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Taking A Light Approach to Treating Acute Ischemic Stroke
Patients: Transcranial Near-Infrared Laser Therapy Translational
Science
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Abstract

Transcranial near infrared laser therapy (NILT) has been investigated as a novel neuroprotective
treatment for acute ischemic stroke (AlS), for approximately 10 years. Two clinical trials,
NeuroThera Effectiveness and Safety Trial (NEST)-1 and NEST-2 have evaluated the use of NILT
to promote clinical recovery in patients with AIS. This review covers preclinical, translational and
clinical studies documented during the period 1997-2010. The primary aim of this article is to
detail the development profile of NILT to treat AlS. Secondly, insight into possible mechanisms
involved in light therapy will be presented. Last, possible new directions that should be considered
to improve the efficacy profile of NILT in AIS patients will be discussed. The use of NILT was
advanced to clinical trials based upon extensive translational research using multiple species.
NILT, which may promote functional and behavioral recovery via a mitochondrial mechanism and
by enhancing cerebral blood flow, may eventually be established as an FDA-approved treatment
for stroke. The NEST-3 trial, which is the pivotal trial for FDA approval, should incorporate
hypotheses derived from translational studies to ensure efficacy in patients. Future NILT studies
should consider administration of a thrombolytic to enhance cerebral reperfusion alongside NILT
neuroprotection.
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1. Background

The potential impact of NILT for the treatment of AIS and other diseases, such as traumatic
brain injury, where neuroprotection may be useful, is enormous. According to the 2009 USA
stroke statistics, each year, approximately 0.8 million people suffer a stroke (3 every 2
minutes, with 1 death every 3 minutes), 75% of which are first strokes and the remainder
recurrent attacks (1,2). Annually, 18% of stroke victims die from the brain attack. AlS is the
third leading cause of death and the leading cause of adult disability in the USA with an
estimated cost of $68.9 billion annually. The World Health Organization (WHO) estimates
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that of the 15 million victims who suffer strokes annually, more than 5 million die from the
brain insult and approximately 5.5 million are permanently disabled (3).

The only FDA approved therapeutic agent that can be used effectively following an
ischemic stroke is the thrombolytic, tissue plasminogen activator (tPA, Activase®,
Alteplase®), a plasminogen activator that promotes thrombolysis by activating the
endogenous fibrinolytic system (4-7). Even though Alteplase is not an optimal treatment, it
has been shown to be effective in patients when given IV up to 4.5 hours after a stroke (8,9).
Currently, tPA is FDA-approved for use within a 3 hour time to treatment window (4,8,10-
17). Moreover, with tPA treatment, there is significant risk of hemorrhagic transformation
(HT) or intracerebral hemorrhage (ICH) in approximately 5-8% of patients treated within 3—
4.5 hours of a stroke (18) and the odds ratio for mortality rate increases after 4 hours (18).
Since over 60% of patients do not regain full function after tPA treatment, there is
considerable need to develop new neuroprotective therapies to prevent nerve cell death
associated with ischemic insults.

Since NILT has not been shown to be effective in all stroke patients (19,20), the challenge
of further developing NILT for stroke lies within the paucity of important information
available on the mechanisms of action of NILT in stroke and how to most effectively deliver
NILT to cortical and subcortical brain structures. The basic idea underlying the use of NILT
to improve clinical function is that the treatment may realign homeostatic mechanisms to
promote neuronal survival within the penumbral “at risk” area, increase the function of
neuronal circuits and then improve clinical presentation. This focused perspective article
should shed some light on the utility of NILT to treat AIS including its benefits and
shortcomings.

2. Focus on light penetration and mechanism

It has been demonstrated that irradiation with specific wavelengths (nm) of infrared light
(i.e. 808nm), allows for light penetration of the scalp, skull and brain tissues (21-25). This
type of irradiation results in a variety of photobiostimulation effects, which have been
documented for both in vitro and in vivo conditions (19,22,23,26-31). The biological effects
of NILT are wavelength-specific, and are not due to thermal effects of the laser beam
(25,32,33). The original rabbit embolic stroke study by Lapchak et al(24), showed that 10
minute irradiation of the rabbit brain at midline using high CW energy (25 mw/cm?, 15 J/
cm?), through the overlaying shaved skin, which resulted in significant behavioral
improvement, increased surface skin temperature below the probe by up to 3°C, however,
the focal brain temperature directly under the laser probe was increased by 0.8-1.8°C during
the NILT treatment. This was considered to be minimal heating and of no possible
deleterious consequence.

