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Abstract
Background  Parkinson’s disease (PD) is a prevalent neurodegenerative disorder worldwide, diagnosed based on 
classic symptoms like motor dysfunction and cognitive impairments. With the development of various radioactive 
ligands, positron emission tomography (PET) imaging combined with specific radiolabelling probes has proven 
to be effective in aiding clinical PD diagnosis. Among these probes, 2β-Carbomethoxy-3β-(4-chlorophenyl)-8-(2-
[18F]-fluoroethyl) nortropane ([18F]FECNT) has been utilized as a PET tracer to image dopamine transporter (DAT) 
integrity in striatal presynaptic dopaminergic terminals. However, the presence of brain-penetrant radioactive 
metabolites produced by [18F]FECNT may impact the accuracy of PET imaging. In previous research, we developed 
2β-Carbomethoxy-3β-(4-chlorophenyl)-8-(2-[18F]-fluoroethyl-1,1,2,2-d4) nortropane ([18F]FECNT-d4), a deuterated 
derivative with enhanced stability in plasma and the striatum, along with a slower washout rate. In this study, we 
further investigated the potential of [18F]FECNT-d4 to detect dopaminergic neuron degeneration in Parkinson’s 
disease. This involved PET imaging in unilaterally-lesioned PD model rats and in vitro autoradiography conducted on 
postmortem brain sections.

Results  PET images revealed reduced specific uptake in the ipsilateral striatum of rats stereotactically injected 
with 6-hydroxydopamine hydrochloride (6-OHDA). Compared to the sham group, the ratio of standardized uptake 
value (SUV) in the ipsilateral to contralateral striatum decreased by 13%, 23%, and 63% in the mild, moderate, and 
severe lesioned groups, respectively. Dopaminergic denervation observed in PET imaging was further supported 
by behavioral assessments, immunostaining, and monoamine concentration tests. Moreover, the microPET results 
exhibited positive correlations with these measurements, except for the apomorphine-induced rotational behavior 
test, which showed a negative correlation. Additionally, [18F]FECNT-d4 uptake was approximately 40% lower in 
the postmortem striatal sections of a PD patient compared to a healthy subject. Furthermore, estimated human 
dosimetry (effective dose equivalent: 5.06 E-03 mSv/MBq), extrapolated from rat biodistribution data, remained below 
the current Food and Drug Administration limit for radiation exposure.

Conclusion  Our findings demonstrate that [18F]FECNT-d4 accurately estimates levels of dopaminergic neuron 
degeneration in the 6-OHDA-induced PD rat model and effectively distinguishes between PD patients and healthy 
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Backgound
Parkinson’s disease (PD) stands as one of the most preva-
lent neurological disorders, experiencing a notable rise in 
prevalence [1, 2]. Currently, PD diagnosis primarily relies 
on classic motor symptoms including akinesia, rigidity, 
bradykinesia, resting tremors, and postural instability, 
alongside mood, emotion, and cognition abnormalities. 
However, as these clinical symptoms may overlap with 
other neuropsychiatric syndromes, this diagnostic 
approach may not be comprehensive enough, especially 
in premotor and early motor stages [3, 4]. Additionally, 
typical symptoms often manifest only in the advanced 
or late stages of PD. To achieve a definitive diagnosis of 
PD in the early stages and differentiate it from other syn-
dromes, neuroimaging techniques have been developed 
to objectively characterize neurobiochemical alterations 
in the living human brain [5, 6]. These non-invasive tech-
niques offer rapid imaging at the cellular and molecular 
levels, providing visible insights into neurobiochemical 
dysfunctions. Among these techniques, positron emis-
sion tomography (PET) is particularly adept at quan-
tifying physiological, biochemical, and pathological 
processes in neurodegenerative diseases [7, 8]. With the 
well-documented dopaminergic degeneration in PD, PET 
imaging targeted at various biomarkers in the dopami-
nergic system offers valuable insights into the underly-
ing pathophysiological and mechanical abnormalities [9, 
10]. For instance, L-3,4-dihydroxy-6-18Ffluoro-phenyl-
alanine ( [18F]F-DOPA), a radiotracer to assess dopamine 
synthesis and metabolism through aromatic L-amino 
acid decarboxylase (AADC), is the first imaging agent 
approved in the EU and the US in 2019 for diagnosing PD 
by evaluating dopaminergic function in vivo [11]. How-
ever, it has been showed that AADC activity is upregu-
lated in early PD, possibly due to compensatory changes 
in presynaptic dopaminergic nerve terminals, while DAT 
density, which is less affected, shows downregulation. 
Additionally, from another pathological perspective, the 
dopamine transporter (DAT), another presynaptic bio-
marker, has been identified as important, valuble and 
complementary [11, 12]. DAT plays a significant role in 
detecting the loss of nigrostriatal dopaminergic nerve 
endings and has has gained traction as a valuable tool in 
clinical and preclinical studies [13, 14].

The dopamine transporter, a protein expressed in pre-
synaptic dopaminergic neurons, is responsible for regu-
lating the spatial release and reuptake of dopamine (DA) 
by pumping released DA from the synaptic cleft back into 
the presynaptic neuron [15, 16]. DAT expression level has 

a close relationship with striatal dopaminergic innerva-
tion and nigral cell loss [17]. Dysregulation of DAT can 
disrupt central dopamine homeostasis, which is a patho-
logical characteristic of PD [18]. Studies have shown that 
DAT serves as a suitable biomarker for dopamine neuron 
integrity, making it a target for in vivo imaging probes. 
DAT imaging is thus a valuable tool for visualizing struc-
tural and functional degeneration, aiding in PD diagno-
sis, monitoring of disease progression, and evaluation of 
therapy efficiency [19, 20]. Over recent decades, several 
radioligands based on tropane derivatives, including [11C]
CFT, [11C]WIN-35,428, [18F]FE-PE2I, [18F]LBT-999, [18F]
FP-CIT, and 2β-Carbomethoxy-3β- (4-chlorophenyl)-
8-(2-[18F]-fluoroethyl) nor tropane ([18F]FECNT), have 
been developed to selectively visualize the degeneration 
of dopaminergic neurons targeting DAT using PET imag-
ing [21–25]. These radioligands provide essential neuro-
logical information for PD diagnosis and treatment [6, 
26].

