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Spinal cord injuries (SCIs) often lead to lifelong disability. Among the
various types of injuries, incomplete and discomplete injuries, where
some axons remain intact, offer potential for recovery. However,
demyelination of these spared axons can worsen disability. Demyelin-
ation is a reversible phenomenon, and drugs such as 4-aminopyridine
(4AP), which target K1 channels in demyelinated axons, show that
conduction can be restored. Yet, accurately assessing and monitoring
demyelination after SCI remains challenging because of the lack of suit-
able imaging methods. In this study, we introduce a novel approach
using the PET tracer, 3-[18F]fluoro-4-aminopyridine ([18F]3F4AP), speci-
fically targeting K1 channels in demyelinated axons for SCI imaging.
Methods: Rats with incomplete contusion injuries were imaged with
[18F]3F4AP PET up to 1 mo after injury, followed by further validation of
PET imaging results with autoradiography and immunohistochemistry
of postmortem spinal cord tissue. A proof-of-concept study in 2 human
subjects with incomplete injuries of different severities and etiologies
was also performed. Results: [18F]3F4AP PET of SCI rats revealed a
more than 2-fold increase in tracer binding highly localized to the
injured segment of the cord at 7 d after injury relative to baseline (SUV
ratio 5 2.49 6 0.09 for 7 d after injury vs. 1.14 6 0.10 for baseline),
revealing [18F]3F4AP’s exceptional sensitivity to injury and its ability to
detect temporal changes. Autoradiography, histology, and immunohis-
tochemistry confirmed [18F]3F4AP’s targeting of demyelinated axons.
In humans, [18F]3F4AP differentiated between a severe and a largely
recovered incomplete injury, indicating axonal loss and demyelination,
respectively. Moreover, alterations in tracer delivery were evident on
dynamic PET images, suggestive of differences in spinal cord blood
flow between the injuries. Conclusion: [18F]3F4AP demonstrates effi-
cacy in detecting incomplete SCI in both animal models and humans.
The potential for monitoring post-SCI demyelination changes and
response to therapy underscores the utility of [18F]3F4AP in advancing
our understanding andmanagement of SCI.
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Spinal cord injury (SCI) can result in devastating loss of mobil-
ity, often causing lifelong struggles to regain independence and
quality of life. During the initial months after injury, there are
rapid degenerative changes, such as demyelination at and around
the lesion, which are associated with a less favorable recovery out-
come (1–3). Demyelination, which impairs axonal conduction, is
believed to significantly contribute to disability after incomplete SCI
(2,4). Furthermore, with the loss of myelin, spared demyelinated
axons are more vulnerable to damage, potentially leading to further
neuronal loss via necrosis or apoptosis. Consequently, therapeutic
approaches that promote remyelination are a major research focus in
SCI, with much knowledge gained from multiple sclerosis. These
include pharmacologic, cell, physical, and electrical stimulation thera-
pies (4–16). Although many of these approaches have shown promise
in standardized animal models, a significant challenge in translating
these treatments to humans is determining how to monitor their
response, considering the heterogeneous nature of human SCI.
Existing MRI methods to track SCI progression rely on ana-

tomic changes (17). These approaches lack specificity and exhibit
modest correlation with clinical symptoms. In addition, the pres-
ence of stabilization hardware can create MR artifacts, restricting
the feasibility of using MRI to directly assess characteristics near
the spinal cord lesion (18). In contrast, PET has the potential to
offer sensitive and quantitative imaging of biochemical changes after
SCI. Various PET tracers have been used to evaluate the biologic and
physiologic outcomes of SCI (19). These include [18F]FDG to assess
metabolism (20), [18F]GE-180, a tracer that targets translocator pro-
tein 18, to examine neuroinflammation (21), [11C]-AFM, a presynap-
tic serotonin marker, to assess axonal connectivity across a lesion
(22), and [11C]-UCB-J, a tracer for synaptic vesicle glycoprotein 2A,
to assess synaptic density (23).
Since demyelinated axons may drive disability in SCI, imaging

