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Abstract

Significance Selecting a nerve-specific lead fluorescent agent for translation in fluorescence-guided surgery is time-consum-
ing and expensive. Preclinical fluorescent agent studies rely primarily on animal models, which are a critical component of
preclinical testing, but these models may not predict fluorophore performance in human tissues.

Aim The primary aim of this study was to evaluate and compare two preclinical models to test tissue-specific fluorophores
based on discarded human tissues. The secondary aim was to use these models to determine the ability of a molecularly
targeted fluorophore, LGW16-03, to label ex vivo human nerve tissues.

Approach Patients undergoing standard-of-care transtibial or transfemoral amputation were consented and randomized to
topical or systemic administration of LGW16-03 following amputation. After probe administration, nerves and background
tissues were surgically resected and imaged to determine nerve fluorescence signal-to-background tissue ratio (SBR) and
signal-to-noise ratio (SNR) metrics. Analysis of variance (ANOVA) determined statistical differences in metric means
between administration cohorts and background tissue groups. Receiver operating characteristic (ROC) curve-derived sta-
tistics quantified the discriminatory performance of LGW16-03 fluorescence for labeling nerve tissues.

Results Tissue samples from 18 patients were analyzed. Mean nerve-to-adipose SBR was greater than nerve-to-muscle SBR
(p=0.001), but mean nerve-to-adipose SNR was not statistically different from mean nerve-to-muscle SNR (p =0.069).
Neither SBR nor SNR means were statistically different between fluorophore administration cohorts (p >0.448). When
administration cohorts were combined, nerve-to-adipose SBR was greater than nerve-to-muscle SBR (mean + standard devia-
tion; 4.2+2.9 vs. 1.8 +1.9; p<0.001), but SNRs for nerve-to-adipose and nerve-to-muscle were not significantly different
(5.1+4.0 vs. 3.1+3.4; p=0.055). ROC curve-derived statistics to quantify LGW16-03 nerve labeling performance varied
widely between patients, with sensitivities and specificities ranging from 0.2-99.9% and 0.4—-100.0%.

Conclusion Systemic and topical administration of LGW16-03 yielded similar fluorescence labeling of nerve tissues. Both
administration approaches provided nerve-specific contrast similar to that observed in preclinical animal models. Fluores-
cence contrast was generally higher for nerve-to-adipose versus nerve-to-muscle. Ex vivo human tissue models provide safe
evaluation of fluorophores in the preclinical phase and can aid in the selection of lead agents prior to first-in-human trials.
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Introduction

Fluorescence-guided surgery (FGS) is a rapidly growing
field that uses fluorescent chemical compounds (fluoro-
phores) to label specific tissues (e.g., tumor, nerve) or
physiological phenomena (e.g., blood perfusion), thereby
improving the surgeon’s visualization of key features in the
surgical field. Different mechanisms of labeling are used,
namely non-targeted intravascular/intraluminal perfusion
probes, molecularly targeted probes, and enzymatically or
metabolically activated probes. One area of focus in the
field of FGS is the development and evaluation of probes
that specifically target nerves. This focus is motivated by
the high prevalence of iatrogenic peripheral nerve injuries
(PNIs) [1-6] and the potential of nerve-specific FGS to
reduce the likelihood of intraoperative PNI [7-11].

Clinical translation of an FGS imaging agent requires
United States Food and Drug Administration (FDA)
approval. Currently, seven fluorophores (and fluorophore
precursors) are approved by FDA for FGS: indocyanine
green (ICG), methylene blue, fluorescein, 5-aminole-
vulinic acid, hexaminolevulinate hydrochloride (brand
name Cysview, Photocure, Inc., Princeton, NJ; a precur-
sor to 5-ALA), pafolacianine (known as OTL-38, brand
name Cytalux, On Target Laboratories, LLC, West Lafay-
ette, IN); and most recently, pegulicianine (brand name
Lumisight, Lumicell, Newton, MA) [12—14] Several other
fluorescent agents are currently in late-stage clinical tri-
als and demonstrate clinically advantageous performance
[15-18]. Fluorescence imaging agents have no desired
therapeutic effect, but therapeutic drugs provide a reason-
able benchmark for the substantial cost and time required
for securing FDA approval. The high cost of pivotal effi-
cacy trials for new therapeutic agents (mean of $19 million
as of 2020) and long timeline for successful translation are
known barriers to FDA approval, creating incentive to only
select lead fluorescent agents with the strongest likelihood
for success for evaluation in humans [13, 19].