Among these tracers, [18F]FECNT is one of the poten-
tial probes for distinguishing striatal dopamine denerva-
tion in Parkinson’s patients, boasting high selectivity and 
specific affinity for DAT (ki = 1.5 nM) [27, 28]. However, 
it has some shortcomings, such as susceptibility to de-
alkylation by cytochrome P450 enzymes, resulting in the 
formation of radioactive metabolites like [18F]fluoroac-
etaldehyde, [18F]fluoroacetatic acid, and [18F]fluoroetha-
nol. These brain-penetrant metabolites produced by [18F]
FECNT can generate significant radioactive background 
signals, leading to confounding quantitative measure-
ments of PET imaging [29]. Thus, substituting hydrogen 
with deuterium in metabolizable positions of candidate 
pharmaceuticals is a common strategy to enhance met-
abolic stability, including for radiotracers [30–32]. 
Deuterated versions of radioligands, such as [18F]9-O-
hexadeutero-3-fluoropropoxyl-(+)-dihydrotetrabenazine, 
[18F]fluoro-[1,2-2H4] choline, and [11C]L-deprenyl-D2, 
have been developed to modify in vivo properties of 
radiopharmaceuticals [33–36]. These deuterated versions 
exhibit improved pharmacokinetic parameters compared 
to their non-deuterated counterparts.

In our previous work, we introduced a deuterated 
[18F]FECNT derivative named 2β-Carbomethoxy-3β-
(4-chlorophenyl)-8-(2-[18F]-fluoroethyl-1,1,2,2-d4) nor-
tropane ([18F]FECNT-d4), which exhibited improved 
in vivo metabolic stability in both the brain and plasma 
compared to the parent tracer [18F]FECNT [37]. Building 
on this, our current study explores the potential appli-
cation of [18F]FECNT-d4 in visualizing PD models. We 

individuals. This highly sensitive and safe PET probe holds promising potential for clinical application in the diagnosis 
and monitoring of Parkinson’s disease.

Keywords  Parkinson’s Disease, DAT, microPET, [18F]FECNT-d4, Rat model



Page 3 of 16Tang et al. EJNMMI Research           (2024) 14:78 

first verified the capacity of this deuterium-substituted 
radiotracer to evaluate escalating degrees of dopamine 
neuron loss in a rat model of Parkinson’s disease induced 
by 6-hydroxydopamine hydrochloride (6-OHDA). By 
employing unilateral PD model rats treated with three 
different doses of 6-OHDA, we aimed to replicate the 
pathological characteristics observed in PD patients at 
various stages of the disease progression. These model 
rats allowed for detailed investigations at the cellular and 
molecular levels to elucidate the mechanisms underly-
ing PD development. MicroPET imaging was used to 
evaluate the effectiveness of [18F]FECNT-d4 in detect-
ing the different stages of dopaminergic neural dysfunc-
tion. Additionally, the imaging data were corroborated 
by behavioral, biochemical, and immunohistochemical 
(IHC) analyses. Furthermore, the radioactive uptake of 
[18F]FECNT-d4 and its variations under homeostatic and 
disease conditions were examined using in vitro auto-
radiography in postmortem human brain sections, pro-
viding additional evidence supporting its potential for 
clinical application. Radiation dosimetry based on bio-
distribution in rats, was estimated to predict radiologi-
cal safety in human subjects. Our findings indicate that 
[18F]FECNT-d4 is a potential PET tracer targeting DAT, 
offering potential benefits for early and objective diag-
nosis, progression grading, classification, and treatment 
monitoring for PD. Our investigation provides support 
for future clinical exploration of this novel deuterated 
radioligand.

Methods
Experimental design
To evaluate the potential of [18F]FECNT-d4 in detecting 
various degrees of dopaminergic neuron degeneration, 
we utilized unilateral PD model rats treated with three 
doses of 6-OHDA. After a one-week acclimation period, 
rats were randomly assigned to sham, mild-lesioned 
(6  µg 6-OHDA), moderate-lesioned (18 µg 6-OHDA), 
and severe-lesioned (12  µg 6-OHDA) groups. We ini-
tially planned for a group size of 6 rats in the sham group 
and 10 per PD model group. During surgical proce-
dures, one moderate-lesioned-group rat became mori-
bund but survived. To maintain planned group parity, we 
added another animal to this group. Unfortunately, one 