these fibers could potentially inform disease prognosis and treat-
ment response. Myelin-binding radiotracers based on the diaminos-
tilbene pharmacophore have been developed to evaluate myelin
changes in the spinal cord in both experimental models of demye-
lination (24) and rodent SCI models (25,26). As an alternative
approach, we have developed a novel radiotracer, 3-[18F]fluoro-4-
aminopyridine ([18F]3F4AP), on the basis of the multiple sclerosis
drug 4-aminopyridine (4AP, dalfampridine) that targets potassium
(K1) channels in demyelinated axons (27). [18F]3F4AP has dem-
onstrated high sensitivity to demyelinated lesions in animal models
of multiple sclerosis (27) and is currently under investigation in
people with multiple sclerosis (clinicaltrials.gov, NCT04699747).
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Additionally, it has shown high sensitivity to a minor traumatic
brain injury in a rhesus macaque (28) as well as wide biodistribu-
tion and low radiation dosimetry in humans (29). Moreover,
whereas 4AP has shown efficacy in animal models (30–34), studies
evaluating it in people after SCI have yielded mixed results
(35–43), raising the question of who may benefit from a therapy
designed to enhance conduction of demyelinated fibers.
Given [18F]3F4AP’s sensitivity to traumatic injury, the potential

therapeutic response of its parent compound, and the well-documented
changes in axonal K1 channel expression in SCI models (44,45),
we explored its use for imaging SCI. Specifically, this work exam-
ines the changes in [18F]3F4AP uptake in and around the injured
cord in a well-established model of incomplete SCI over time, cor-
relating these changes with histologic alterations in myelin and the
functional in vivo phenotype. Finally, we present the first images
of [18F]3F4AP in humans with SCI, offering valuable insights into
the possible clinical application of this novel PET radiotracer for
monitoring and understanding SCI.

MATERIALS AND METHODS

All details for the study design and methodology are presented in
the supplemental materials (available at http://jnm.snmjournals.org)
(46–48).

Animal Studies
All rodent procedures were approved by the Institutional Animal

Care and Use Committee at the Massachusetts General Hospital. All
animal studies were conducted in compliance with the Animal
Research: Reporting In Vivo Experiments guidelines for reporting
animal experiments.

In Vivo Evaluation of SCI in Rats with [18F]3F4AP
Rats were subjected to a moderate severity spinal contusion injury

at the mid thoracic level (T10) as previously described (49). At vari-
ous postinjury time points (baseline, 2, 7, 14, and 28 days postinjury
[dpi]), animals were imaged by PET/CT. Clinical evaluation of SCI
rats was performed throughout the study using the Basso, Beattie, and
Bresnahan (BBB) locomotor rating scale (50). [18F]3F4AP was

produced in a GE HealthCare TRACERlab FX2N synthesizer accord-
ing to previously reported methods (51) and administered to rats via
the tail vein under isoflurane anesthesia. Multibed position PET was
acquired in a PET/SPECT/CT scanner (Triumph LabPET; Trifoil), fol-
lowed by CT acquisition in a 2-bed position for anatomic reference.
Full details for the animal injury model, clinical evaluation, radiotracer
synthesis, image acquisition, reconstruction, and analysis are presented
in the supplemental materials.

Ex Vivo Evaluation of Rat SCI
Immediately after PET/CT acquisition, rats were euthanized; the

spinal cord between approximately T1 and L5 was isolated and sec-
tioned longitudinally at 20-mm sections for autoradiography. Corre-
sponding autoradiography slides were selected for histologic staining
of myelin. A separate cohort of animals was used to produce 40-mm
sections for immunofluorescence staining. Full details are available in
the supplemental materials.