FGS using a nerve-specific fluorophore has the poten-
tial to improve real-time identification and visualization
of nerves in the surgical field, thereby reducing iatrogenic
PNI and improving patient outcomes in terms of motor
function and pain reduction [9, 20-23]. We have previ-
ously developed a library of synthetically engineered,
oxazine-based, red- and near-infrared, nerve-specific fluo-
rophores [9, 11]. LGW16-03 is a lead agent undergoing
preclinical evaluation for intraoperative visualization of
nerves to reduce iatrogenic PNI (peak excitation/emis-
sion of 626/655 nm when suspended in phosphate buft-
ered saline) [16]. Animal models are critical for preclinical
evaluation of fluorescent imaging agents. However, not all
high performing agents in animal models will translate
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in human trials [24, 25]. Understanding fluorophore per-
formance in viable human tissue in the preclinical phase
could improve the accuracy and safety of lead probe selec-
tion, thereby reducing the cost, time, and potential harm
to patients in clinical trials [26].

A possible solution is to integrate ex vivo human tissues
into preclinical testing. Testing with ex vivo human tissue is
not novel in biomedical research [27, 28], and the approach
has been most widely used in transplant surgery [29-33].
Freshly amputated human limbs represent an ideal environ-
ment for testing lead agents in human tissue without any risk
associated with patients. Recently, a single amputated limb
was perfused with LGW16-03 and imaged, demonstrating
a proof-of-concept for fluorophore preclinical testing using
ex vivo human tissue [26]. The primary goal of the present
study was to extend our proof-of-concept results using a
larger patient cohort. The secondary goal was to statistically
compare nerve-specific fluorescent labeling when LGW 16-
03 was administered systemically using our established limb
perfusion model versus a simplified topical administration
protocol.

Methods
Study Enroliment

All aspects of this study were approved by the Dartmouth
Health Institutional Review Board. The study enrolled
patient receiving transtibial or transfemoral amputation for
severe trauma, infection, or vascular insufficiency; onco-
logical indications were also acceptable if the specimen
did not need to be analyzed for margin status. Equal (1:1)
proportions of patients with and without peripheral neu-
ropathy were enrolled; neurological function was assessed
by standard-of-care 5.07 Semmes—Weinstein monofilament
testing [34]. All patients were randomized (1:1) to one of
two study cohorts: systemic administration of LGW16-03
via vascular cannulization of the amputated limb or topical
application of LGW16-03.

Specimen Procurement

All amputation operations occurred in the main operating
room at Dartmouth Hitchcock Medical Center (DHMC,
Lebanon, New Hampshire). All specimens were then trans-
ferred to DHMC’s Center for Surgical Innovation (CSI) for
fluorophore administration and imaging.

Topical Fluorophore Administration

For topical fluorophore administration, limbs were dissected
to remove the tibial and/or peroneal nerves and adipose and
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muscle samples adjacent to the nerves. Samples were sub-
merged in a fluorophore bath consisting of 0.05 mg/mL
LGW16-03 suspended in phosphate buffered saline (PBS).
Each sample was bathed for five minutes followed by three
30-s washes in PBS prior to imaging.

Systemic Fluorophore Administration

For systemic fluorophore administration, a perfused, ampu-
tated human limb model was used [26]. A dominant artery
in the limb (i.e., superficial femoral, anterior tibial, or pos-
terior tibial artery, based upon the level of amputation, ves-
sel diameter, and vessel patency) was identified, dissected,
transected, and connected to a cardiopulmonary bypass
machine (S3, Sorin Stockert, Breisgau, Germany) using
a sized vascular cannula and a #0 silk suture. Limbs were
perfused with sterile saline at 90-180 mL/min to maintain
pressure within a physiological range (< 120 mmHg). A nee-
dle probe (Stryker, Kalamazoo, MI) verified in-line pressure
throughout each perfusion experiment. Instead of venous
cannulation for return, limbs drained by gravity, and the per-
fusate was collected in a reservoir and then recycled into the
circuit. Within 10 min of establishing perfusion, a standard
dose of LGW16-03 (1 mg/mL concentration suspended in
PBS; 10 mL total) was administered intra-arterially. Fluo-
rophore perfusion continued for 10 min, then the perfusate
was swapped to plain saline for a 20-min washout. After the
washout period, target nerve(s) (i.e., common peroneal and/
or tibial) and background tissues (i.e., muscle, adipose) were
resected for imaging. Specimens randomized to the systemic
administration cohort with severe peripheral vascular dis-
ease that precluded vascular cannulization were excluded
from further analysis.

