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ABSTRACT

Background: Neosaxitoxin (NeoSTX) is a site-1 sodium channel blocker that produces prolonged local anesthesia in animals
and humans. Under a Food and Drug Administration—approved phase 1 Investigational New Drug trial, the authors evaluated
safety and efficacy of NeoSTX alone and combined with 0.2% bupivacaine (Bup) with and without epinephrine.

Methods: The authors conducted a double-blind, randomized, controlled trial involving healthy male volunteers aged 18 to 35 yr
receiving two 10-ml subcutaneous injections. Control sites received Bup. In part 1, active sites received (1) 5 to 40 pg NeoSTX+Saline
(NeoSTX-Saline), (2) 5 to 40 pg NeoSTX+Bup (NeoSTX-Bup), or (3) placebo (Saline). In part 2, active sites received 10 or 30 ug
NeoSTX+Bup+Epinephrine (NeoSTX-Bup-Epi) or placebo. Primary outcome measures were safety and adverse events associated
with NeoSTX. Secondary outcomes included clinical biochemistry, NeoSTX pharmacokinetics, and cutaneous hypoesthesia.

Results: A total of 84 subjects were randomized and completed the two-part trial with no serious adverse events or clini-
cally significant physiologic impairments. Perioral numbness and tingling increased with NeoSTX dose for NeoSTX-Saline
and NeoSTX-Bup. All symptoms resolved without intervention. NeoSTX-Bup-Epi dramatically reduced symptoms compared
with other NeoSTX combinations (tingling: 0 vs. 70%, P = 0.004; numbness: 0 vs. 60%, P = 0.013) at the same dose. Mean
peak plasma NeoSTX concentration for NeoSTX-Bup-Epi was reduced at least two-fold compared with NeoSTX-Saline and
NeoSTX-Bup (67 + 14, 134+63, and 164 +81 pg/ml, respectively; P = 0.016). NeoSTX-Bup showed prolonged cutaneous
block duration compared with Bup, NeoSTX-Saline, or placebo, at all doses. Median time to near-complete recovery for 10 pg
NeoSTX-Bup-Epi was almost five-fold longer compared with Bup (50 vs. 10h, P = 0.007).

Conclusion: NeoSTX combinations have a tolerable side effect profile and appear promising for prolonged local anesthesia.

(ANESTHESIOLOGY 2015; 123:873-85)

URRENTLY available amino ester and amino amide
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beyond approximately 8 to 12 h after subcutaneous infiltra- e Clinically available local anesthetics do not reliably provide an-
. . . ) algesia beyond 12h after subcutaneous infiltration or periph-
tion or single-shot peripheral nerve block.! Although the

eral nerve block
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Neosaxitoxin (NeoSTX) is a site-1 sodium channel
blocker that binds to the outer pore of the voltage-gated
sodium channels, thereby blocking impulse generation and
propagation.”® In overdose, site-1 blockers produce revers-
ible skeletal and respiratory muscle weakness.”!® Clinical
experience with paralytic shellfish poisoning indicates that
these toxicities can be treated with respiratory support and
that patients make full recovery, without signs of persistent
organ toxicities. In a sheep model of repeated intravenous
dosing, NeoSTX appeared devoid of cardiotoxicity.!! Site-1
blockers have also been shown to have benign local effects on
nerve and muscle.!>!3

Several site-1 blockers, including NeoSTX, produce
nerve blockade in animals.'>*4 In addition, nerve blockade
is markedly potentiated and prolonged when site-1 block-
ers are administered in combination with bupivacaine or
vasoconstrictors (such as epinephrine).!>1¢ The effect of
vasoconstrictors in reducing systemic toxicity and improving
potency and duration appears to be mediated by reducing
blood flow in the perineural injection compartment, thereby
slowing systemic uptake and maintaining the gradient for
drug entry into nerves over the first 30 to 40 min after injec-
tion.!”!8 NeoSTX has been shown to produce cutaneous

16,19

hypoesthesia in volunteers'®!” and better postoperative anal-

gesia than bupivacaine in a previous human clinical trial 2
The primary aim of this study was to assess the systemic
safety of NeoSTX, administered by subcutaneous injection,
alone and in combination with bupivacaine (with and with-
out epinephrine) in healthy male volunteers. Concerning

safety, we hypothesized the following:

1. NeoSTX would have a safe cardiovascular, neuromuscu-
lar, respiratory, and laboratory profile at doses 5 to 70 pg.

2. Systemic symptoms (i.e., facial numbness and tingling)
would be dependent on NeoSTX dose.

A second aim was to examine the relation between plasma
NeoSTX concentration and adverse symptoms or physi-
ologic changes. We hypothesized that addition of epineph-
rine would reduce peak plasma NeoSTX concentration and
reduce systemic symptoms compared with groups receiving
NeoSTX without epinephrine.

A third aim was to evaluate the relation between intensity
and duration of cutaneous hypoesthesia with NeoSTX when
used alone and in combination with bupivacaine with and
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without epinephrine. We hypothesized that NeoSTX com-
binations would provide more intense and prolonged cuta-
neous sensory block compared with bupivacaine. We use
the term “efficacy” as a convenience instead of “cutaneous
hypoesthesia” in the following discussion, recognizing that
clinical efficacy can only be established by subsequent trials
in patients, rather than volunteers.