mildly lesioned rat died one week after surgery. Conse-
quently, the final group sizes were: sham control (n = 6), 
mild-lesioned (n = 9), moderate-lesioned (n = 11), and 
severe-lesioned group (n = 10). Following standard sur-
gical procedures, a 4-week post-surgery period ensued, 
after which microPET imaging was utilized to assess 
dopaminergic neuron integrity. Subsequently, behav-
ioral tests, including the open field test, cylinder test, 
and apomorphine (APO)-induced rotational behavior 
test were conducted over the subsequent three days fol-
lowing the PET scans. Finally, the rats were euthanized, 
and their brains were collected for immunochemical and 
biochemical analyses. Correlations between PET results 
and behavioral, immunochemical and biochemical tests 
were analyzed. Additionally, in vitro autoradiography 
on postmortem human brain sections was conducted to 
explore potential clinical applications. Radiation dosim-
etry extrapolation to humans was estimated to predict 
radiological safety in human subjects. All animal experi-
ments were approved by the Animal Care and Use Com-
mittee of the Jiangsu Institute of Nuclear Medicine and 
conducted in compliance with institutional guidelines 
(Approval number: JSINM-2023-061). Postmortem 
human brain tissues from control and PD patient sub-
jects were obtained from the Chinese Brain Bank Cen-
ter, with experiments approved by the Ethics, Science 
and Technology Committee of Central South University 
(Committee reference number: 2022-scuec-039). The use 
of human postmortem brain tissues was also approved 
by the ethics committee of our institute (Approved num-
ber: YLK-202329), and all procedures were in accordance 
with ethical standards. The study was carried out in com-
pliance with the ARRIVE guidelines, and all methods 
adhered to relevant guidelines and regulations.

Radiopharmaceutical
The precursor 2β-Carbomethoxy-3β-(4-Chlorophenyl)-
8-(2-((methylsulfonyl)-oxy)ethyl-1,1,2,2-d4)-nortropane 
(MsOECNT-d4), was synthesized in our lab according to 
the previously reported method [35]. The radiosynthesis 
of [18F]FECNT-d4 was carried out following literature 
protocols as illustrated in Fig. 1. The purified radiochemi-
cal had a purity of > 99.9%, and the molar activities > 55 
GBq/µmol.

Fig. 1  Radiosynthesis of [18F]FECNT-d4 from precursor MsOECNT-d4
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Surgical procedures
The neurotoxin 6-OHDA was dissolved in saline contain-
ing 0.2% L-ascorbic acid and prepared before use accord-
ing to published studies [38]. Rats were anesthetized 
using 2.5% isoflurane and stereotactically injected with 
6-OHDA solution into the left corpus striatum at doses 
of 0, 6  µg, 12  µg, or 18  µg, respectively, at coordinates: 
AP:1.0  mm, ML: -3.0  mm, DV: 4.8  mm. The injection 
pace was 0.5 µL/min, and the needle was left for an addi-
tional five minutes before being slowly retracted. The ste-
reotaxic lesion surgery was performed on two successive 
days.

MicroPET imaging scan and quantitative analysis
The study conducted microPET scans on model rats 
using [18F]FECNT-d4 on the 28th day post-surgery. A 
stable period of 15–35 min was selected for static scan-
ning after intravenous injection of the radiotracer. Each 
rat was under isoflurane anesthesia (2.5% in oxygen gas) 
during the phase of 10–35  min post-injection. Imag-
ing data were reconstructed using filtered back projec-
tion mode, and ASIPro VM software was employed for 
analysis. Region of interest (ROI) of the striatum (ST) 
and cerebellum (CB) were manually outlined according 
to previous literature [37, 39]. The specific uptake of [18F]
FECNT-d4 was quantified as a standardized uptake value 
ratio (SUVr), calculated using a formula:

	
SUVr =

SUV (ST ) − SUV (CB)
SUV (CB)

Behavioral test
Open field test
Following the PET imaging test, behavioral assessments 
were conducted on the animals over the subsequent three 
days. The open field test (OFT) and APO-induced rota-
tion test were employed. The OFT, a classical behavioral 
examination, measures spontaneous locomotor activ-
ity in a drug-free state. Conducted over 5  min, the test 
utilized a plexiglass square arena equipped with an auto-
behavior-measuring device. Parameters such as rearing 
number, mobility time, and total movement distance 
were recorded and analyzed. The experiment was carried 
out in a quiet and dim atmosphere. Each rat underwent 
testing in triplicate, and the apparatus was cleaned with 
75% alcohol before each test to mitigate the influence of 
odors.

APO-induced unilateral rotational test
Dopamine agonists can increase asymmetric rotational 
behavior, serving as a characteristic indicator of damage 
severity in the nigrostriatal pathway. The APO-induced 
unilateral rotational test is commonly utilized to estimate 

lesion-induced dyskinesia. In this study, a dose of 0.5 mg/
kg APO was administered intraperitoneally to rats, and 
the test duration was 30 min. The numbers of ipsilateral 
and contralateral turns were recorded with a mechani-
cal rotometer device, and the rotation number was cal-
culated as contralateral turns minus ipsilateral turns. To 
mitigate the effects of agonists, the APO-induced rota-
tional test was conducted after the OFT test.