Photobiostimulation increases adenosine triphosphate (ATP) formation after energy
absorption inside mitochondria (34) in a wavelength specific manner (25). A compound that
absorbs energy in the spectral region of interest (808 nm) is known as a chromophore. There
is evidence that suggests that a primary mitochondrial chromophore for photobiostimulation
is Cytochrome ¢ oxidase [COX] (26,34—36). This enzyme complex contains two copper
centers, Cup and Cug. The Cup center has a broad absorption peak around 830 nm in its
oxidized form. The laser used in preclinical and clinical studies delivers energy at 808nm,
which is within this absorption peak. COX is a terminal enzyme in the cellular respiratory
chain, and is located in the inner mitochondrial membrane. It plays a central role in the
cellular bioenergetics by delivering protons across the inner membrane, and thereby driving
the formation of ATP by oxidative phosphorylation. In addition to leading to increased
mitochondrial ATP formation, photobiostimulation may also initiate secondary cell-
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signaling pathways (37). The overall result is improved energy metabolism and potentially,
enhanced cell viability. This may ultimately be an be an important aspect of NILT
pharmacology, because the normalization of ATP levels in cells within the “penumbra” may
maintain homeostatic functions of cells and prevent spreading of ischemia-induced death
within the penumbra.

The proposed mechanism in ischemic tissue involving mitochondrial stimulation is based
upon a recent study by Lapchak and deTaboada (37) using a rabbit embolic stroke model. In
the study, the authors tested the effect of varying cortical power density on ATP content in
brain tissues following embolization. Moreover, the authors used CW laser delivery for low
cortical power densities, and to achieve high cortical power densities without excessively
heating the scalp, skull or brain tissues high peak power densities were delivered to the
cortical surface using pulse wave (PW) NILT. As shown in the study (37), and Figure 1A,
CW NILT (2 minutes, cortical irradiance of 7.5 mW/cm?; cortical fluence of 0.9 J/cm?)
increased cortical ATP content by 41% (p>0.05 compared to sham-treated embolized
control or naive control). However, when NILT was delivered using a PW mode, PW1 (3.50
mJoules per pulse @ 100 Hz; average cortical irradiance of 37.5 mW/cm?, average cortical
fluence of 4.5 J/cm?) increased cortical ATP content by 157% (compared to sham-treated
embolized rabbits, p<0.01) and PW2 mode (24.5 mJoules at a frequency of 100 Hz; average
cortical irradiance of 262.5 mW/cm?, average cortical fluence of 31.5 J/cm?) increased
cortical ATP content by 221% (compared to sham-treated embolized rabbits, p=0.0001).
Based upon the initial portion of the graph, and assuming linearity, a value of 2.86 J/cm?
was calculated for theoretical “normalization” of ATP content to 100% or control levels.
Currently, one of the putative mechanisms for NILT-induced behavioral improvement
following stroke involves the stimulation of mitochondria to produce ATP, which then leads
to preservation of tissue in the ischemic penumbra and enhanced neurorecovery. Since this
may occur via glycolysis (anaerobic) or oxidative phosphorylation (aerobic) mechanisms,
additional biochemical studies are required to differentiate between the two pathways.