Materials and Methods

Trial Design

After obtaining approval from the U.S. Food and Drug
Administration and the institutional review board (Boston
Children’s Hospital, Boston, Massachusetts), we conducted
an investigator-initiated, phase 1, dose-escalation, double-
blind, block-randomized, controlled trial of safety and
efficacy of NeoSTX alone and in combination with 0.2%
bupivacaine, with and without epinephrine, for cutaneous
anesthesia (detailed information on drug production and
preclinical testing is provided in Supplemental Digital Con-
tent 1, heep://links.lww.com/ALN/B194, Section Al). This
study was conducted at Boston Children’s Hospital (IND
109623), between May 2013 and March 2014. All subjects
provided written informed consent. The trial was registered
at ClinicalTrials.gov (registration number: NCT01786655;
date of registration: February 6, 2013; principal investigator:
Joseph Cravero, M.D.) and was overseen by an independent
Data Safety Monitoring Board.

Participants. Participants were recruited by local advertise-
ment and were screened before enrollment. Subjects were
healthy males between 18 and 35 yr of age. Exclusion criteria
included (1) cognitive disabilities; (2) cardiovascular, neuro-
logic, respiratory, or neuromuscular diseases or psychologi-
cal disorders; (3) known allergy to bupivacaine or suspected
allergy to any local anesthetics; (4) prescribed medication
known to alter cognition or pain tolerance; (5) skin rashes
or disruption involving the skin over the posterior calf; and
(6) lack of a stable home environment. Since reproductive
toxicology studies have not yet been performed, enrollment
was restricted to male subjects.

Interventions. The study was divided in two parts according
to the treatment combination allocated to the active treat-
ment site. Each subject received two subcutaneous injections
in immediate succession in a 3-cm x 3-cm square over the
posterior gastrocnemius (one injection per leg). One injec-
tion was administered at the active treatment site and one at
the control site. All subjects received 10 ml of 0.2% bupiva-
caine (Bup) at the control site.

Part 1 (Dose Escalation). Sixty-six subjects were random-
ized to receive one of three treatments at the active treatment
site: (1) NeoSTX in saline (NeoSTX-Saline); (2) NeoSTX in
BUP (NeoSTX-Bup); or (3) placebo (Saline). The dose esca-
lation was designed to test 5 to 70 pg NeoSTX. Within each
dose cohort, one subject was randomized to receive saline,
whereas the remaining subjects were randomized to receive
NeoSTX-Saline or NeoSTX-Bup in a 1:1 ratio (fig. 1).
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Part 2 (Three-way Drug Combination). Eighteen subjects
were randomized to receive one of two treatments: (1)
NeoSTX in Bup with epinephrine 5 pg/ml (NeoSTX-Bup-
Epi) or (2) placebo (Saline). Subjects were allocated into one
of two dose cohorts receiving either 10 or 30 pg NeoSTX,
respectively. As in part 1, control sites were injected with
Bup. Within each cohort, one subject received a placebo and
all others received the active drug combination (fig. 1).

Randomization and Masking. The randomization strategy
was designed to account for an adaptive design, in which the
numbers of subjects in each dose step was planned to vary
based on the frequency of symptoms or physiologic changes
at that particular dose step, as outlined in figure 1. Therefore,
for part 1 of the study, we prepared randomized assignments
for 90 potential subjects using computer-generated random-
ized tables. Each dose cohort included the maximum number
of possible randomization slots (15) at that dose to account
for the fact that the adaptive design resulted in variable group
sizes for many of the doses. At each dose step, of the 15
potential slots assigned to each dose cohort, the first seven
were assigned into block 1, the next four into block 2, and the
next four into block 3. Within each block, the subjects who

presented sequentially were assigned to the specific treatment
and injection side levels. Part 1 of the clinical trial included
66 subjects. Part 2 was an add-on trial at two NeoSTX doses,
10 and 30 pg. A total of 84 subjects were finally random-
ized and completed the clinical trial. Researchers, clinicians,
nurses, and participants were blinded to the identity of the
injections throughout the trial.

Study Procedures

Subjects fasted for at least 8h before drug administration.
Safety measurements included an assessment of adverse
symptom frequency and severity; neuromuscular, respira-
tory, and hemodynamic monitoring (noninvasive oscillomet-
ric blood pressure, pulse oximetry [Spo,], respiratory rate,
and end-tidal carbon dioxide [ETco,] monitoring); 12-lead
electrocardiograms; and clinical biochemistry (hematologic,
renal, and hepatic function) laboratory tests. Efficacy mea-
sures consisted of mechanical and thermal quantitative sen-
sory testing (QST) of the active treatment and control sites.
Subjects were discharged from the inpatient unit after all the
24-h assessments were completed and returned to the hos-
pital daily for between 2 and 7 follow-up visits. Two weeks

(n=105)
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Total excluded from the study (n=21)

|

AN ® Ineligible/ withdrawn by PI (n=2)