Human Studies
Human imaging studies were performed in line with the principles

of the Declaration of Helsinki. Approval was granted by the Institu-
tional Review Board at the Massachusetts General Hospital (IRB no.
2020P003898). [18F]3F4AP was administered under an investigational
new drug authorization from the U.S. Food and Drug Administration
(investigational new drug no. 135,532; sponsored by Brugarolas).

Evaluation of Human SCI with [18F]3F4AP
[18F]3F4AP was produced by the Massachusetts General Hospital

PET Core current good manufacturing practices radiopharmacy using
a Neptis ORA synthesizer as previously communicated (29,52). The
synthesis method is based on the previous report by Basuli et al. (51).
Two male volunteers with SCI were imaged on a GE HealthCare Dis-
covery MI PET/CT scanner. Low-dose CT of the injury was acquired,
followed by dynamic PET acquisition from 0 to 45 min and from 75
to 106 min. One of the subjects underwent additional MRI on a Sie-
mens 3 T MMR scanner using the body coils to visualize the lesion.
Full details for the image acquisition protocols, processing, and analy-
sis are provided in the supplemental materials.

FIGURE 1. Cross-sectional evaluation of rat SCI with [18F]3F4AP. (A) Rats were subjected to spinal contusion injury and evaluated at different time
points (baseline, 2, 7, 14, and 28 dpi) with [18F]3F4AP PET and postmortem evaluation of spinal cord tissue at each time point. (B) Clinical evaluation was
performed at baseline and at 1, 3, 5, 7, 14, 21, and 28 dpi using BBB score. ARG 5 autoradiography; IF 5 immunofluorescence; ROI 5 region of
interest.
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Statistical Analysis
Statistical analysis of in vivo PET was

performed using GraphPad Prism (version
10.2). Descriptive statistics including mean,
SD, and SE were calculated for each group.
Two-group t tests and multigroup t tests
(e.g., ANOVA) with a significance level a of
0.05 were used to assess differences among
groups. Grouped data are reported as mean
6 SEM.

RESULTS

Thoracic Spinal Contusion in Rats as a
Model for SCI
Rodent models of SCI have been exten-

sively used to examine various biologic
processes (inflammation, demyelination,
axonal loss, etc.) in different degrees of
injury (53). In this study, we chose spinal
contusion in rats as a model of incomplete
injury to investigate whether PET imaging
with [18F]3F4AP can detect spared demye-
linated axons. Previous studies with this
model have shown acute demyelination at
the injury starting 7 dpi followed by slow
remyelination (49). Additional studies in a
related SCI compression model have
shown large increases and redistribution of
voltage-gated potassium channel (Kv)
Kv1.1 and Kv1.2 in the spinal cord white
matter also starting at 7 dpi (45). For this
purpose, adult female rats underwent

FIGURE 2. Evaluation of [18F]3F4AP in rodent SCI. (A) Representative coronal and sagittal views of whole-body (3-bed position) [18F]3F4AP PET/CT in
rat at 7 dpi. (B) Magnification of PET/CT images showing laminectomy at T10, high PET signal in injured cord, and regions of interest selected for quanti-
fication. (C) Representative time–activity curves extracted from regions of interest corresponding to lesion site (T10, green) and surrounding vertebral
segments (T8–T12). (D) Quantification of 10–30-min SUV and normalized vertebral SUV to brain uptake (n5 7). Data are mean6 SEM. (E) Explanted spi-
nal cord (left) and corresponding autoradiography (ARG; right) of 1 rat. Representative PET images and ex vivo tissue correspond to different animals.