In addition to the energy hypothesis proposed above, there are also studies that show that
NILT decreases apoptosis (38) and probably enhances recovery of function (39) via
neurogenesis and the production of endogenous neurotrophic factors (40). An interesting
study from Uozumi and colleagues also suggests that there is a correlation between laser-
induced changes in nitric oxide synthase, nitric oxide (NO) and cerebral blood flow (CBF)
(41). The authors studied the effect of NILT using three different power densities (0.8, 1.6
and 3.2 W/cm) on NO production in brain tissue. Without additional laser specifications, the
actual cortical fluence cannot be calculated. The study showed that NIR laser irradiation (1.6
W/cm for 15-45 minutes) significantly increased CBF, which was correlated with increased
cortical NO concentration. Importantly, the study showed that the physiological effects were
independent of increased temperature. While there was a small increase in temperature,
similar to that previously described by Lapchak and colleagues(24) for CW treatment, the
increase only amounted to 0.8°C when a power density of 1.6 W/cm was used. Thus, the
minimal heating effect is not a critical mechanism involved in CBF regulation by NILT.
Therefore, currently there multiple mechanisms hypothesized to be involved in NILT
photobiostimulation, including increased mitochondrial function and enhanced CBF, both of
which may contribute to neuroprotection and restoration of function.

One important observation regarding the potential of PW NILT should be made at this point.
The translational rabbit studies described above comparing CW to PW NILT suggest that
the CW energy used in the NEST-1 and NEST-2 clinical trials may have been insufficient to
produce maximal photobiostimulation of mitochondria, thus tissue survival and overall
function was not stimulated maximally. It is hypothesized that this may be achievable using
a PW NILT treatment regimen.
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3. Translational NILT Studies

In this section, a comprehensive review of NILT effects in preclinical stroke models will be
discussed as a foundation for further clinical trial development. Table 1 documents the
relationship between laser therapy using and behavioral or biochemical outcomes.

3.1. Correlation between NILT energy density and behavioral function

As previously described (24,42), the rabbit small clot embolic stroke model (RSCEM) was
used to determine the effects of cortical surface energy density (J/cm?) on behavioral
performance. In this set of data, the authors show that there is a correlation between energy
density and behavioral outcome following embolic stroke. In the studies, behavioral
outcome was measured using a statistical quantal analysis method previously described
(43,44). The method, which used a dichotomous rating scale, allows for a measure of how a
large population of embolized rabbits will respond to a specific treatment. The study showed
that an energy density of 0.09J/cm2 was insufficient to produce behavioral improvement
after a stroke and thus is below the threshold required for a behavioral response (Figure 1B).
It should also be noted that an energy density of 0.09 J/cm? is approximately 10% of the
energy used in the CW NILT group in the ATP analysis studies described above, where only
a small statistically insignificant increase (41%) in ATP content was measured. However, as
energy density is increased to 0.9J/cm? and 15J/cm?, significant behavioral improvements
were measured (Figure 1B), as well as cortical ATP levels (Figure 1A and Table 1).

3.2. Therapeutic window analysis

Since enrollment of patients in clinical trials can be somewhat difficult if the therapy has to
be initiated in the hyperacute phase after a stroke (45), development of treatment with
relatively long therapeutic windows will ultimately be beneficial to greater numbers of
patients. To determine the therapeutic window for NILT, we used the RSCEM and altered
the time of NILT treatment following embolization. Initial studies showed that NILT was
effective when applied 5 minutes following embolization(24), but since that is clinically
unrealistic, we expanded the study to include treatment initiated 1, 3, 6, 12 or 24 hours
following embolization. Figure 2 provides information on the therapeutic window in
embolized rabbits. The beneficial effect of NILT is statistically better (p<0.05) than the
control group up to 6 hours following an embolic stroke(Table 1). When the effects of NILT
initiated 12 hours following embolization, there was a shift in quantal analysis curves
toward a positive effect (p>0.05), but there was large variability in the group, suggesting that
not all embolized rabbits responded to the treatment. This could be due to differential infarct
localization in various rabbits because of the nature of the small clot embolic stroke model
(43), which causes heterogeneous infarct cores and large surface areas of “penumbra”.
Unfortunately, unlike clinical trials where patients can be stratified into stroke severity, the
RSCEM does not allow for that type of post-hoc analysis due to the inclusion of low number
of “patients” in each study. However, when a beneficial effect of NILT was measured, it
was durable and could be measured up to 21 days after a single treatment (24,46).