Il

Total randomized and
completed the trial (n=84)

® Declined to participate(n=5)
® Scheduling conflicts (n=14)

Part 1: Dose Escalation

Part 2: 3-way combinaton

(n=66)
FE—

Smeg NeoSTX (n=7)

(n=18)

[ | )

® NeoSTX-Saline (n=3)
® NeoSTX-Bup (n=3)
® Saline (n=1)

10mcg NeoSTX (n=15)

10meg NeoSTX (n=9)

® NeoSTX-Bup-Epi (n=8)
® Saline (n=1)

30meg NeoSTX (n=9)

® NeoSTX-Bup-Epi (n=8)
® Saline (n=1)

® NeoSTX-Saline (n=7)
® NeoSTX-Bup (n=T)
® Saline (n=1)

15meg NeoSTX (n=11)
® NeoSTX-Saline (n=5)
® NeoSTX-Bup (n=5)
® Saline (n=1)

20meg NeoSTX (n=11)
® NeoSTX-Saline (n=5)
® NeoSTX-Bup (n=5)
e Saline (n=1)

30meg NeoSTX (n=11)
® NeoSTX-Saline (n=5)
® NeoSTX-Bup (n=5)
® Saline (n=1)

40meg NeoSTX (n=11)
® NeoSTX-Saline (n=5)
® NeoSTX-Bup (n=5)
® Saline (n=1)

Fig. 1. Flow diagram of study design. NeoSTX = neosaxitoxin; NeoSTX-Bup = neosaxitoxin in bupivacaine; NeoSTX-Bup-Epi =
Neosaxitoxin in bupivacaine with epinephrine; NeoSTX-Saline = neosaxitoxin in saline; Pl = principal investigator.
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after injection, subjects were contacted by phone and asked
about any side effects that they thought might be related
to the test drug (fig. S1, Supplemental Digital Content 1,
htep://links.Iww.com/ALN/B194, Section A2 presents the
time points at which study tests were performed).

Adverse Symptom Reporting. Subjects were asked to report
the presence and intensity of adverse symptoms. Previous
studies have reported adverse effects associated with site-1
sodium channel blockers as perioral numbness and tingling
of lips, tongue, and fingertips.” Data on nausea (no/some-
times/often or most of the time/all of the time), vomiting
(no/once or twice/three or more times), dizziness (1 to 5
scales; 1 being none and 5 being severe), and perioral tin-
gling and numbness (0 to 10 scales; 0 being no sensation
and 10 being the most unbearable sensation imaginable)
were collected from validated scales.?’=** For purposes of this
article, perioral “numbness” is a self-reported symptom, not
a measurement of hypoesthesia to stimuli.

Neuromuscular Function (Grip Strength). A dynamometer
(Jamar Hydraulic Hand Dynamometer; Sammons Preston,
USA) was used to measure hand-grip strength (GS). Sub-
jects were asked to sit in the upright position and to hold
the dynamometer using the dominant hand with the elbow
flexed at 90°. Subjects were then asked to squeeze their fin-
gers around the grip as tight as they could for 3 s. At each
time point, three recordings were documented and averaged
for analysis.

Respiratory Strength. Vital Capacity (VC) (CareFusion
Corp., USA) and negative inspiratory force (NIF) (NIF
Meter; Instrumentation Industries, Inc., USA) were mea-
sured by trained research personnel using handheld spirom-
etry per standardized American Thoracic Society guidelines.
At each time point, two recordings were documented and
averaged for analysis.

Electrocardiograms. Electrocardiograms were acquired digi-
tally with a sampling rate of 250 Hz and analyzed online
with manual correction of QT (QTcB), manual heart rate
confirmation, and PR/QRS duration. P, QRS, and T wave
axes were taken from the automated reading.
Pharmacokinetic Analysis. Blood samples were obtained for
all subjects from an indwelling angiocatheter. NeoSTX was
measured in plasma using an Acquity Ultraperformance®
Liquid Chromatography system coupled to a Xevo TQ-S
triple quadropole tandem mass spectrometer (Waters Cor-
poration, USA). The provisional limit of quantification used
was 10 pg/ml. Urine samples were taken at baseline and ad
libitum (further details on pharmacokinetic analytical meth-
ods are provided in the Supplemental Digital Content 1,
heep://links.lww.com/ALN/B194, Section A3).

Quantitative Sensory Testing (QST). To test the duration and
density of sensory blockade, a series of sensory tests evaluat-
ing sensitivity to mechanical and thermal stimuli were con-
ducted. The QST procedure started with the evaluation of
mechanical detection and pain thresholds, followed by ther-
mal detection and pain thresholds?* (detailed information
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on QST procedures is provided in the Supplemental Digital
Content 1, heep://links.Iww.com/ALN/B194, Section A4).

Outcome Measures

The primary outcome of interest was severity and frequency
of adverse events (AEs). AEs were graded as mild (grade 1),
moderate (grade 2), severe (grade 3), life threatening (grade
4), and death (grade 5) according to the Food and Drug
Administration guidelines.?> Subjects were asked to rate their
perioral numbness and tingling on a 0 to 10 scale. Clinically
significant perioral numbness and tingling were defined as
being greater than 3/10 and lasting 30 min or longer. Nau-
sea, vomiting, and dizziness were coded as yes/no. A greater
than 30% change from baseline values for neuromuscular
(GS) and respiratory (VC and NIF) measures and abnormal
vital signs are presented in the Results section.