FIGURE 3. Longitudinal evaluation of [18F]3F4AP in rodent SCI. Representative coronal and sagittal
views of thoracic [18F]3F4AP PET/CT at baseline (BL), 2, 7, 14, and 28 dpi showing CT-based region-
of-interest selection for vertebral segments T8–T12. CT was not available for 28 dpi. In this case,
region of interest selection was guided by thresholding PET signal. SUVr was quantified by normali-
zation of 10–30-min SUV from injury region of interest (T10, green) and adjacent vertebral segments
(T8–T12) to 30–35-min whole-brain SUV. Statistical analysis was performed using a 2-way ANOVA with
Dunnett’s multiple comparison test. *Denotes comparison versus BL at T10 (****P , 0.0001). For
in vivo PET quantification, n 5 4 for BL, n 5 7 for 2 dpi, n 5 7 for 7 dpi, n 5 5 for 14 dpi, and n 5 5
for 28 dpi. Data are mean6 SEM.
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force-controlled spinal contusion at T10 and were assessed at
various time points after injury via [18F]3F4AP PET imaging.
The spinal cord tissue was evaluated ex vivo by autoradiogra-
phy, histologic staining for myelin, and immunohistochemical
staining of myelin and axonal markers (Fig. 1A). Behavioral
assessment using the BBB locomotor scale confirmed a sharp
decrease in locomotion (BBB score) at 1 dpi that spontaneously
improved until reaching a plateau 2 wk after injury (Fig. 1B).
This result aligns with previously observed symptomatic dem-
onstration in rats after a moderate-severity spinal contusion
injury, where behavioral, anatomic (electron microscopy), and
electrophysiologic (postinjury conduction) assessments showed
a marked pattern of demyelination at 1 wk after injury (49).
We therefore pondered if [18F]3F4AP could be used to detect
spared demyelinated fibers around the peak of disease and
after the initial inflammatory response has subsided in the sub-
acute injury phase.

Imaging Demyelinated Axons in Rats
7 Days After Spinal Contusion
On the basis of previous reports of peak

demyelination and conduction loss at 7 dpi
(49), we first evaluated [18F]3F4AP bind-
ing at this time point. Rats were scanned
in the supine position to minimize motion
of the spine due to breathing during the
scan using a multibed position acquisition
protocol consisting of a 0–30-min dynamic
scan of the trunk region, a 5-min static
acquisition of the head, a 5-min static
acquisition of the pelvic area, followed by
a CT scan for anatomic reference. PET/CT
images showed an area of high focal
uptake at the site of injury, and magnifica-
tion of the coregistered images confirmed
that this uptake corresponded to the impact
location beneath the laminectomy at T10
(Figs. 2A and 2B). Time–activity curves
revealed slower tracer washout at T10,
indicating greater tracer binding com-
pared with adjacent segments (T8–T12)
(Fig. 2C). On the basis of the time–activity
curves, we selected the SUV from 10–30
min as a measure of binding and quanti-
fied the signal at the different spinal cord
segments. The 10–30-min mean SUV at
T10 was 1.12 6 0.15 (n 5 7), a 187%
increase compared with that at T8 (0.60 6
0.06). For further comparisons across ani-
mals, values were normalized to 30–35-min
whole-brain SUV as an internal control,
as previous dynamic studies in rats and
mice have shown that the brain time–
activity curve is stable during this period
(27,54). Relative to the brain, T8 showed
an SUV ratio (SUVr) of 1.26 6 0.04 and
the lesion showed a SUVr of 2.49 6 0.09
(n 5 7) (Fig. 2D). Notably, the high
uptake at the injury could also be clearly
observed in a standard clinical PET/CT
scanner (Supplemental Fig. 1). Autoradi-
ography of the extruded cord postmortem

confirmed an area of very high focal uptake within the impacted
cord (Fig. 2E).