Fluorescence Imaging, Image Analysis,
and Histopathology

Closed-field fluorescence imaging of tissue samples was per-
formed with commercial systems (Odyssey CLx or Odyssey
M using the 700 or 720 nm channel, respectively; LI-COR
Biosciences, Lincoln, NE). All imaging data was collected
using constant acquisition settings, except resolution settings
which ranged from 10-100 um. To address inter-sample/
inter-measurement variabilities, all nerve fluorescence
measurements underwent intra-patient normalization to
background tissues; all nerve fluorescence measurements
were thus presented as signal-to-background ratio (SBR) and
signal-to-noise ratio (SNR) metrics. All image analyses were
performed using MATLAB (vR2022a, Mathworks, Natick,
MA). Two-dimensional Gaussian filtering, implemented
using the function imgaussfilt with a standard deviation of
10 pixels, reduced the resolution of the fluorescence images
such that they exhibited macroscale, diffuse fluorescence

representative of what would be seen in the surgical field.
Regions of interest (ROIs) were manually drawn around
tissue samples, and descriptive pixel statistics (i.e., mean,
median, standard deviation) were extracted from each ROI
and recorded. For every combination of nerve tissue ROI(s)
and background tissue ROI(s) within a single patient, SBR
and SNR were quantified to evaluate the ability of LGW16-
03 to label nerve tissues. SBR and SNR were both calculated
to demonstrate the variability in quantitative assessment
between these metrics (Fig. 1) [35].

The experimental and image analysis workflow for the
study is summarized in Fig. 1. Fluorophore administration
cohorts are illustrated in Fig. 1a. The fluorescence metrics
are defined in Fig. 1b, where p is the ROI pixel mean, and
o is the ROI pixel standard deviation. After imaging, limbs
were taken to the Department of Pathology and Laboratory
Medicine for standard-of-care processing. Permanent sec-
tion histopathological staining with hematoxylin and eosin
(H&E) confirmed tissue type.

Statistical Analysis

All statistical analyses were implemented using MATLAB
(vR2022a, MathWorks, Natick, MA). One-way and two-way
analyses of variance (ANOVA) tested the hypothesis that
SBR (or SNR) across groups (i.e., nerve-to-adipose versus
nerve-to-muscle metrics and systemic versus topical admin-
istration) were drawn from populations with the same mean
SBR (or SNR). One-way ANOVA was implemented using
the function anoval with default settings. Two-way ANOVA
was implemented using the function anovan with the “inter-
action” argument to evaluate main effects of each grouping
individually and the two-factor interaction.

A fluorescence SBR of > 1.5 is considered useful for
distinguishing features in open-field FGS [36]. As such, all
SBR distributions—stratified by administration cohort and
by background tissue—underwent an additional hypothesis
test to evaluate the null hypothesis that each SBR distribu-
tion came from a population with mean equal to 1.5, against
the alternative that the mean SBR was greater than 1.5 using
a right-tailed #-test (tfest function).

Receiver operating characteristic (ROC) curve analysis
determined the discriminatory performance of LGW16-03
fluorescence for labeling nerve tissues in each patient. Sin-
gle-patient ROC curves enabled individual examination of
the discriminatory performance of LGW16-03 fluorescence
to label nerves versus background tissues. The Youden Index
defined the optimal ROC cutoff point for determining sensi-
tivity and specificity [37].