Secondary measures included changes from baseline for
clinical biochemistry; NeoSTX plasma pharmacokinetics for
30 ug NeoSTX-Saline, NeoSTX-Bup, and NeoSTX-Bup-Epi
groups; and duration and intensity of sensory blockade as
measured by QST. Mechanical detection and pain thresholds
(mechanical detection threshold [MDT] and mechanical
pain threshold [MPT]) and cool detection threshold (CDT)
are presented in the Results section. Time to partial recovery
was defined as the time to 50% recovery from the maximum
experimental value to the subjects’ own baseline. The maxi-
mum experimental values for cutaneous hypoesthesia were
defined for MDT as 180¢g (von Frey hair number 18); for
MPT as 300g (von Frey hair number 20); and for CDT
as 5°C. Near-complete recovery was defined as the time
required for MDT/MPT to return to subjects’ own baseline
+ 2 hairs and for CDT to return to subjects’ own baseline
-3°C. Percentage of subjects in each cohort with dense block
(greater than the maximum experimental value), moderate
block (maximum experimental value to partial recovery),
mild block (partial recovery to near-complete recovery), and
minimal block (less than near-complete recovery) at 24 and
48 h were also evaluated. Reliability of block at 5 and 30 min
is defined as having dense or moderate block for each QST

parameter.

Statistical Methods

Sample size for initial dose steps was calculated based on
the “rule of 3s” in phase 1 studies in oncology.?® Our dose-
escalation plan specified initial dose escalation with groups
of three subjects in each treatment combination or seven
subjects per dose step (three subjects receiving NeoSTX-
Saline, three subjects receiving NeoSTX-Bup, and one subject
receiving placebo) until two grade 2 AEs occurred. Once we
reached that threshold, group sizes were expanded to 11 or
15 subjects per dose step.

Stopping rules based on physiologic endpoints were
not met. However, after review with the study Data Safety
Monitoring Board, the frequency and severity of AEs (self-
reported symptoms) at the 40 pg NeoSTX dose (while not
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dangerous) were considered bothersome enough to preclude
clinical use at doses higher than 40 g in awake volunteers.
Based on the dose—response of symptoms occurring in part
1 of the trial, a post hoc decision was made to include the
10- and 30-pg NeoSTX-Bup-Epi groups (part 2 of the trial)
with a total of nine subjects in each dose cohort, with eight
subjects receiving NeoSTX-Bup-Epi and one subject receiv-
ing placebo (Saline).

Statistical analyses were performed using SAS version 9.3
(SAS Institute, USA) and all hypotheses were two tailed.
Mean values with SDs are reported for physiologic measures.
Fisher exact test was used to evaluate the effect of treatment
combination on the occurrence of perioral tingling and
numbness. Neuromuscular, respiratory, hemodynamic, and
pharmacokinetic analyses were performed using ANOVA
followed by post hoc Bonferroni correction when needed.

For efficacy data, all treatment group comparisons were
evaluated against the eight subjects receiving 0.2% bupiva-
caine at the control site and placebo (Saline) at the active
treatment site. To test for possible systemic analgesic effect of
NeoSTX, we performed QST analyses on two sites: (1) the
contralateral posterior calf (control) sites (Bup; n = 84) and
(2) a remote site (thenar eminence, n = 72) (see Supplemen-
tal Digital Content 1, http://links.lww.com/ALN/B194,
Section AG).

QST data were tested for normality using the Shapiro—
Wilk test. Where deviations from normality were identi-
fied, group comparisons were analyzed using nonparametric
Kruskal—Wallis test corrected for multiple comparisons using
rank-sum tests (Dunn test) or Fisher exact test, where appro-
priate. Generalized linear models of time to near-complete
and partial recovery were used for an exploratory analysis to
evaluate the influence and interaction of dose (5 to 40 ng)
and treatment combinations (NeoSTX-Saline and NeoSTX-
Bup) (detailed information on this statistical procedure and
results are presented in Supplemental Digital Content 1,

heep://links.lww.com/ALN/B194, Section A6).

Results

Participants

A total of 84 subjects were enrolled. All subjects completed
the trial and were included in the final analysis (fig. 1). The
original study plan included evaluation of NeoSTX-Saline
and NeoSTX-Bup at doses from 5 up to 70 pg NeoSTX.
Based on the frequency and severity of systemic symptoms
(perioral numbness, tingling, and nausea) observed in sub-
jects receiving the 40 pg NeoSTX dose, we ended the dose
escalation at this point with a total of 66 subjects, and pre-
defined stopping rules based on physiologic endpoints for
this part of the study were not met. The second part of the
study included a total of 18 subjects receiving three-way
combinations of NeoSTX-Bup-Epi versus placebo (Saline).
No deviation from the inclusion and exclusion criteria
occurred. Demographic profiles are shown in table 1.