Imaging Injury Progression at Different Time Points After
Spinal Contusion
After observing high [18F]3F4AP uptake at the injury at 7 dpi,

we performed [18F]3F4AP imaging at multiple time points (base-
line, 2, 7, 14, and 28 dpi) to monitor injury progression (Fig. 3).
Increased uptake at the injury site (T10) when compared with uptake
in the surrounding cord segments was observed at 7, 14, and 28 dpi
but not at 2 dpi (SUVr 5 1.14 6 0.10 [baseline, n 5 4], 1.44 6

0.02 [2 dpi, n 5 7], 2.49 6 0.09 [7 dpi, n 5 7], 2.26 6 0.25 [14
dpi, n 5 5], 2.57 6 0.23 [28 dpi, n 5 5]). This suggests the pres-
ence of demyelinated fibers after the acute injury phase has subsided.
Interestingly, no significant differences in SUVr were observed at
the lesion epicenter after the peak at 7 dpi. The T10 SUVr stabilized
after 7 dpi, whereas contiguous segments (T9, T11) showed pro-
gressive increases at 14 and 28 dpi (Supplemental Fig. 2). Higher

FIGURE 4. Evaluation of ex vivo SCI tissue. (A) Corresponding PET imaging, autoradiography, and
LFB myelin staining of rat spinal cord segments for each time point. Higher-magnification autoradiog-
raphy and LFB images show tracer uptake and myelin staining in white matter tracts and injury
spreading. (B) Representative immunofluorescence staining of intact and injured spinal cord at 3, 7,
14, and 28 dpi with 49,6-diamidino-2-phenylindole (DAPI; nuclear, blue) and glial fibrillary acidic pro-
tein (GFAP; reactive astrocytes, green). (C) Representative immunofluorescence staining of intact
and injured spinal cord at 3, 7, 14, and 28 dpi with DAPI (nuclear, blue), myelin basic protein (MBP;
myelin basic protein, red), and neurofilament 200 (NF200; axonal marker, green). For immunofluores-
cence staining, n5 1 per time point.
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SUVr in adjacent spinal levels at later time points indicates that
tracer binding continues to increase within a larger volume of the
cord as disease progresses, suggesting the spreading of demyelin-
ation both caudally and rostrally from the injury. Notably, the sta-
ble imaging from day 14 onward is consistent with the plateau
observed in the clinical score observed in these animals.

Ex Vivo Tissue Evaluation Correlates with Imaging and
Clinical Assessment
To corroborate that the increased PET signal after injury reflects

binding to demyelinated axons rather than other cells or processes,
spinal cord tissue was evaluated by ex vivo autoradiography and
Luxol Fast Blue (LFB; Alfa Chemistry) myelin staining (Fig. 4).
The observed ex vivo autoradiographic signal showed increase in
uptake at the lesion site at 7 dpi and after but not at 2 dpi. Since
disruption of the blood–spinal cord barrier and infiltration of
inflammatory cells are expected to peak 1–2 dpi (55–57), the lack
of tracer accumulation at 2 dpi strongly suggests that those pro-
cesses have minimal effect on the [18F]3F4AP signal. Examination
of corresponding autoradiography and LFB images supported that
the increase in tracer uptake originates from demyelinated white
matter tracts around the lesion and not from the gray matter or the
cavity. This concurs with binding to demyelinated axons and is
inconsistent with binding to infiltrating inflammatory cells or accu-
mulation at the cavity due to changes in blood flow (Fig. 4A). Addi-
tionally, although a quantitative autoradiography study on serial
tissue sections was not performed, it appears that at later time

points (14 and 28 dpi) the area of demyelinated white matter
(assessed by fainter LFB staining) extends further from the cav-
ity, indicative of the less focalized injury observed in the PET
imaging. Spinal cord tissue from a separate cohort of animals
(n 5 1 per time point) was further assessed for reactive astro-
cyte, axonal, and myelin content with immunofluorescence stain-
ing of glial fibrillary acidic protein, neurofilament 200, and myelin
basic protein, respectively (Figs. 4B and 4C). Comparison of intact
and injured cord showed a higher density of reactive astrocytes
near the injury, as well as greater occurrence of demyelinated fibers
near the lesion.
To further confirm that the binding of the tracer is specific to