Linear regression using the function fit/m with default
settings determined whether a statistical relationship was
found between amputated limb neuropathy status and
quantified SBR and SNR values. Results were reported as
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Systemic Administration Cohort (n = 10)*
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Fig. 1 Experimental and analysis workflow for the study: (a) patient
consent, enrollment, and randomization to either the systemic admin-
istration or topical administration of LGW16-03 cohorts. Fluorophore
administration and target tissue harvesting (nerve [blue], adipose [yel-
low] and muscle [red]); (b) ex vivo fluorescence imaging followed
by image preprocessing and metric quantification. Histopathological

unstandardized coefficient estimates (B). For all statisti-
cal analyses, a p-value <0.05 was considered statistically
significant.

Results

A total of 24 patients were enrolled. Tissue samples from a
total of 18 patients (one amputated limb per patient) were
analyzed. Six patients were withdrawn due to the inability
to cannulate a dominant artery after amputation or due to
technical errors during fluorophore administration. A total
of 66 ex vivo tissue samples were fluorescently labeled
and imaged, generating a total of 56 unique, patient-level
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tissue analysis using hematoxylin and eosin (H&E) stain confirmed
tissue type. *Tissues from one patient were analyzed in both admin-
istration cohorts. PBS =phosphate-buffered saline. SBR =signal-to-
background ratio. SNR =signal-to-noise ratio. ROC =receiver operat-
ing characteristic

nerve-to-background tissue fluorescence measurements. All
imaged tissues in the systemic and topical administration
cohorts are shown in Supplemental Fig. 1 and 2, respec-
tively. Table 1 summarizes the limbs and tissue samples ana-
lyzed. All raw ROI descriptive statistics (i.e., mean, median,
standard deviation) were also recorded (see systemic and
topical administration cohort statistics in Supplemental
Table 1 and 2, respectively). SBR and SNR results catego-
rized by fluorophore administration cohort and by back-
ground tissue type are plotted in Fig. 2 (and are tabulated in
Supplemental Table 3 and 4).

Nerve-to-adipose SBR for topical administration of fluo-
rophore was (mean + standard deviation) 4.6 +2.5; for sys-
temic fluorophore administration, nerve-to-adipose SBR was
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Fig.2 Fluorescence tissue signal (a) signal-to-background ratio
(SBR) and (b) signal-to-noise ratio (SNR) for nerve-to-adipose
(black) and nerve-to-muscle (blue). Legend in (b) applies to both sub-
plots. Dashed/solid horizontal lines =means/medians. Systemic =sys-
temic administration of LGW16-03 cohort. Topical =topical admin-

istration of LGW16-03 cohort. Two-way ANOVA statistical test
results: no annotation=not significant; *=p<0.05; **=p<0.01;
*#%=p<0.001. Red diamond=cohort measurements from popula-
tion with mean SBR> 1.5 (p <0.05)

Table 1 Patient limb and tissue

. Variable Count (%)
sample details
Enrollment and analysis, no. of patients/limbs 18
Limb neuropathy status, no. of limbs
Negative 7 (39)
Positive 10 (56)
Unknown 1(6)
Fluorophore administration cohort, no. of limbs
Systemic 10 (56)*
Topical 9 (50)*
Tissues samples, no. of samples in systemic/topical cohorts
Adipose 10/9
Muscle 10/8
Nerve 12/17
Total no. of samples in both cohorts 66
Nerve-to-background measurements, no. in systemic/topical cohorts
Nerve-to-adipose 12/17
Nerve-to-muscle 12/15
Total no. of nerve-to-background measurements in both cohorts 56

“One patient limb underwent analysis in both systemic and topical cohorts; for this case, representative
tissues were first resected for topical administration of LGW16-03, then the limb underwent perfusion, sys-
temic administration of LGW16-03, and tissue resection as described

3.8 +3.5. Nerve-to-muscle SBR for topical administration
was 2.0 +2.0; for systemic administration, nerve-to-mus-
cle SBR was 1.7 +1.9. Nerve-to-adipose SNR for topical
administration of fluorophore was 5.1 +4.2; for systemic
fluorophore administration, nerve-to-adipose SNR was
5.2+4.3. Nerve-to-muscle SNR for topical administration