Additional pharmacology studies with CW NILT (7.5 mW/cm?2) have been done by Oron
and colleagues using a rodent stroke model (39) produced by insertion of an intra-luminal
filament to occlude the rat middle cerebral artery occlusion model. Interestingly, the authors
reported that NILT was ineffective when applied 4 hours after filament placement, but was
extremely effective when applied 24 hours after filament placement. In the study, the rats
were permitted to survive for 28 days post stroke, and then several behavioral tests were
conducted. The studies with the 24 hour treatment delay showed that there was a 32%
improvement in performance on all behavioral tests by the NILT group relative to controls,
and these differences were highly statistically significant. Similar findings using CW NILT
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(7.5 mW/cm?) and the same filament model were published by de Taboada et al (22). The
reason for the obvious difference in therapeutic window between rabbits and rats is not so
obvious and remains unknown, but may be related to the method of stroke or ischemia
induction and model design. Clearly from the 2 rat studies (22,39), the model is designed to
study long-term recovery of function as it may be related to repopulation of neuronal tracts
by new cells after NILT induction. The authors (39) suggest that neurogenesis may be
involved in the NILT effects in rats, but with small changes in bromodeoxyuridine staining,
it is uncertain whether NILT induces neurogenesis to an extent sufficient to reinnervate the
vast area of infarcted cortex and striatum following filament-induced cell death. Additional
studies are required to study the effects of NILT on neurogenesis and synaptogenesis.

3.3. To Pulse or Not to Pulse?

As described previously in the mechanisms section (see Section 2), PW mode NILT was
show to be more efficacious than CW NILT at increasing ATP content in the cortex of
embolized rabbits(Table 1). We also used the RSCEM to determine if PW1 NILT (300
microsecond pulses at 1kHz, 30% Duty cycle, cortical fluence 0.9 J/cm?2) or PW2 NILT (2
millisecond pulses at 100Hz, 20% Duty cycle, cortical fluence 0.9 J/cm?) would be more
effective than CW NILT (7.5mW/cm?, cortical fluence 0.9 J/cm?2, 100% Duty cycle when a
6 hour delay of treatment was used post-embolization (46). With these specific settings,
using a common power density of 7.5 mW/cm2, 2 minutes treatment time to produce
irradiation times of 120, 36, and 24 seconds, respectively(46), the study found that PW
NILT modes produced statistically significant increases (87-90%) in performance (p<0.05).
Even though CW NILT also increased performance, there was much variability in the
response with the lower power density and the trend did not reach statistical significance
(p>0.05). The original RSCEM studies used 10 minute NILT with a power density of 25
mW/cm? (cortical fluence 15 J/cm?) to provide therapeutic efficacy data with a 6 hour delay
(24). Thus, the studies suggested that PW NILT treatment may be more beneficial to treat
stroke than CW NILT.

3.4. Safety Profile of NILT- Preparing for a tPA combination study in patients

The goal of preclinical translational research is to accrue an extensive data portfolio so that
the steering committee of the clinical trial could be advised of beneficial or possibly
detrimental interactions before testing the therapies in stroke patients. Stroke patients and
their families who consent to experimental therapies should be assured of the safety of the
experimental treatments, as much as humanly possible. This can only be accomplished in the
research community conducts appropriate experiments, in valid models, to support a clinical
trial.

In this section, the use of a rabbit large clot embolic stroke model (RLCEM), previously
described by Lyden (47), Lapchak et al. (48) and more recently by Lapchak in a refined
version of the original model (49) was used to determine the safety profile of NILT and
NILT in combination with tPA (48). The studies were designed in order to initiate a 4-arm
randomized double-blind clinical trial to include NILT and the combination of NILT plus
the standard of care, tPA (50). For these studies, we used CW NILT (10mW/cm?, 1.2J/cm?),
which was the NILT treatment in NEST-1 and NEST-2 and a standard maximally effective
rabbit dose of tPA (48,51). In this translational study trial design, NILT was initiated 30
minutes following the start of tPA administration, a time when thrombolysis was near
complete or complete. The study showed that CW NILT treated embolized rabbits had a
hemorrhage rate of 21.7%, whereas sham-treated embolized control rabbits had a
hemorrhage rate of 17.4% (p>0.05). Thus, NILT did not significantly affect hemorrhage rate
in embolized rabbits(Table 1). Moreover, we found that NILT decreased tPA-induce
hemorrhage rate by 30% compared to the tPA-treated group, which increased hemorrhage