K1 channels in the injury, in vitro autoradiography was performed
on the same fresh-frozen unfixed tissue sections used for ex vivo
autoradiography. As shown in Figure 5, tracer binding at the injury
was observed only when administered to live animals (ex vivo
autoradiography) but not when applied directly to tissue sections
(in vitro autoradiography). Tracer application to tissue sections
resulted in minimal to no binding at the injury or throughout the
tissue. Moreover, addition of an excess amount of nonradioactive
3F4AP did not further decrease binding. This experiment repre-
sents a strong indication of specific binding, as it is known that
binding to K1 channels requires the channels to be in an open con-
formation (58), which only occurs in living tissue when the mem-
brane is depolarized. If the [18F]3F4AP signal were nonspecific, it
would be expected to remain in postmortem tissue, which was not
observed in this case.

[18F]3F4AP Imaging in Two Human Subjects After SCI
Motivated by the high sensitivity of [18F]3F4AP PET imaging

in SCI rats, we conducted a pilot study in 2 human subjects with
SCIs of different severity and etiologies (Table 1). Both subjects
underwent [18F]3F4AP PET scans of the injury area, preceded by
low-dose CT scans for anatomic reference and attenuation correction.
Dynamic PET scans were performed from 0–45 min and 75–106 min
to capture images of the initial tracer delivery, providing insights into
blood perfusion to the injured cord, as well as images from tracer
binding in the injured cord.
At the time of the scan, subject SCI01 had an incomplete SCI at

T12 (Asia Impairment Scale score 5 C) as a result from a trau-
matic fall 2.5 y before imaging and used a wheelchair. The frac-
ture at T12 and the stabilization hardware was visible on the CT
(Fig. 6A). Early PET images (0–10 min) revealed the compressed
vertebral body and a 276% decrease in PET signal below the injury
(L2–L4) compared with above the injury (T10–T11) (Fig. 6B). This
reduction in signal is likely due to reduced blood perfusion as
indicated by the lower initial peak on the time–activity curves of
different spinal segments (Supplemental Fig. 3). Late PET images
(75–106 min) showed a moderate reduction in PET signal (221%)

FIGURE 5. [18F]3F4AP specifically binds to exposed K1 channels in vivo.
Representative tissue photograph, LFB staining, ex vivo autoradiography,
in vitro autoradiography, and in vitro autoradiography with blocking dose
of 3F4AP. Specific binding in lesion is only observed when tracer is
administered to live animal followed by tissue dissection and slicing
(ex vivo autoradiography). Incubation of tissue sections with [18F]3F4AP
in absence or presence of nonradioactive 3F4AP results in no binding,
indicating that binding at the lesion in vivo is specific.

TABLE 1
Characteristics of Human SCI Volunteers

Subject Sex Location Severity
Interval between
injury and scan Etiology

SCI01 Male T12 AIS-C (incomplete) 2 y, 5 mo Fall with traumatic burst fracture

SCI02 Male T11 AIS-D (incomplete) 7 y, 5 mo Ruptured spinal cavernous hemangioma

AIS 5 Asia Impairment Scale.
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below the injury, which may reflect reduced tracer binding due to
partial axonal loss (Fig. 6C).
Subject SCI02 had an incomplete SCI at T11 (Asia Impairment

Scale score 5 D) due to a burst spinal hemangioma 7.5 y before
imaging, which caused initial paralysis below the injury. After
T10–T12 laminectomies (visible on CT; Fig. 7A) and removal of
intramedullary lesion, the subject gradually recovered and could
walk with minor gait disturbances by the time of the scan. A sepa-
rate spinal 3 T MRI showed a T2 hyperintense region near the
injury compatible with demyelination (Fig. 7B). Early PET images
showed a 1104% increase in tracer signal below the injury, sug-
gestive of increased blood perfusion likely due to ongoing inflam-
mation (Fig. 7C; Supplemental Fig. 4). Late PET images showed a
126% increase in signal that colocalized with the T2 hyperinten-
sity, consistent with demyelination (Fig. 7D).