was 2.6 +2.4; for systemic administration, nerve-to-muscle
SNR was 3.8 +4.3. These data were analyzed using two-way
ANOVA. Nerve-to-background tissue SBRs exhibited no
significant differences between fluorophore administration
cohorts (p=0.448). Similarly, SNRs exhibited no signifi-
cant differences between administration cohorts (p=0.532).
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Nerve-to-adipose SBR was significantly greater than nerve-
to-muscle SBR (p=0.001). However, nerve-to-adipose SNR
was not significantly different than nerve-to-muscle SNR
(p=0.069). Nerve-to-adipose SBR distribution means for
both administration cohorts were statistically greater than
1.5 based on a right-tailed t-test (p <0.021; noted by red
diamond in Fig. 2a), but no nerve-to-muscle SBR distribu-
tion means were statistically greater than 1.5 (p>0.198).
Complete two-way ANOVA results are tabulated in Sup-
plemental Table 5 and 6.

Figure 3 shows the same data as Fig. 2 reorganized such
that the two fluorophore administration cohorts were com-
bined. These data were analyzed using one-way ANOVA.
Combined nerve-to-adipose SBR was statistically greater
than combined nerve-to-muscle SBR (4.2+2.9vs. 1.8+ 1.9;
p<0.001). However, no significant difference in SNR was
found (nerve-to-adipose SNR versus -to-muscle SNR of
5.1+4.0 vs. 3.1 +£3.4; p=0.055). The combined nerve-
to-adipose SBR distribution mean was statistically greater
than 1.5 based on a right-tailed t-test (4.2 +2.9; p<0.001;
noted by red diamond in Fig. 3a), but the combined nerve-to-
muscle SBR distribution mean was not statistically greater
than 1.5 (1.8 £ 1.9; p=0.186). Complete one-way ANOVA
results are tabulated in Supplemental Table 7 and 8.

The neuropathy status of limbs had a statistically signifi-
cant impact on SBR values within the topically administered
cohort based on linear regression, indicating a substantial
reduction in SBR with neuropathy (B=-2.62; p=0.001).
However, neuropathy status had no significant relationship
with SBR values in the systemically administered cohort or
any SNR values. Complete regression results are tabulated in
Supplemental Tables 9—12, broken down by administration
cohort and metric (SBR/SNR).

ROC curves and associated performance statistics (i.e.,
sensitivity, specificity, accuracy, and area under the curve)
for discriminating nerve pixels from background tissue pix-
els are shown in Supplemental Fig. 3 and 4 for the systemic

and topical administration cohorts, respectively. Corrobo-
rating results in Figs. 2 and 3, showed some patients exhib-
ited high discriminatory power for identifying nerve tissue
(e.g., Patient 15 in the systemic cohort achieved statistics
all >94.4%; Patient 10 in the topical cohort achieved statis-
tics all > 85.5%). However, other patients exhibited relatively
poor labeling of nerves (e.g., Patient 2 in the systemic cohort
achieved sensitivity, specificity, accuracy, and area under
the curve of 0.5%, 99.7%, 48.7%, and 35.5%, respectively).

Discussion

This study is an extension of a prior, proof-of-concept study
to evaluate preclinical testing of a nerve-specific fluorophore
in an amputated human limb [26]. Results herein included
tissues from 18 patients’ lower limbs, 10 of which were used
in the limb perfusion model for systemic administration of
LGW16-03 (Fig. 1, Table 1). No statistically significant dif-
ference in nerve-specific SBR or SNR was found between
systemic and topical administration of LGW16-03. Fluores-
cence contrast was generally higher for nerve-to-adipose ver-
sus nerve-to-muscle; nerve-to-adipose SBRs for both admin-
istration cohorts exhibited sample means statistically > 1.5,
suggesting a useful level of contrast for FGS [36]. These
results corroborate oxazine-based, nerve-specific fluores-
cence SBRs reported previously in preclinical murine mod-
els (SBRs up to~5 for topical administration and up to~4
for systemic administration) [9, 11]. Although mean nerve-
to-muscle SBRs for both administration cohorts in the pre-
sent study were > 1.5 (systemic and topical cohorts yielded
SBRs of 1.7 and 2.0, respectively), measurement variances
were significant in both groups such that mean nerve-to-
muscle SBRs were not > 1.5 with statistical significance.
Neuropathy status did not have a broad impact on nerve
SBR or SNR measurements, but within the topically admin-
istered cohort, nerve SBRs were significantly related to