Immunochemistry
After completing all of the behavioral experiments, 
experimental animals were randomly divided for fur-
ther immunochemical and biological analysis. For the 
immunochemical test, animals comprised sham control 
(n = 3), mild-lesioned (n = 4), moderate-lesioned (n = 5), 
and severe-lesioned (n = 5) groups. Rats were deeply 
anesthetized and perfused with approximately 200 mL 
of 0.01  M phosphate-buffered saline (PBS) followed by 
about 200 mL of 4% paraformaldehyde. The brain was 
then promptly removed and immersed in 4% paraformal-
dehyde overnight. The brain tissue was gradually dehy-
drated in sucrose solutions of increasing concentrations 
(10%, 20%, and 30%) before being embedded in optimal 
cutting temperature (O.C.T.) medium and stored at − 80 
℃. Before use, the tissues of the ST and substantia nigra 
(SN) were sliced into 20 µm thick coronal sections using 
a microtome (Thermo, Germany). The corresponding 
sections were washed with PBS, blocked with bovine 
serum albumin (Sigma-Aldrich), and then incubated 
overnight at 4 ℃ with mouse anti-tyrosine hydroxylase 
(TH antibody, 1:500, Sigma-Aldrich, T2928). Subse-
quently, sections were incubated with the corresponding 
secondary antibody (GK600705, Gene Tech, China) and 
stained with 3,3’-diaminobenzidine tetrahydrochloride 
(DAB, GK347011, Gene Tech, China). Bilateral ST or SN 
sections were photographed using a conventional micro-
scope (Olympus, X51, Japan) and digitized with Image 
Pro-plus software. The integral optical density (IOD) of 
TH-positive striatal fiber density and the number of TH-
positive cells in each hemisphere (ipsilateral striatum, 
I-ST; contralateral striatum, C-ST; ipsilateral substantia 
nigra, I-SN; contralateral substantia nigra, C-SN) were 
quantified. Changes in the number of TH-labeled neu-
rons were expressed as the ratio of IOD (I-ST to C-ST) 
or the ratio of the number of TH-positive cells (I-SN to 
C-SN).

Determination of levels of DA and DA metabolites
For the biological test, 3 rats in the sham group, 5 in the 
mild-lesioned group, 6 in the moderate-lesioned group, 
and 5 in the severe-lesioned group were selected. After 
decapitation under anesthesia overdose, the striatum of 
intact and lesioned sides was promptly dissected on ice 
and stored at – 80 ℃ until biochemical analysis. Tissue 
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samples were diluted and homogenized in 0.2 M perchlo-
ric acid. Following centrifugation, the supernatant was 
injected into high-performance liquid chromatography 
(HPLC) equipped with a Waters 2465 HPLC separation 
module and electrochemical detection (ECD) [39]. The 
levels of DA and its main metabolites (3,4-dihydroxy-
phenylacetic acid, DOPAC; and homovanillic acid, HVA) 
were determined using a Kinetex® C18 column with a 
mobile phase containing 10 mM citric acid, 0.1 mM Eth-
ylenediaminetetraacetic Acid (EDTA), 2.0 mM 1-octane-
sulfonic acid, 70 mM potassium dihydrogen phosphate, 
and 10% methanol. The flow rate was maintained at 0.5 
mL/min, and the sample temperature was kept at 4 ℃.

Autoradiography of [18F]FECNT-d4 in postmortem human 
brain
To evaluate the clinical applicability of [18F]FECNT-d4 
in identifying pathological degeneration of dopaminer-
gic neurons, quantitative autoradiography (ARG) was 
conducted on postmortem human brain sections. A cali-
bration curve of signal intensity was generated by spot-
ting six known amounts of radioactivity, ranging from 
1.16 to 37 KBq/mL [18F]FECNT-d4, onto a slide covered 
with filter paper [40]. Postmortem tissues of the corpus 
striatum of a PD patient (82-year-old) and a healthy sub-
ject (86-year-old) were sliced on a cryostat microtome 
(Thermo, Germany) at 20  μm thick. Four sections per 
slide were incubated with [18F]FECNT-d4 (3.7 MBq/mL) 
at 4 °C for 1.5 h after preincubation with an ice-cold Tris 
solution (PH 7.4). Subsequently, all postmortem striatal 
slides were rinsed with the preincubation buffer for five 
intervals of five minutes each and air-dried at room tem-
perature. Next, all slides (tissue sections and calibration 
curve) were placed in the same chamber and exposed 
to a phosphor screen imaging plate for 1  h. OptiQuant 
software (Perkin Elmer, USA) was utilized to analyze all 
images, and the extent of radioactive uptake was mea-
sured in digital light units (DLU) to describe the gross 
intensity in each tissue region.

Radiation dosimetry extrapolation to humans
Dosimetry analysis was conducted using Olinda/EXM 
software to estimate the absorbed doses in humans, 
facilitating the translation of [18F]FECNT-d4 from ani-
mal studies. The biodistribution data on rats at various 
time points (5, 15, 30, 60, and 120  min), as reported in 
our published paper [37], were used to extrapolate the 
estimated absorbed doses in humans. The %ID/g values 
were converted into %ID in humans based on the organ 
weight in a 73.7 kg male model provided by Olinda, using 
a specific formula as follows [41]. The extrapolated data 
was then input into Olinda to obtain the estimated effec-
tive doses.

	

(
%ID
gorgan

)

human
=

[(
%ID
gorgan

)

animal
×(kgTB weight)animal

]
×

(
gorgan

kgTBweight

)

human

Statistical analysis
All data were presented as mean ± standard error of the 
mean (SEM) or mean ± standard deviation (SD), as speci-
fied in the figure legends. Statistical analyses were con-
ducted using one-way analysis of variance (ANOVA) 
with multiple comparisons for PET imaging, behavioral 
tests, immunostaining tests, and biochemical data. Pear-
son correlation analysis was performed to evaluate the 
correlations between microPET quantitative results and 
data from biological, histological, and behavioral tests. 
Statistical significance was determined using GraphPad 
Prism software, and a p-value of < 0.05 was considered 
significant.