DISCUSSION

This study demonstrates that [18F]3F4AP is highly sensitive to
incomplete SCI in rats. PET imaging in a rat spinal contusion
model revealed more than a 2-fold increase in tracer binding,
highly localized to the injured spinal segment compared with base-
line. This result aligns with previous studies in similar models,
which demonstrate axonal sparing with severe demyelination and
upregulation of axonal K1 channels at the injury site starting
around 7 dpi (44,45). Notably, the [18F]3F4AP signal evolved
over time. In the acute SCI phase (2 dpi), no significant increase
in tracer uptake was observed, suggesting that damaged myelin
has not yet been cleared and axonal Kv channels have not

redistributed. This is consistent with Karimi-Abdoolrezaee’s find-
ings in a compressive SCI model, where this process occurs at
later, more chronic stages of SCI rather than as an early response
to injury. This finding also supports that the [18F]3F4AP signal is not
dependent on blood–spinal cord barrier damage or inflammation,
which are expected to peak very soon after injury. By 1 wk after
injury, the signal reached its maximal intensity, aligning with the
peak of demyelination. Subsequently, at 14 and 28 dpi, the signal
began to spread out, consistent with the progression of demyelination.
Agreement between PET, autoradiography, and LFB myelin stain-

ing supports the notion that the [18F]3F4AP signal primarily origi-
nates from demyelinated axons. Ex vivo autoradiography and LFB
staining of paired tissue sections show that [18F]3F4AP primarily
localizes to demyelinated white matter bands, not to the cavity or
gray matter. Representative immunohistochemistry also corrobo-
rated a high concentration of demyelinated axons at 7, 14, and 28
dpi. Furthermore, in vitro autoradiography on the same tissue sec-
tions showed no binding in the injured tissue, reinforcing that the
binding is specific to K1 channels.
Many human SCIs are incomplete, with some spared circuits

that hold potential for recovery of voluntary movement (59).
Slower and weaker axonal conduction after demyelination has been
suggested as a pathophysiologic basis for discomplete SCIs, char-
acterized by apparent complete transection as judged by clinical
criteria but with neurophysiologic evidence of conduction through
the level of damage (2,60,61). Our pilot imaging study in 2 human
SCI subjects represents a crucial step in the translational potential
of [18F]3F4AP. The study participant with a burst spinal hemangi-
noma (SCI02) experienced near-complete recovery, whereas the

FIGURE 6. [18F]3F4AP in a human subject after severe incomplete SCI. (A) Maximum-intensity projection (MIP), sagittal, and coronal CT images show-
ing location of metal stabilization hardware and crushed vertebral body at T12. Selected regions of interest for segmentation of spinal cord are shown for
both sagittal and coronal views. (B) Early PET sagittal images showing compressed vertebral body and low PET signal in cord below injury and quantifi-
cation 0–10-min SUV at selected spinal segments. (C) Late PET sagittal images showing reduced PET signal in cord below injury and quantification of
75–106-min SUV at selected spinal segments. For both early and late PET, axial images at T10, T12, and L3/4 are shown.
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study participant with a traumatic fall injury (SCI01) had initial
gains in the first month after injury from Asia Impairment Scale A
to Asia Impairment Scale C, but muscle strength and sensation
below the injury remained low. Thus, these 2 participants represent
a broad range in terms of the potential to have residual axons cross-
ing the spinal lesion. The milder case showed increased binding at
and immediately below the injury, suggestive of the presence of
demyelinated fibers. The smaller increase in tracer binding in this
subject compared with the rat SCI injury model may reflect limited
demyelination in this particular subject given the nature of the injury
and the extended period (7.5 y) between injury and scan. Con-
versely, the more severe case exhibited a decrease in binding at and
below the injury. These initial observations are promising, but larger
cohort studies are warranted to validate and generalize these trends.
This study has limitations. First, PET acquisition protocols differed