Ann Med. Author manuscript; available in PMC 2011 December 1



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lapchak

Page 6

by 160% over baseline. The increase in hemorrhage rate following tPA administration is
consistent with previous studies(52). We also found that there was no effect of CW NILT on
hemorrhage volume measured in tPA-treated rabbits, and 24 hour survival rate was
unaffected (48). This preclinical safety study should eventually lead the way to initiate a 4-
arm clinical trial with enrollment of patients to receive tPA within the current FDA-
approved therapeutic window of 3 hours or possible within the expanded 4.5hour window
that should be approved by the FDA in due course.

Additional safety studies in rodents have been documented by Ilic et al. (23). The basic
study design was to test the effects of increasing power density between 7.5 mW/cm?, 75
mW/cm? and 750 mW/cm? on histochemical and behavioral measures of neuronal damage
using CW treatment. The authors found that no significant tissue damage could be detected
using either light or electron microscopic damage at the two lower doses. However, at the
highest dose, there was significant behavioral and histological damage. Thus, CW NILT
below 75 mW/cm? appeared to be safe and well tolerated.

4. NILT in AIS clinical trials

4.1 NEST-1

As alluded to previously, 2 randomized double-blind clinical trials with NILT (10 mW/cm?,
delivering an estimated cortical fluence of 1.2 J/cm?2) have already been completed (19,20)
and, because of a reproducible and measurable clinical improvement in AIS patients with
National Institutes of Health Stroke Scale (NIHSS) scores <15, a third trial is currently being
developed. This section will document a side-by-side comparison of the NEST clinical trial
design and outcome (see Table 2). In addition, Figure 3 presents details of the time-course of
NILT development from innovation and patents between 1997-2002, publication of the first
translational studies in 2004 and initiation of NEST-3 in 2010.

The phase Il NEST-1 clinical trial (19), which studied NILT in 120 patients, was a
prospective, double blind, randomized (2:1) study of patients 40-85 years of age treated
within 24 hours of ischemic stroke onset with baseline NIHSS scores of 7-22. The primary
endpoints were the NIHSS and the modified Rankin Scale (mRS) commonly used in clinical
trials (8,53-56). The specific endpoint criteria used in NEST-1 was the following: A)
NIHSS: Three categories of values of the NIHSS score were used. The three NIHSS strata
were 7 to 10, 11 to 15, and 16 to 22. Since the NIHSS scale is not an interval scale, the
categories were used to reduce potential heterogeneity. NIHSS outcome was collapsed into a
binary NIH outcome, where successful treatment could be measured in 2 ways: as a 90-day
NIHSS score 0 to 1 or as a decrease in score (change)of 9 or more points from baseline to 90
days. B) The mRS 90-day outcome was also measured in 2 ways: The first used the standard
7-category ordinal form, analyzed across the whole distribution of scores on the 0 to 6 mRS
scale (full mRS), whereas the alternate used a binary mRS with scores of 0,2 considered as
positive or successful and scores of 3,6 as negative or treatment failure.

Unlike the rabbit embolic stroke studies where a single application was sufficient, for
human, because of the size differences, the probe was applied to 20 points on the skull for a
duration of 2 min at each spot, for a power density of 10 mW/cm? and energy density of 1.2
Jlem?2, This ensured that NILT could encompass the complete cortex and allow for limited
penetration of the laser light. The results of the NEST-1 and NEST-2 study were quite
promising and showed that more patients in the active treatment group had successful
outcomes than did controls, as measured prospectively on the NIHSS and mRS. In an
innovative landmark neuroprotection clinical trial, Lampl and colleagues (19) found that
NILT-treated patients showed greater improvement from baseline to 90 days (p=0.021) than
did the sham-treated group(Table 1). Logistic regression controlling for age, sex, TT and
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baseline score showed that 38% of NILT patients achieved a final NIHSS score of 0-1 and
improved by 9 points or greater. For the binary mRS outcome, 0,2 vs. 2,6, 60% of NILT-
treated patients had a positive outcome (p=0.034-0.043). Mortality rates and serious adverse
events did not differ significantly. This clinical trial, which was originally designed to be a
safety study, provided positive results which were the incentive to quickly expand to the
NEST-2 trials to study efficacy.