Results
[18F]FECNT-d4 imaging in 6-OHDA-induced PD model rat 
brain
In this study, we assessed the potential of [18F]FECNT-d4 
for PET imaging dopaminergic innervation by conduct-
ing microPET scans in PD model rats with three different 
damage levels of dopamine-containing nerve induced by 
unilateral 6-OHDA injection. The results demonstrated 
graded unilateral losses of DAT-specific binding in the 
ipsilateral striatum of rats exposed to 6-OHDA injec-
tion, with a significant reduction of radioactive accu-
mulation (62.92%) observed between the sham group 
(SUVr ratio (I-ST to C-ST) = 1.00 ± 0.06) and the highest 
dose group (18 µg, SUVr ratio = 0.37 ± 0.20; p < 0.0001). 
Both the 6  µg and 12  µg groups also exhibited visible 
reductions in SUVr ratios compared to the sham group, 
with statistical differences observed (6  µg group: SUVr 
ratio = 0.87 ± 0.06, 13% decline, p = 0.0043; 12  µg group: 
SUVr ratio = 0.77 ± 0.14, 23% decline, p = 0.001, respec-
tively). Inter-group comparisons further revealed sig-
nificant differences, except for the 6  µg group vs. 12  µg 
group. The quantitative analysis results and representa-
tive images of all experimental groups are depicted in 
Fig. 2.

Behavioral changes induced by stereoscopic injection of 
6-OHDA
Unilateral lesions in nigrostriatal dopaminergic terminals 
with 6-OHDA resulted in motor function impairment, as 
evidenced by the OFT results. As illustrated in Fig.  3A, 
B, and C, a significant decline in spontaneous move-
ment was observed between the sham group and the 
highest-dose group (18 µg) for all three parameters tested 
(movement distance: p = 0.0031; mobility time: p = 0.0024; 
rearing number: p < 0.0001). The 12  µg 6-OHDA injec-
tion also decreased the rearing number and total walking 
distance (p = 0.003 and 0.0403, respectively) compared to 
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the sham group. However, no significant difference was 
observed between the sham group and the mild lesion 
group for any of the three parameters tested.

As shown in Fig.  3D, the APO-induced rational test 
demonstrated that rats with severe lesions exhibited 
markedly high-frequency asymmetrical rotations in 
response to APO treatment (the efficient rotation num-
ber = 164.23 ± 94.42), while rational behavior decreased 
significantly in the 6  µg and 12  µg dose groups 
(15.42 ± 20.07 and 33.08 ± 29.46, respectively), compared 
to control rats, which did not exhibit biased rotational 
behavior (6.30 ± 4.92). The difference in rotation num-
ber between the highest dose group and other groups 
was significant, with p-values less than 0.0001. However, 
there was no significant difference among the sham, mild, 
and moderate lesion groups due to fluctuating data.

We also conducted a statistical analysis of the quantita-
tive results from microPET scans and 6-OHDA-induced 
rotational studies. The analysis revealed a negative cor-
relation between the deduction in the uptake of [18F]
FECNT-d4 (% SUVr ratios I-ST to C-ST) and the num-
ber of APO-induced rotations (r = − 0.9307, p < 0.0001, 
depicted in Fig.  3E). Conversely, positive linear cor-
relations existed between the uptake decline (% SUVr 
ratios I-ST to C-ST) and the outcomes of mobility time 
(r = 0.5919, p = 0.0001, depicted in Fig.  3F), movement 

distance (r = 0.6764, p < 0.0001, depicted in Fig.  3G), 
and rearing number (r = 0.5596, p = 0.0004, depicted in 
Fig. 3H) in the OFT.

Down-regulation of TH expression in striatum and nigra 
post-lesion of 6-OHDA administration
In this study, both striatal and nigral sections of 
6-OHDA-treated rats exhibited a dose-dependent 
decrease in TH immunoreactivity, indicating a gradient 
reduction in dopaminergic innervation. The reduction 
in TH expression was quantified by digitizing the IOD of 
TH + striatal fiber density or TH + cell number, expressed 
as a percentage of the lesioned hemisphere to the intact 
one. Significant differences were observed in the high-
est and medium groups compared to the sham group 
for TH + striatal fiber density (p = 0.0003 and 0.0228, 
respectively). The mean values were 94.48 ± 5.05% (con-
trol group), 82.19 ± 4.08% (mild group), 69.55 ± 12.94% 
(moderate group), and 41.84 ± 18.75% (severe group), 
respectively. Relative to the sham group, 18, 12, and 6 µg 
6-OHDA administration decreased TH + cell number by 
approximately 71% (p = 0.079), 40% (p = 0.0182), and 18% 
(p = 0.0876), respectively. Correlation analysis revealed a 
positive correlation between PET scans and TH expres-
sion both in the ST and SN. (TH + striatal fiber den-
sity: r = 0.9469, p < 0.0001; TH + cell number: r = 0.9169, 

Fig. 2  MicroPET imaging results and quantitative analysis
(A-D) Representative coronal microPET images of control, mild, moderate, and severe lesion groups with [18F]FECNT-d4. (E) Average SUVr ratios derived 
from quantitative PET scan analysis. **p = 0.043, ***p = 0.001, ****p < 0.0001, versus sham group; ####p < 0.0001, ###p = 0.0004, versus severe lesion group. 
Data were expressed as mean ± SEM, n = 6–11
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Fig. 3  Behavioral test results and correlations with PET imaging
(A-C) The parameters measured in OFT. (D) APO-induced rotational test results. Correlations between the behavioral test results with PET results (E-H). 
**p < 0.01, ***p < 0.001, ****p < 0.0001, vs. control group; ####p < 0.0001, vs. lesion group
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p < 0.0001), corroborating the varying degrees of damage 
in the dopaminergic pathway. These findings are depicted 
in Fig. 4.