between humans and rats (i.e., injection on the scanner vs. injection
on the bench), allowing tracer delivery monitoring in humans but not
in rats. Second, to compare across animals and time points, we nor-
malized by brain SUV, which may overlook brain-specific or global
changes in tracer binding or distribution outside the injured cord that
may arise because of the injury. Future studies should evaluate
changes distal to the injury. Additionally, injury-to-imaging time-
line varied: 2 to 28 d in rats and 2.5 and 7.5 y in humans, capturing
the acute, subacute, and chronic injury phases in animals but only
the chronic stage in humans. Although SCI is more prevalent in
men, we used only female rats because of easier management

of postinjury bladder dysfunction. Lastly, whereas previous
studies have documented Kv channel changes in similar models,
in this study, we did not directly measure these changes in animal
or human tissue samples by immunohistochemistry.
Given the heterogeneity of SCI, a tracer capable of detecting

spared axons is of paramount importance. Our study highlights
[18F]3F4AP’s value in detecting demyelination and axonal dam-
age, providing valuable insights into SCI pathology. Although
some clinical studies have shown the benefits of using 4AP in SCI
patients (35–40), others have not (41–43), raising questions about
the role of demyelination in certain cases. This emphasizes the
need for a biomarker that can predict response to 4AP. Our find-
ings lay the groundwork for validating [18F]3F4AP as a quanti-
tative biomarker for diagnosing, prognosticating, and evaluating
SCI treatment efficacy, in contrast to the current neurologic assess-
ments used in clinical trials, which may be inaccurate as they reflect
only the present state and not the potential for recovery. [18F]3F4AP
could serve as a sensitive and quantitative biomarker in clinical trials
by measuring spared demyelinated axons with recovery potential.

CONCLUSION

Our study represents the first investigation of [18F]3F4AP in
traumatic SCI, demonstrating its high sensitivity and specificity
for detecting demyelinated axons. Further studies with larger
cohorts and longitudinal assessments are crucial to confirm the
reliability of [18F]3F4AP PET as a diagnostic tool. Additionally,

FIGURE 7. [18F]3F4AP in a human subject after mild incomplete SCI. (A) Maximum-intensity projection (MIP), sagittal, and coronal CT images showing
laminectomies at T10–T12. Selected regions of interest for segmentation of spinal cord are shown for both sagittal and coronal views. (B) T2-weighted
(T2w) MR sagittal and axial images showing spinal lesion. (C) Early PET sagittal images showing high PET signal in cord around injury and quantification
0–10-min SUV at selected spinal segments. (D) Late PET sagittal images showing increased PET signal in cord around injury and quantification of 75–
106-min SUV at selected spinal segments. For both early and late PET, axial images at T8, T12, and L1 are shown.

[18F]3F4AP PET OF SPINAL CORD INJURY � Ramos-Torres et al. 299



exploring its role in monitoring therapeutic interventions and its
broader applicability in diverse SCI populations will be essential for
clinical translation. These promising results lay the foundation for
future investigations into the clinical utility of [18F]3F4AP in SCI.
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KEY POINTS

QUESTION: Can [18F]3F4AP PET be used to image demyelinated
axons present after SCI?

PERTINENT FINDINGS: Rats with spinal contusion injuries were
imaged with [18F]3F4AP up to 1 mo after injury. A 2.1-fold higher
[18F]3F4AP uptake was observed in the injured cord segment at
7 dpi compared with baseline. Good agreement between PET
findings and autoradiography, LFB staining for myelin, and
immunohistochemistry markers support the conclusion that the
[18F]3F4AP signal primarily originates from demyelinated axons. In
a pilot study with 2 human subjects [18F]3F4AP PET differentiated
between incomplete injuries of different severities, indicating the
presence of different physiologic processes such as axonal loss
and demyelination in each.

IMPLICATIONS FOR PATIENT CARE: The promising findings
presented here lay the foundation for future investigations into
the clinical utility of [18F]3F4AP as a diagnostic or therapeutic
monitoring tool in the field of SCI.
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