Thus, based upon the NEST-1 results, a larger phase 111 trial, NEST-2, was conducted in 660
stroke victims (20). The protocol of the trial was nearly identical to NEST-1 except the
primary endpoint was the mRS, although NIHSS was used for additional analysis (i.e.:
stratification of results according to enroliment baseline). The specific mRS endpoint criteria
used in NEST-2 was as follows: the primary efficacy outcome measure was the dichotomous
MRS scores measured on 90-day after NILT with success measured as (mRS 0,2) and failure
(mRS 3, 6). Overall, the trial result did not reach statistical significance (p=0.094), and was
this not considered to be positive, when all patients were included. This finding was
unexpected in light of NEST-1 trial results. However, post-hoc analysis indicated that only
moderately affected AIS patients with NIHSS 7-15 upon enroliment achieved better
performance at 90 days. This did reach statistical significance for the particular patient
group (p=0.044). Thus, using pre-specified subgroup analyses, the study found that a
subgroup with NIHSS 7-15 benefited from the NILT, but patients with high baseline NIHSS
scores were not improved. This may be a technical limitation of the low power density CW
used in the NEST-1 and NEST-2 clinical trials and currently in use in the NEST-3 trial.

Based upon experience with the rabbit embolic stroke model and design studies for that
particular model, optimal NILT penetration of the rabbit skull and brain may be achieved to
a depth of 25-30mm, essentially its complete thickness, and the NILT beam would
encompass the majority of the brain if placed on the skin surface posterior to bregma
(212mm) on the midline(24). However, using rats, de Taboada et al(22) have postulated there
would be an estimated power density drop from 10 mW/cm2 (1.2 J/cm?) at the cortex of the
rat brain to approximately 7.5 uW/cm? (0.9 mJ/cm?) at 18 mm depth from the cortical
surface. Because of the size of the rabbit brain, a similar decrease is expected. In the
NEST-2 trial publication, the investigators also indicate that NILT will only penetrate the
brain to approximately 20mm depth (20) using the CW design (10 mW/cm?; 1.2 J/cm?).
Using a basic mathematical approach and knowing that the average skull thickness in
humans is 7-10mm (57) and the distance from the skull to the brain is an additional 1-2mm,
then maximal NILT penetration would be limited to approximately 8 mm. The range of
thickness of the human cortex is 1-4.5 mm(58). Because of the complex pattern of sulci in
the human brain, the surface area is extensive and there will be differential NILT penetration
when the probe is placed on the skin surface overlaying the skull. With the manual
placement of the probe at 20 pre-specified positions, there may be insufficient coverage of
all structures underlying the cortex with CW NILT. Thus, in effect, NILT will not
effectively reach all cortical layers and subcortical structures damaged by ischemia. This
may be viewed as a limitation in the current treatment regimen design and the way in which
NILT is being delivered to patients.

Because the rabbit embolic stroke model is one of great utility in the design and conduct of
clinical trials to evaluate new modes of neuroprotection, information from the model
showing that PW NILT may be more beneficial than CW NILT at both improving behavior
and also increasing energy production (cortical ATP content), should be considered in the
design of NEST-3 clinical trial (See 4.3). The greater effectiveness of PW NILT to increase
ATP content may be due to increased penetration of photons through the brain using the PW
modes, since at the pulsed peaks, the PW modes will deposit more photons deeper into the
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brain. This study suggests that PW NILT may be useful to study in AIS patients in future
clinical trials.