Biochemical evaluation of DA and DA metabolites content 
in striatum tissue
The result demonstrated a gradient decrease in the per-
centage ratio of DA content quantitation (the left to right 
striatum) as the dose of 6-OHDA increased (Fig.  5A). 
Relative to the sham group (110.41 ± 2.96%), the per-
centage ratio of DA content decreased approximately 
73%, 27% and 26% in the severe, moderate, and mild 
lesion groups, respectively (p = 0.0020, 0.0215, and 0.015, 
respectively). Similar trends were observed in the levels 
of two dopamine metabolites, DOPAC and HVA, as illus-
trated in Fig. 5B and C. The ratios of ipsilateral-to-con-
tralateral DOPAC levels decreased as the 6-OHDA dose 
increased, with the most significant reduction observed 
in the severe lesion group. A similar trend was observed 
for HVA levels, albeit to a lesser extent. Only the highest 
dose group showed significant differences compared to 
the sham group in both DOPAC and HVA content tests. 
PET imaging results had a strong positive correlation 
with dopamine content, while correlations with DOPAC 
and HVA were weaker due to interindividual differences 
(Fig. 5D and F).

Quantitative analysis of postmortem autoradiography in 
human brain
The study employed in vitro autoradiography to estimate 
the specific binding of [18F]FECNT-d4 in postmortem 
striatal tissue from a PD patient and a healthy subject. 
A calibration curve was obtained by plotting the mean 
DLU value measured for each spot against the respec-
tive pre-identified radioactivity. As depicted in Fig.  6A, 
the digital signal intensity showed a positive correlation 
(R2 = 0.9834), and the according linear equation was used 
to quantify the specific binding in the two groups. PD 
patient’s striatum exhibited significantly lower specific 
binding as compared to healthy control brain striatum, 
as illustrated in Fig. 6B and C, with a decline of 39.56% 
(p < 0.0001) in mean radioactive uptake (0.39 ± 0.05  Bq/
mm2 in PD vs. 0.64 ± 0.01 Bq/mm2 in healthy control).

Radiation dosimetry extrapolation to humans
Dosimetry analysis was conducted to assess the potential 
clinical use of [18F]FECNT-d4 in humans. The absorbed 
doses to human organs were extrapolated from rat bio-
distribution data described in our previous study [37], 
using OLINDA/EXM software. Average %ID/g values 
were used to calculate absorbed doses, and the result-
ing dosimetry data is summarized in Table 1. The study 
showed that the liver received the highest radiation dose 
from [18F]FECNT-d4 (8.73 E-03 mSv/MBq), followed by 

the pancreas (7.24 E-03 mSv/MBq), kidneys (6.72 E-03 
mSv/MBq), lungs (6.05 E-03 mSv/MBq), and spleen (6.59 
E-03 mSv/MBq). It should be noted that the effective 
dose equivalent (5.06 E-03 mSv/MBq) was well below 
the Food and Drug Administration limit for the radiation 
burden (5 REM, amounting to 50 mSv) [42], indicating a 
low risk of radiotoxicity. These estimated human dosim-
etry data can serve to predict potential radiotoxicity 
before clinical trials, although further studies in humans 
are necessary to validate this extrapolation.

Discussion
Parkinson’s disease is a progressive neurodegenerative 
disorder, and loss of nigrostriatal dopaminergic neu-
rons can be detected non-invasively using PET. While 
[18F]FDOPA is the most common tracer in PD research, 
reflecting nigrostriatal presynaptic function through its 
accumulation. Uptake of [18F]FDOPA correlates with 
dopamine neurons only in the striatum, not the sub-
stantia nigra [43, 44]. Additionally, it suffers from high 
non-specific uptake in other brain regions [45]. Stud-
ies suggest that DAT-targeted PET tracers have specific 
uptake both in ST and SN, and might be more sensitive 
and accurate, particularly in early PD [5, 11, 46]. [18F]
FECNT, proposed as a PET imaging ligand for estimat-
ing PD-related dopamine transporter density, showed 
a promising correlation with postmortem biochemical 
and TH immunoreactivity intensity measurements [27]. 
However, radiometabolites of [18F]FECNT were shown 
to penetrate the blood-brain barrier (BBB) [43], leading 
to non-specific brain distribution and hindering PET 
quantification [29]. To overcome this limitation, we stra-
tegically replaced a Carbon-Hydrogen (C-H) bond at the 
N-position with a carbon-deuterium (C-D) bond. The 
resulting deuterated analog, [18F]FECNT-d4, displayed 
not only comparable affinity for DAT and lipophilicity, 
but also exhibited enhanced in vivo stability and reduced 
radiometabolites formation in both brain and plasma. 
Additionly, [18F]FECNT-d4 achieved a similar SUV in 
ST to [18F]N-3-Fluoropropyl-2β-carbomethoxy-3β-(4-
iodophenyl) nortropane ([18F]FP-CIT), a well-established 
DAT radioligand [47, 48], which is also known to suffer 
from radiometabolite issues [49]. Based on these promis-
ing findings, we aimed to investigate the potential of [18F]
FECNT-d4 as a superior candidate for visualizing DAT 
density in clinical applications.

This study focuses on the possibility and feasibility of 
[18F]FECNT-d4 to discriminate different damage lev-
els in dopaminergic neurons, specifically in the lower 
phases simulating the initial and middle stages of PD, 
with a well-established rodent model. While previous 
imaging investigations have been conducted on fully-
lesioned and healthy rats [37], as a part of pharmaco-
dynamical research, this study seeks to provide specific 
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Fig. 4  Immunohistochemical Results and Quantitative Analysis
(A) Representative photomicrographs of TH immunostaining in the striatum. (B) Quantitative analysis of IOD of TH+ striatal fiber density. (C) Strong 
positive correlation between PET results and TH-labeled striatal fiber density. (D) Representative photomicrographs of TH+ cell numbers in SN tissue. (E) 
Digitization of TH+ cell numbers in substantia nigra. (F) PET results correlated positively with TH+ cell number in SN. *p < 0.05, **p < 0.01, ***p < 0.001, vs. 
group; #p < 0.05, ###p < 0.001, vs. lesion group
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images depicting the accumulation of [18F]FECNT-d4 in 
the brains of rats with mild and moderate lesion levels. 
Such images can offer crucial pathological insights into 
PD progression and provide visual evidence supporting 
the clinical application of [18F]FECNT-d4.

