated. In particular, the optimal dose
for IA therapy is yet to be validated, and there has not
been a large randomised study directly comparing IV vs
IA thrombolysis [98-100].

Rapid neurological recovery, within the context of
these emerging therapies, has implications on treatment.
Intravenous tPA is a validated therapy for acute ischemic
stroke, and rapid neurological recovery represents the
subset with the greatest positive response. Patient selec-
tion using the clinical predictors of rapid neurological
recovery would permit identification of patients with the
greatest potential for benefit from IV tPA. Conversely,
the patients least likely to respond to conventiona 1V
tPA (non-responders) could then be treated with more
aggressive adjunctive therapies as afirst line before they
needed “rescuing”, potentially leading to enhanced out-
COMES.

Lastly, this concept of patient selection could perhaps
be extended further. Intravenous tPA is not a therapy
without adverse effects (clinically significant side effects
include intracerebral haemorrhage, systemic haemor-
rhage, re-occlusion and anaphylaxis). If further research
were to focus on predictors of early recovery to accu-
rately delineate the patient group of non-responders, such
patients who stand to have the least benefit need not be
exposed to the risks of therapy.

7. Conclusion

There is good evidence that rapid neurological recovery
correlates with improved long term outcomes in ischemic
stroke. Recanalization, in addition to advanced age, hy-
perglycaemia and high NIHSS, is an important determi-
nant of recovery and a therapeutic target. However, it
remains that a significant proportion of patients fail to
demonstrate early recovery in spite of successful re-
canalization post thrombolysis, raising reasonable doubts
on our current understanding of its underlying mecha-
nism. Future studies should focus on the elucidation of
the pathophysiology of rapid neurological recovery and
recanalization.
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