Anesthesiology 2015; 123:873-85 877

Adverse Events

No serious AEs occurred (grade 4 or higher) and no subject
required any medical intervention. The majority of the AEs
were rated as being either mild (grade 1) or moderate (grade
2) in intensity and no subject discontinued the study due to
AEs. The most common AEs among all subjects included
perioral tingling (48%) and numbness (52%).

One grade 3 AE was observed during the trial. This was
characterized by transient intense tingling and numbness in
the face and hands. In this subject, symptoms began 3-min
postinjection with the maximum intensity of perioral tin-
gling and numbness observed within the first hour; symp-
toms gradually reduced and were completely resolved by the
6-h time point. There was no impairment of oxygenation or
ventilation and no clinically significant changes in cardiac
rthythm, rate, or blood pressure. The grading of this AE was
based on our investigator-defined criteria of intensity of self-
reported symptoms, not by physiologic impairment.

At each NeoSTX dose, at least one subject presented with
one or more systemic symptoms though at the lower doses,
these were all in the clinically insignificant range. Symptoms
of perioral numbness and tingling increased in frequency
and severity in a dose-dependent manner for the NeoSTX-
Saline and NeoSTX-Bup groups. Dizziness, nausea, and vom-
iting were also noted at higher doses (Supplemental Digital
Content 1, htep://links.lww.com/ALN/B194, Section A3,
table 1). Frequency of clinically significant perioral tin-
gling and numbness was significantly reduced in the 30-pug
NeoSTX-Bup-Epi group compared with those receiving the
same dose of NeoSTX in the other treatment combinations
(tingling: 0 vs. 70%, P = 0.004; numbness: 0 vs. 60%; P =
0.013; Fisher exact test) (fig. 2).

Neuromuscular and Respiratory Function

Mean GS, NIF, and VC values did not differ between dose
cohorts at baseline. Overall, neuromuscular and respira-
tory function remained stable postinjection. The number
of subjects presenting with a greater than 30% decrease
from baseline for GS, NIF, and VC values in at least one
study time point during the first 2-h postinjection is pro-
vided in table 2 (see Supplemental Digital Content 1,
htep://links.lww.com/ALN/B194, Section A5, for detailed
information on outliers for neuromuscular and respiratory
function).

Vital Signs, Electrocardiograms, and Clinical Biochemistry
Opverall, vital signs remained stable postinjection. No sig-
nificant differences in mean heart rate, systolic blood pres-
sure, and diastolic blood pressure were observed between
dose cohorts at baseline. Table 2 presents the total number
of subjects presenting with vital signs outside of the pre-
defined normal range in at least one study time point up
to 2-h postinjection (see Supplemental Digital Content 1,
htep://links.lww.com/ALN/B194, Section A3, for detailed

information on abnormal vital signs).
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Table 1. Dose Escalation and Demographics

Safety and Efficacy of NeoSTX in Awake Volunteers

Neosaxitoxin Dose

(ng) Total (n) Age (yr) Weight (kg) Height (m) BMI (kg/m?)
0 8 25 (5) 77.4 (12.0) 1.7 (0.1) 26.9 (3.0
Part 1: dose escalation
5 6 25 (4) 71.0 (9.4) 1.7 (0.1) 24.3 (3.3)
10 14 25 (4) 86.9 (9.7) 1.8(0.1) 26.1 (3.5)
15 10 24 (4) 75.7 (15.4) 1.8(0.1) 23.6 (4.5)
20 10 26 (6) 74.7 (11.0) 1.8 (0.1) 22.7 (3.4)
30 10 28 (4) 81.6 (16.7) 1.7 (0.1) 27.7 (6.2)
40 10 23 (2) 70.9 (9.3) 1.8 (0.0) 22.6 (3.2
Part 2: three-way combination
10 8 26 (3) 72.8 (9.1) 1.8(0.1) 22.6 (3.1)
30 8 26 (5) 84.6 (12.5) 1.8(0.1) 26.5 (4.3)
Age, weight, height, and BMI presented as mean (SD).
BMI = body mass index.
100+ B Tingling the NeoSTX-Saline and NeoSTX-Bup groups (fig. 3). For
b B Numbness the NeoSTX-Bup-Epi group, this rapid increase in plasma

Percentage of subjects (%)

0 5 10 15 20 30 40 10 30
NeoSTX dose (meg)
Partl: Part 2:
Dose-Escalation 3-way combination
(NeoSTX-Saline and NeoSTX-Bup) (NeoSTX-Bup-Lpi)

Fig. 2. Percentage of subjects with clinically significant peri-
oral numbness and tingling after Neosaxitoxin (NeoSTX) in-
jection. Clinically significant perioral tingling and numbness
were defined as being more than level 3/10 (with 0 being no
sensation and 10 being an unbearable sensation) and last-
ing 30min or longer. NeoSTX-Bup = Neosaxitoxin in bupiva-
caine; NeoSTX-Bup-Epi = Neosaxitoxin in bupivacaine with
epinephrine; NeoSTX-Saline = Neosaxitoxin in saline.