Currently, the NEST-3 clinical trial design reported on the National Institutes of Health
website (59) is similar to the NEST-2 clinical trial (see Table 2). The trial is designed to
enroll 1000 patients within 24 hours of a stroke with an NIHSS baseline of 7-17, the range
where beneficial effects of NILT were observed in the NEST-1 and NEST-2 (19,20) clinical
trials, but more specifically in the NEST-2 trial where NILT was ineffective in patients
enrolled with an NIHSS baseline above 16 points. The current trial design does not include
patients treated with the standard-of-care therapy, tPA, within 3-4.5 hours of a stroke,
primarily because the time window chosen by the investigators (4.5 — 24 hours) precludes
administration of tPA. Future trials should consider evaluating NILT with a thrombolytic to
improve reperfusion and provide neuroprotection in a design similar to that used to test
Cerovive and Erythropoietin trials (60,61).

5. Conclusions

The principal aim of this review was to directly evaluate the literature regarding the
development profile of NILT in translational stroke models. Using a rabbit embolic stroke
model that uses clinical rating scores as the primary endpoint, which is based upon motor
function components of the NIHSS for stroke in humans (43), studies showed that NILT has
durable efficacy when applied up to 6 hours following a stroke. Studies indicated that a
threshold power density was required for behavioral improvement and for increasing
mitochondrial function measured using cortical ATP content. A comparison of CW and PW
NILT showed that both can effectively improve behavior in embolized rabbits (Table 1).
PW NILT is superior at behavior following embolic strokes in rabbits, and PW NILT also
produced greater increases in mitochondrial function, based upon cortical ATP content
measurements. Overall, because of the translational nature of preclinical studies done to
date, it is hypothesized that PW NILT may be more effective than CW NILT in the
treatment of embolic stroke in patients. The hypothesis should be tested in future NILT
clinical trials.

Based upon the scientific justification presented in this review and the efficacy profile of
NILT in multiple preclinical translational models and in 2 randomized clinical trials in AIS
patients, NILT should be pursued as a possible important neuroprotective treatment for
stroke patients. However, given the observation that CW NILT was not effective in all
patients in the NEST-2 trial, valuable information may be gleaned from translational studies
to further direct NILT clinical trials so that the treatment may be beneficial to large
population of stroke patients with diverse NIHSS scores upon enrollment in the trial.
Translational studies using behavior and biochemical endpoints suggests that development
of a pulse treatment mode may be beneficial via enhancement of mitochondrial function and
possibly by allowing for deeper penetration of light into the brain. Thus, neuroprotection or
recovery of function in both subcortical and cortical structures may translate into more
significant improvement using the NIHSS and mRS scales.

Moreover, since tPA is currently the FDA-approved standard of care for use within a 3 hour
therapeutic window (50), there may be substantial value in treating stroke patients with tPA
to allow for reperfusion of blocked cerebral vessels prior to administration of NILT.
According to the NILT NEST-3 trial design (59), NILT initiation is proposed to be between
4.5 and 24 hours following an ischemic stroke. The earliest treatment time, 4.5 hours, is in
agreement with the newly expanded 4.5 hour therapeutic window data for tPA (8,9). Since a
translational rabbit study has shown that NILT could be applied with tPA (48) without
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detrimental effects, combination therapy should be considered as appropriate for a future
NEST clinical trial.

Key Messages

e Translational 1: NILT has been shown to be neuroprotective with a long
therapeutic window in preclinical studies in 2 species

e Translational 2: In embolized rabbits, NILT is safe to administer concurrently
with the thrombolytic, tPA (Activase®, Alteplase®)

e Translational 3: NILT improves behavioral function, enhances mitochondrial
function and increases cerebral blood flow

e Clinical 1: NILT may improve clinical function in stroke patients with National
Institutes of Health Stroke Scale scores <15
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Figure 1. Correlation between Power Density, Behavioral Improvement and Cortical ATP
Panel A provides data for a correlation between Energy Density and Cortical ATP content
measured following embolic strokes. The curve is biphasic showing a steep slope up to 4.5
Jlem?2, and a shallow slope thereafter. As extrapolated value of 2.86 J/cm? was calculated for
“normalization” of ATP content to 100% of control(37); Panel B shows the correlation
between Energy density and Behavioral Improvement. The data shows that a threshold
Energy Density above equal to or above 0.9 J/cm? is required to produce a significant
(*p<0.05) increase in P5q values (Clot dose or burden in brain measured in mg that produces
abnormality in 50% of the population) following an embolic stroke (24,46).
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Time to Treatment (Hours)