MicroPET scanning with [18F]FECNT-d4 showed that 
the methodology is efficient in delineating the striatum, 
allowing for differentiation among the sham, mild, mod-
erate, and severe lesion groups. The altered coupling 
ratio of specific uptake between the ipsilateral and con-
tralateral striatum can distinguish between these groups. 

Fig. 5  Content of DA and Its metabolites in 6-OHDA-lesioned rats
(A-C) The digital diagrams show the percentage ratio of DA and its metabolites (DOPAC and HVA) content quantitation. The symbols denote p-value 
(*p < 0.05, **p < 0.01, versus control group; #p < 0.05, versus severe lesion group). (D) Strong positive correlation between PET results and biochemical evalu-
ation of DA content. However, the correlation with DOPAC and HVA content was weak comparatively (E-F)
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The different degrees of decline in the ratio detected by 
microPET were about 14% (mild), 23% (moderate), and 
63% (severe) compared to the control group. These find-
ings suggested a dose-dependent decrease in dopaminer-
gic neuronal deficiency, which correlated with decreasing 
levels of DA content (mild: 26%, moderate: 27%, severe: 
73%) and TH expression (mild: 18%, moderate: 40%, 
severe: 71%). However, TH staining was unable to dif-
ferentiate between mild DA-depletion and sham group, 
both in terms of TH+ neuron cell bodies in the SN and 
dopaminergic fiber density in the ST. These observations 
imply that microPET imaging with [18F]FECNT-d4 could 
provide valuable information about functional denerva-
tion of the dopamine system and warrants further inves-
tigation in both preclinical and clinical studies, especially 
in the premotor phase of Parkinson’s disease.

In this study, we observed that the denervation detected 
by measuring dopamine content and TH expression in 

striatal dopaminergic neurons appeared more severe 
than what was revealed by microPET imaging. Several 
factors contribute to these discrepancies. First, admin-
istration of 6-OHDA may lead to a greater reduction in 
striatal dopamine levels compared to dopamine uptake 
sites, such as DAT [50]. Previous studies have indicated 
that surviving neurons may also be compromised in their 
ability to synthesize and metabolize dopamine following 
exposure to the neurotoxin. Consequently, the reduc-
tion of DA uptake, which reflects the level of dopami-
nergic cell death, may occur at a lower rate than the loss 
of DA content and TH expression levels [51]. Addition-
ally, the effects of anesthesia which were noticed atten-
tively by researchers, may have influenced the observed 
results [52, 53]. Moreover, the partial volume effect and 
a bias parameter in vivo related to the intrinsic proper-
ties of the scanning device should be also taken into con-
sideration, when interpreting the imaging data. These 

Fig. 6  Postmortem Autoradiography in Human Striatum
(A) Standard curve of the signal intensity at different amounts of radioactivity of [18F]FECNT-d4. (B) Representative in vitro autoradiography images of PD 
patient (82-year-old) striatum tissue and healthy subject (86-year-old) striatum tissue. (C) The comparative in vitro autoradiography quantitative analysis 
of [18F]FECNT-d4 in striatum tissue demonstrates significantly lower specific binding in the PD patient compared to the healthy human control. The results 
are expressed as means ± SEM of three independent measurements. ****p < 0.0001, versus healthy control
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factors collectively highlight the complexity of accurately 
assessing dopaminergic denervation and underscore the 
importance of integrating multiple measurement modali-
ties for a comprehensive understanding of Parkinson’s 
disease pathology.

The behavioral results revealed that no obvious motor-
functional symptoms, such as APO-induced asymmetri-
cal rotations and spontaneous movement, were observed 
in the mild group. This finding is consistent with previ-
ous research [45] and clinical postmortem investigations 
suggesting that physical symptoms may only manifest 
when striatal dopamine levels decline by more than 
70% [46]. These results underscore the importance of 
developing effective non-invasive technologies to visu-
alize the degeneration of dopaminergic neurons in the 
nigrostriatal pathway for accurate diagnosis of early PD 
pathophysiology.

The study further investigated the correlation 
between data from behavioral tests and the results of 

immunohistochemical tests or DA content determina-
tion. The results showed that there was no significant 
correlation between the parameters from the OFT and 
DA content in the striatum (mobility time: r = 0.4354, 
p = 0.0709; movement distance: r = 0.3559, p = 0.1472; 
rearing number: r = 0.4971, p = 0.0358, Fig.  7A, B, and 
C). However, a negative correlation was found between 
rotation test data and DA levels. Interestingly, PET imag-
ing with [18F]FECNT-d4 showed a stronger correlation 
with behavioral tests than DA content (mobility time: 
r = 0.5919, p = 0.0001; movement distance: r = 0.6764, p < 
0.0001; rearing number: r = 0.5596, p = 0.004, Fig.  3F, G, 
and H). Additionally, the PET results were comparable to 
TH positive cell number in SN (mobility time: r = 0.6735, 
p = 0.0022; movement distance: r = 0.6705, p = 0.0023; 
rearing number: r = 0.6437, p = 0.0039, Fig. 7D, E, and F). 
In the meantime, the quantitation of PET imaging also 
correlated well with biological and immunohistochemi-
cal results, indicating that it is a non-invasive method 
that can visualize dopaminergic neuronal degeneration 
and reflect motor functional deficits to some extent. The 
study suggests that PET imaging has the potential to dis-
tinguish PD patients or model rats in premotor stages 
from those in motor stages. However, it should be con-
firmed whether anesthesia (isoflurane) used in this study 
altered [18F]FECNT-d4 binding to DAT.