Analysis of electrocardiographic data showed no signifi-
cant arrhythmias and no systematic change in QTcB. When
examining the delta-delta QTcB, the mean change was
12.5 ms, with the dominant contributor to that being the 40
ng NeoSTX-Saline and NeoSTX-Bup dosing groups. There
was also a clinically insignificant but statistically significant
change in QRS duration, with the maximum change in a
decrease of 8 ms in the 40-pg group. No clinically significant
changes in electrocardiographic parameters were observed
for the two NeoSTX-Bup-Epi groups.

Laboratory studies showed no clinically significant
changes in any of the hemarologic, renal, and hepatic values
that were attributed to the study medication.

Pharmacokinetic Data
There was a rapid increase in the mean plasma concentra-
tion to a peak value in the first 30 min after injection for

Anesthesiology 2015; 123:873-85

concentration was markedly suppressed. At the 30-min
time point, the NeoSTX plasma concentration for the
NeoSTX-Bup-Epi group (26+15 pg/ml) was approximately
five-fold lower than for the NeoSTX-Saline group (134 +63
pg/ml, P = 0.013; ANOVA) and approximately six-fold
lower than for the NeoSTX-Bup group (164+81 pg/ml,
P = 0.002; ANOVA). NeoSTX-Bup-Epi peak concentra-
tion (67 +14 pg/ml) occurred much later around the 12-h
postinjection time point and was at least two-fold lower than
for the NeoSTX-Saline and NeoSTX-Bup groups (P = 0.016,
ANOVA).

Duration and Intensity of Sensory Blockade

Onset of Cutaneous Sensory Block. At the 5- and 30-min
postinjection time points, we observed an immediate decrease
in cutaneous sensitivity (increase in threshold) to mechanical
and thermal stimuli for all treatment groups. Reliability of
cutaneous nerve block was greater using NeoSTX combina-
tions than NeoSTX-Saline for the 10-pg group particularly
for MPT, which could be used as a surrogate for surgical
pain (Supplemental Digital Content 1, http://links.lww.
com/ALN/B194, Section A6, table 2).

Time to Partial and Near-complete Recovery. Bup had
a median time to partial recovery of 7h for MDT, 8h for
CDT, and 12h for MPT. For part 1 of the study, explor-
atory generalized linear models evaluating the effect of dose
and treatment combinations on MDT, MPT, and CDT did
not show an effect of NeoSTX dose in any of the models;
the differences observed were driven primarily by treatment
combination. The 10 and 30 pg NeoS7TX-Bup and NeoSTX-
Bup-Epi groups showed a significantly longer time to partial
recovery than the Bup group for MDT (10 pg: 30 h NeoSTX-
Bup, P = 0.007 and 38h NeoSTX-Bup-Epi, P < 0.001; 30
pg: 36 h NeoSTX-Bup, P=0.001 and 40 h NeoSTX-Bup-Epi,
P <0.001; Kruskal-Wallis) and MPT (10 pg: 21 h NeoSTX-
Bup, P = 0.023 and 38h NeoSTX-Bup-Epi, P = 0.001; 30
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Fig. 3. Neosaxitoxin (NeoSTX) plasma concentrations over time. Data presented as mean and SD for 30-ug Neosaxitoxin treat-
ment groups. NeoSTX-Bup = Neosaxitoxin in bupivacaine; NeoSTX-Bup-Epi = Neosaxitoxin in bupivacaine with epinephrine;

NeoSTX-Saline = Neosaxitoxin in saline.

ng: 35h NeoSTX-Bup, P = 0.029 and 47h NeoSTX-Bup-
Epi, P < 0.001; Kruskal-Wallis). Similar patterns were
observed for CDT (10 pg: 4h NeoSTX-Bup, P = 0.86 and
47h NeoSTX-Bup-Epi, P = 0.012; 30 pg: 1h NeoSTX-Bup,
P =0.999 and 43h NeoSTX-Bup-Epi, P = 0.562; Kruskal—
Wallis); however, statistical significance was observed only in
the NeoSTX-Bup-Epi cohorts. Time to near-complete recov-
ery followed the same distribution as time to partial recovery
(fig. 4) (see Supplemental Digital Content 1, http://links.
lww.com/ALN/B194, Section AG, table 3, for detailed infor-
mation on time to near-complete and partial recovery for all
dose cohorts and treatment groups).

Density of Block at 24 and 48 h. Median values for each QST
parameter at study time points are presented in figure 5. At
24h, a greater percentage of subjects had dense or moderate
block in all QST parameters at 10 and 30 pg for all NeoSTX
combinations when compared with the Bup group (fig. 6A).
At 48h, for MDT and MPT, the 30-pug NeoSTX-Bup-Epi
group had a higher proportion of subjects with some degree
of block (50.0%), followed by 10 pg NeoSTX-Bup-Epi
(40.0%), 30 ng NeoSTX-Bup (25.0%), and 10 pg NeoSTX-
Bup (MDT: 14.3%; MPT: 28.6%). At 48h, no subjects in
the Bup group had moderate or dense block to mechanical

stimuli (both MPT and MDT) (fig. 6B).