Figure 2. NILT Therapeutic Window Analysis in Rabbits Following Embolic Strokes
Therapeutic window for Continuous Wave (CW) NILT induced clinical improvement in
small clot embolized rabbits. Data is shown as Clinical Improvement (% Increase) as a
function of NILT treatment time (initiation post embolization). The beneficial effect of
NILT is statistically significant (*p<0.05) when applied up to 6 hours following an embolic
stroke (24,42,46), but not thereafter.

Ann Med. Author manuscript; available in PMC 2011 December 1.



1duosnuey JoyIny vd-HIN

Lapchak Page 15

NILT Development Profile

“ Photothera files Patent & Develops Laser “ || 1997-2001 ||

L

In Vivo Characterization (RSCEM) (24)
*6 hourtherapeutic window of CW NILT (7.5-25 mWicm?)

+Durable effect of NILT up to 21 days post-embolization
P bl 2002-2004

* Confirmation of Behavioral Improvement
in Rats (22,39) ) NEST-1 (Phase 2)Trial Results
+PW mode more effective than CW mode 19
in RSCEM (46) +120 patients randomized
*CW NILT [808 nm, 10 mW/em?) 2006
J' *Efficacy NIHSS 7-22
*Timeto T 18 hours
In vivo Safety Profile (RLCEM)
+Safe to Administer NILT with tPA (48) l
*No increase in ICH or mortality (48)
NEST-2 (Phase 3)Trial Results

| @) 2007-2008

+660 patients

Mechanism of Action Studies *CW NILT (808 nm, 10 mW/cm?)
+Efficacy NIHSS < 16

*PW NILT significantly increases "
cortical ATP content (37) “Time to Treatment: 15 hours 2008-2009

«Correlation between Power b7

Density & cortical ATP content (37) Initiation of NEST-3 Trial (59)
+NILT increases NO & CBF, without +1000 patients randomized
heating tissues (41) *CW NILT (808 nm, 10 mW/em?)

NIHSS 7-17
+Time to Treatment: 4.5-24 hours 2010

NEST-3 Trial Completion
+Primary outcome- Dichotomous
mRS at 90 day and AE

+Secondary outcome- Ordinal
mRS and Binary NIHSS at 90 day 2013

Figure 3. NILT Development Profile to Treat Stroke

Complete development profile for NILT to treat AIS from concept to multiple Phase 3
clinical trials supported by translational research studies in multiple preclinical stroke

models. RSCEM- Rabbit small clot embolic stroke model; RLCEM- Rabbit large clot
embolic stroke model. Citations are in brackets.
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Table 1

Correlation Between Cortical Fluence and Outcome Following an Embolic Stroke

Page 16

Cortical Fluence (J/cm?)

Treatment Regimen

Behavioral Outcome?

Biochemical or Histological
Outcome

Study Reference

0.09 CW No effect ND 42)
0.9 Cw Improved up to 3 hours ND (24)
0.9 PW Improved up to 6 hours ND (46)
0.9 Cw Improved behavior at 24 hours ND (22)
0.9 CW ND 41% increase in ATP (37)
(p>0.05)
0.9 CW Improved behavior at 24 hours Neurogenesis (39)
1.2 CW No change in mortality rate Safe-No increase in infarcts (48)
or hemorrhage
1.2 CW Clinical improvement at 90 days ND (19)
(p=0.021) using NIHSS & mRS
1.2 CW Clinical improvement for NIHSS ND (20)
<15 at 90 days (p=0.044) using
stratified mRS
45 PW ND 157% increase in ATP” @n
9 CW or PW No deleterious effects No deleterious effects (23)
15 Cw Improved up to 6 hours ND (24)
315 PW ND 221% increase in ATP™ @n
90 CW Neurological deficits Brain damage due to thermal | (23)

events

CW- continuous wave, ND- Not determined, PW- Pulse wave,

#indicates treatment time post-STROKE,

*
p<0.05
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