Fig. 3 Fluorescence tissue [ ]

signal (a) signal-to-background (a) 20 (b) 20

ratio (SBR) and (b) signal-to- il ns

noise ratio (SNR) for nerve-to- s s

adipose (black) and nerve-to- 151 . 15

muscle (blue) with systemic and (14 14 L x
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combined. Dashed/solid hori- P 10 5 PS 10

zontal lines = means/medians. b .. S o
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neuropathy status. Because topical administration of fluo-
rophore is independent of tissue perfusion, we hypothesize
that this trend is due to a diminished expression level of the
LGW16-03 molecular target in neuropathic nerves.

The high variances observed in LGW16-03 fluorescent
measurements (Figs. 2 and 3) and corresponding ROC
curve-derived statistics for labeling nerve tissues (Supple-
mental Fig. 3 and 4) may be due to experimental limita-
tions. Systemic administration protocol involved a 10-min
LGW16-03 perfusion followed by 20 min of saline wash-
out; this administration-to-imaging time is relatively short
for optimal nerve-agent binding based on preclinical stud-
ies of LGW16-03. Limb perfusion experiments were time-
limited by the known ischemic time of amputated limbs
[32]. Additionally, measurement variances could be the
result of physiological variabilities in the amputated limbs
themselves. Although an enrollment exclusion criterion was
severe peripheral vascular disease, and neuropathy status
was recorded for each enrollment, thorough physiological
and histological characterization of amputated limbs imaged
in this study was not performed and will be the subject of
future work.

Patients requiring amputation due to peripheral artery dis-
ease (PAD) often have had prior surgical salvage attempts
[38, 39] and/or poorly controlled diabetes associated with
infection [40]. Thus, these limbs often contain heavily
calcified arteries and muscle that has undergone chronic
ischemia due to PAD. Muscle affected by chronic ischemia
has reduced fiber density, fiber size, and increased fatty infil-
trate [41-43]. Reduced muscle fiber density could create an
environment amenable to passive diffusion of LGW16-03
into muscular compartments where it was retained, leading
to atypically high fluorescence in some muscle samples (e.g.,
Supplemental Fig. 1a and f, and Supplemental Fig. 2a, h, 1).
This enhanced permeability and retention effect is supported
by studies that induced PAD in rodent hindlimbs and dem-
onstrated increased accumulation of nanoparticles in muscle
tissue [44]. In addition, angiogenic factors are upregulated in
chronically ischemic tissues, which may mobilize endothe-
lial cells to form leaky vasculature like that seen in tumors
[45].

Extended periods of normothermic machine perfusion
using standards for vascular composite allografts (VCA)
could improve the quality and viability of ex vivo human
tissue models [31-33]. The use of an oxygen carrying blood
product, electrolytes, and other nutrients (e.g., glucose, insu-
lin) in the perfusate could extend the ex vivo timeframe of
tissue viability. Steroids within the perfusate could reduce
the amount of vascular leakage as well (e.g., methylpredni-
solone) [32]. Indeed, best available practice VCA protocols
can support limb viability for 40 h and beyond. Limbs in
these experiments experienced a normalization period dur-
ing which limb pressure, pH, and blood laboratory values

stabilized over a six-hour period, allowing for increased per-
fusion time and increased tissue viability [33]. The evolving
field of VCA is not widely adopted. These protocols may,
however, vastly improve limb viability and allow for more
accurate study of fluorophores using amputated limbs. The
limbs used within these VCA studies were obtained through
academic medical center-affiliated limb donation programs.
These programs, combined with established global cadaver
donation programs [46], set a precedent for the respectful
use of ex vivo human tissues in medicine—training and
research—more broadly, including preclinical evaluation
of FGS imaging agents.

Conclusion

Nerve-specific FGS has the potential to improve real-time,
wide field-of-view visualization of nerves in the surgical
field, reducing the prevalence of iatrogenic PNI and improv-
ing patient outcomes in terms of motor function and pain
reduction. Ex vivo human tissue models provide a safe and
biomarker-relevant platform for the evaluation of fluoro-
phores in the preclinical phase with zero additional risk to
patients and can aid in the selection of lead agents prior to
first-in-human trials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11307-024-01968-0.
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