Discussion

Researchers have long sought a safe, long-acting, local anes-
thetic that would be clinically useful for patients during or
after surgery or with any painful condition that is amenable
to nerve blockade. Such a drug or combination could poten-
tially provide days rather than hours of pain control without
the necessity for indwelling catheters and pumps. In this
phase 1 clinical trial of NeoSTX subcutaneous injection, we

Anesthesiology 2015; 123:873-85

present the first detailed human data on safety and AEs for
this drug with symptom scoring and physiologic measure-
ments. We report dose—response for cutaneous sensory block
using the combinations in which NeoSTX would most likely
be used in clinical practice—NeoSTX in combination with
bupivacaine, with and without epinephrine.

Our findings indicate that NeoSTX has few hemody-
namic effects. Throughout this study, regardless of dose or
drug combination, subjects generally maintained stable vital
signs. Of the 84 total subjects enrolled, one subject expe-
rienced a brief vasovagal episode associated with mild bra-
dycardia and hypotension, which resolved rapidly without
treatment. No treatment was required for any subject. Anal-
ysis of electrocardiographic data showed no clinically signifi-
cant atrial or ventricular rhythm disturbances or changes in
QTec intervals in any of the subjects.

Respiratory and neuromuscular function was similarly
stable at the doses examined in this trial. We did not observe
any clinically significant changes in oxygen saturation or
ETco, in any subject. NIF did not change significantly at
any time point for any participant, and VC and GS measure-
ments remained within the normal reference ranges. Small
within-subject variations in measurements at times appeared
effort related, especially with testing overnight, and were not
dose related.

These results are consistent with previous animal studies
that showed that neuromuscular, respiratory, and cardiovas-
cular effects of NeoSTX were mild and dose dependent using
the dose range anticipated for clinical use.!’ In addition,
in human studies where subjects received similar NeoSTX
doses, no gross signs of weakness or cardiovascular toxici-
ties were observed even with doses significantly higher than

those used here.!*20
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Fig. 4. Time to partial (A) and near-complete recovery (B) of cutaneous mechanical thresholds in 10 and 30 pg Neosaxitox-
in in saline (NeoSTX-Saline), Neosaxitoxin in bupivacaine (NeoSTX-Bup), and Neosaxitoxin in bupivacaine with epinephrine
(NeoSTX-Bup-Epi) treatment groups. Horizontal lines represent median values, boxes represent interquartile ranges, and whis-
kers represent minimum-maximum values. P values present the comparison of that group against the bupivacaine (Bup) group
using Kruskal-Wallis and Dunn test. CDT = cold detection threshold; MDT = mechanical detection threshold; MPT = mechanical

pain threshold; NeoSTX = Neosaxitoxin.

Symptoms such as tingling and numbness of the lips
and tongue, nausea, and dizziness are common with unin-
tentional ingestion of site-1 blockers as contaminants of
shellfish.” We noticed a high frequency of these symp-
toms in our subjects, although (as described) none of the
symptoms were accompanied by measurable physiologic
impairments or required any hemodynamic and respira-
tory support. The symptoms usually began approximately
15 to 30 min after injection and dissipated within 90 min
after injection. These symptoms increased in frequency
and intensity in a dose-dependent manner. At doses /ess
than 40 pg in part 1 of the study, subjects reported these
symptoms as being mildly bothersome, which did not

Anesthesiology 2015; 123:873-85 881

affect their regular activity or disrupt further testing. How-
ever, at the 40 ug dose in part 1 of the study, the intensity
of systemic symptoms observed in subjects increased sig-
nificantly and were accompanied with nausea, vomiting,
and dizziness that decreased in intensity over the next 1
to 2h. We ended the dose escalation at this concentration
(40 pg) because of the frequency and intensity of these
symptoms. In part 2 of the study, addition of epineph-
rine dramatically suppressed the frequency and intensity
of these transient symptoms.

Previous human volunteer studies of NeoSTX in doses of
50 pg (NeoSTX alone) or 10 pg (NeoSTX-BUP or NeoSTX

with epinephrine) in awake volunteers did not report
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Fig. 5. Median quantitative sensory testing values at study time points for bupivacaine (Bup), placebo (Saline), and 10 pg
Neosaxitoxin in saline (NeoSTX-Saline), Neosaxitoxin in bupivacaine (NeoSTX-Bup), and Neosaxitoxin in bupivacaine with epi-
nephrine (NeoSTX-Bup-Epi) treatment groups. (A) Mechanical detection threshold (MDT), (B) mechanical pain threshold (MPT);
(C) cold detection threshold (CDT). Symbols represent median values and whiskers represent interquartile ranges.

systemic symptoms.'®! There are several possible reasons
for this discrepancy. Previous studies did not use systematic
recording of symptoms using rating scales. In addition, the
study using 50 pg involved drug formulations that had a dif-
ferent pH compared with the current study.'” Another previ-
ous study using 100-Lg injections was performed in surgical
patients under general anesthesia and thus making the sub-
jective symptoms of perioral numbness, tingling, and nausea
unreportable.?’ Further studies involving larger sample sizes
and a range of patient populations as well as the effect of
sex, age, and a full range of medical comorbidities will be
required to fully define the recommended maximum safe
and tolerable doses for NeoSTX when used in combination
with bupivacaine with and without epinephrine.