Our preclinical study in rodents estimated the effi-
cacy, specificity, and sensitivity of [18F]FECNT-d4 to 
DAT. However, its selective binding in the human brain 
remains to be investigated for clinical applications. To 
approach this aim, we conducted in vitro ARG using 
postmortem striatal tissue from one healthy subject as 
well as one PD patient. The ARG results revealed that 
specific binding in the striatum sections from healthy 
subject’s brains was approximately 2.5-fold higher than 
those from PD patient, indicating a noticeably decreased 
uptake in patient’s brain. This finding aligns with our 
previous preclinical study in rats [37], suggesting that 
[18F]FECNT-d4 may be a feasible tool to detect dopami-
nergic denervation in the nigrostriatal pathway and has 
adequate sensitivity to diagnose Parkinson’s disease in 
humans. However, due to the limited availability of tissue 
samples from PD patients across a spectrum of disease 
severity, we were unable to assess the efficacy of [18F]
FECNT-d4 on multiple samples. Future clinical trials may 
provide insight into treatment protocols, disease progres-
sion tracking, and potential patient stratification.

In this study, whole-body radiation dosimetry was con-
ducted to ensure the safety of using [18F]FECNT-d4 in 
human translation. The effective dose equivalent extrapo-
lated from biodistribution data of rats was 5.06E-03 mSv/
MBq, which was lower than a previous study’s estimate 
for [18F]FECNT extrapolated from primates (2.14 E-02–
2.27 E-02 mSv/MBq) [54] and from studies involving 

Table 1  Estimated radiation absorbed by adult male human
Target Organ Total Doses (mSv/

MBq)
Phantom 
Organ Masses 
(g) for the 
Adult Male

Adrenals 3.22 E-03 16.3
Brain 1.57 E-03 1420.0
Breasts 1.24 E-03 351.0
Gallbladder Wall 3.65 E-03 10.5
LLI wall 2.60 E-03 167.0
Small Intestine 5.41 E-03 677.0
Stomach Wall 3.92 E-03 158.0
ULI Wall 2.81 E-03 220.0
Heart Wall 4.89 E-03 316.0
Kidneys 6.72 E-03 299.0
Liver 8.73 E-03 1910.0
Lungs 6.05 E-03 1000.0
Muscle 5.33 E-03 28000.0
Ovaries 2.94 E-03 8.71
Pancreas 7.24 E-03 94.3
Red Marrow 3.71 E-03 1120.0
Osteogenic Cells 2.85 E-03 120.0
Skin 1.33 E-03 3010.0
Spleen 6.59 E-03 183.0
Testes 5.89 E-03 39.1
Thymus 2.41 E-03 20.9
Thyroid 2.13 E-03 20.7
Urinary Bladder Wall 2.47 E-03 47.6
Uterus 2.81 E-03 79.0
Total Body 3.64 E-03 73700.0
Effective Dose Equivalent 
(mSv/MBq)

5.06 E-03

Dosimetry analysis was conducted using Olinda/EXM software to estimate the 
absorbed doses in humans, facilitating the translation of [18F]FECNT-d4 from 
the biodistribution data on rats. The %ID/g values were converted into %ID in 
humans based on the organ weight in a 73.7 kg male model provided by Olinda
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16 SD rats and 9 rhesus monkeys (1.75 E-02 mSv/MBq) 
[55]. The variation in radiation dosimetry estimates 
between [18F]FECNT-d4 and [18F]FECNT may be attrib-
uted to species differences as well as the use of different 
software (our data implanted in Olinda while these two 
studies used MIRDOSE 3.1 software). The liver absorbed 
the highest radioactivity of [18F]FECNT-d4 at 8.73E-03 
mSv/MBq. Based on [18F]FDG dosage administration, 
an examination with 370 MBq of [18F]FECNT-d4 would 
result in an effective dose of about 1.8 mSv. The radia-
tion dosimetry estimate of [18F]FECNT-d4 compares 
favorably with the non-deuterium [18F]FECNT and falls 
within the same range as [99mTc]TRODAT-1, another 
DAT imaging agent [56]. These findings suggest that [18F]
FECNT-d4 may be a safe and effective radiotracer for the 
visualization of DAT and has promising potential for suc-
cessful clinical translation.

Conclusion
This study suggests that PET scanning with [18F]FECNT-
d4 could aid in grading and diagnosing Parkinson’s dis-
ease in its early stages by distinguishing different degrees 
of dopaminergic denervation in the nigrostriatal system 
in rats. Quantitative PET imaging correlated well with 
behavioral, biochemical, and immunohistochemical tests. 
In vitro autoradiography confirmed [18F]FECNT-d4’s 
ability to detect dopamine neuron density in human PD 

and control striatal sections. Radiation dosimetry extrap-
olation suggests [18F]FECNT-d4 is clinically safe. All 
these results indicated its potential as a PET radioligand 
for clinical use in diagnosing Parkinson’s disease, even 
in its early stages. In summary, [18F]FECNT-d4 shows 
promise for visualizing DAT degeneration in Parkinson’s 
disease and warrants further clinical evaluation.
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