Previous animal and human studies have shown that
the local anesthetic effect of site-1 blockers is potentiated
when coinjected with conventional local anesthetics or

Anesthesiology 2015; 123:873-85

vasoconstrictors such as epinephrine.!>!® Several mecha-
nisms may potentially contribute to these additive or syn-
ergistic interactions.!”1%2728 Epinephrine is known to slow
drug uptake from the injection site, presumably by decreas-
ing local blood flow via vasoconstriction,'”'® thereby reduc-
ing the absorption rate of NeoSTX and the occurrence of
side effects presented. Our preliminary pharmacokinetic
analyses show that the peak concentration for NeoSTX
when used either alone or in combination with bupivacaine
was reached within the first 30-min postinjection. This cor-
relates with the time of maximum intensity and frequency
of systemic symptoms. Addition of epinephrine to the com-
bination of NeoSTX and bupivacaine at NeoSTX doses of
30 pg dramatically reduced the peak NeoSTX concentra-
tion. This observation is consistent with the decreased fre-
quency and intensity of systemic side effects in this cohort.
More extensive pharmacokinetic analyses of blood and urine

882 Lobo et al.
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Fig. 6. Percentage of subjects at (A) 24 h and (B) 48 h postinjection with dense, moderate, mild, and minimal block to mechanical
and thermal stimuli in 10 and 30 pg Neosaxitoxin in saline (NeoSTX-Saline), Neosaxitoxin in bupivacaine (NeoSTX-Bup), and
Neosaxitoxin in bupivacaine with epinephrine (NeoSTX-Bup-Epi) treatment groups. At 24h mechanical pain threshold (MPT)
P < 0.001; mechanical detection threshold (MDT) P < 0.001; cold detection threshold (CDT) P = 0.074, Fisher exact test. At 48h
MPT P = 0.494; MDT P = 0.353; CDT P = 0.010, Fisher exact test. Bup = bupivacaine.

are in progress, along with efforts to characterize metabo-
lites. In future studies, additional cohorts will be required to
better define whether further increases in NeoSTX dose in
NeoSTX-Bup-Epi combinations can be tolerated with mini-
mal symptoms, particularly in patients with a range of medi-
cal conditions. Bupivacaine and NeoSTX also may have a

Anesthesiology 2015; 123:873-85 883

direct synergism by virtue of different site of actions on the
sodium channel, and bupivacaine may act to some degree as
a chemical permeation enhancer.?*3°

NeoSTX-Bup and NeoSTX-Bup-Epi combinations showed

reliable and prolonged cutaneous anesthesia, as assessed by

QST. In comparison with Bup, NeoSTX-Bup-Epi produced
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nearly five-fold prolongation of time to near-recovery
of MDTs. With NeoSTX-Bup-Epi 10 pg, cold detection
remained partially impaired (moderate-to-dense block) at
24 and 48h in 40 and 20% of subjects, respectively.
Quantitative sensory testing is a useful surrogate measure
of cutaneous anesthesia, but it is only an approximate predic-
tor of intensity and duration of local anesthesia and analgesia
in surgical patients.’! Nevertheless, the time course of onset
and recovery of cutaneous anesthesia from NeoSTX-Bup and
NeoSTX-Bup-Epi combinations in this study appears very
promising for further study as a clinically useful prolonged
duration local anesthetic. An ideal agent for perioperative use
should have (1) very rapid onset of dense blockade, permit-
ting surgery under local or regional anesthesia, (2) persistence
of dense and reliable blockade through the first postoperative
night, and (3) a prolonged period of partial blockade over the
next 2 or 3 days.?” Based on the time course and intensity of
block using QST measures in this phase 1 study, NeoSTX-
Bup and NeoSTX-Bup-Epi appear promising for showing

these favorable features when used for surgical patients.

Limitations

Under the constraints of this first U.S. investigator-initiated
Investigational New Drug trial that mandated truncation of
the trial when symptoms became significantly bothersome,
our dose escalation was limited by the occurrence of bother-
some numbness and tingling sensations in awake volunteers at
adose of 40 pg. We were therefore unable to escalate NeoSTX
dosing to a range that would define a human threshold for
clinically important respiratory, neuromuscular, or cardio-
vascular impairments. Future studies in anesthetized subjects
may permit further examination of physiologic effects in doses
greater than 40 pug. QST may be an imperfect predictor of
adequacy of local anesthetic action for surgical anesthesia and
for intensity and duration of postoperative analgesia.

Conclusion

In this first detailed study of safety, symptoms, and physi-
ologic data for NeoSTX (alone and in combination with
bupivacaine and epinephrine) in awake humans, our find-
ings reveal that NeoSTX combinations did not produce
physiologic impairments when used at the doses studied. The
addition of epinephrine reduces the frequency and severity
of systemic symptoms. NeoSTX-Bup and NeoSTX-Bup-Epi
combinations appear promising for progressing into phase 2
trials as prolonged duration local anesthetic formulations for
surgical anesthesia and postoperative analgesia.
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