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Abstract
Purpose Dynamic total-body imaging enables new perspectives to investigate the potential relationship between the central 
and peripheral regions. Employing uEXPLORER dynamic [11C]CFT PET/CT imaging with voxel-wise simplified reference 
tissue model (SRTM) kinetic modeling and semi-quantitative measures, we explored how the correlation pattern between 
nigrostriatal and digestive regions differed between the healthy participants as controls (HC) and patients with Parkinson’s 
disease (PD).
Methods Eleven participants (six HCs and five PDs) underwent 75-min dynamic [11C]CFT scans on a total-body PET/CT 
scanner (uEXPLORER, United Imaging Healthcare) were retrospectively enrolled. Time activity curves for four nigrostria-
tal nuclei (caudate, putamen, pallidum, and substantia nigra) and three digestive organs (pancreas, stomach, and duodenum) 
were obtained. Total-body parametric images of relative transporter rate constant (R1) and distribution volume ratio (DVR) 
were generated using the SRTM with occipital lobe as the reference tissue and a linear regression with spatial-constraint 
algorithm. Standardized uptake value ratio (SUVR) at early (1–3 min, SUVREP) and late (60–75 min, SUVRLP) phases were 
calculated as the semi-quantitative substitutes for R1 and DVR, respectively.
Results Significant differences in estimates between the HC and PD groups were identified in DVR and SUVRLP of putamen 
(DVR: 4.82 ± 1.58 vs. 2.58 ± 0.53; SUVRLP: 4.65 ± 1.36 vs. 2.84 ± 0.67; for HC and PD, respectively, both p < 0.05) and 
SUVREP of stomach (1.12 ± 0.27 vs. 2.27 ± 0.65 for HC and PD, respectively; p < 0.01). In the HC group, negative correla-
tions were observed between stomach and substantia nigra in both the R1 and SUVREP values (r=-0.83, p < 0.05 for R1; r=-
0.94, p < 0.01 for SUVREP). Positive correlations were identified between pancreas and putamen in both DVR and SUVRLP 
values (r = 0.94, p < 0.01 for DVR; r = 1.00, p < 0.001 for SUVRLP). By contrast, in the PD group, no correlations were found 
between the aforementioned target nigrostriatal and digestive areas.
Conclusions The parametric images of R1 and DVR generated from the SRTM model, along with SUVREP and SUVRLP, 
were proposed to quantify dynamic total-body [11C]CFT PET/CT in HC and PD groups. The distinction in correlation pat-
terns of nigrostriatal and digestive regions between HC and PD groups identified by R1 and DVR, or SUVRs, may provide 
new insights into the disease mechanism.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative 
disorder common among the elderly population. The prin-
cipal pathophysiological change of the disease lies in the 
depletion of nigrostriatal dopaminergic neurons, leading to 
a series of motor symptoms including bradykinesia, tremor, 
rigidity and gait instability [1]. With a broadened under-
standing of the disease timeline, the integrity of the organ-
ism and the interactions between the central and peripheral 
nerve systems, particularly in relation to the digestive 
organs, received rising attention [2]. Recent studies pro-
posed that the communication between the brain and diges-
tive systems may be mediated by certain agents that, present 
in both areas, potentially influence the disease occurrence, 
development, and modulation [3].

Dopamine transporter (DAT), a neurotransmitter pro-
tein on the presynaptic membrane, is responsible for the 
reuptake of extracellular dopamine (DA) from the synaptic 
cleft and regulating the DA neurotransmission and homeo-
stasis. Besides the nigrostriatal pathway within the brain, 
the expression of DAT can also be found at several periph-
eral sites [4, 5]. Immunohistochemical and in situ hybrid-
ization studies have indicated that DATs are abundantly 
expressed in digestive organs, including the two important 
nerve branches -- Meissner’s and Auerbach’s plexuses of 
the enteric nerve system (ENS), gastric parietal cells and 
mucosal blood vessel endothelia, duodenal lamina propria, 
and pancreatic excreting ducts and islets [6–9]. Further to 
being closely associated with motor dysfunctions in PD, 
DAT deficits can also lead to anomalies in ENS architecture 
together with gastrointestinal dysmotility [10, 11]. Several 
studies have also demonstrated the association between the 
striatal DAT binding and the activities of gut microbes, sug-
gesting potential DAT modulations in both the central and 
peripheral regions [12, 13].

However, few suitable approaches were so far available 
to make a systemic and quantitative analysis of the DAT 
kinetic distribution in both the central and peripheral organs 
of human. Nowadays, with the visualization of the imag-
ing biomarkers, progress has been made to understand the 
etiology of neurodegenerative diseases at molecular level. 
11C-2-beta-carbomethoxy-3-beta-(4-fluorophenyl)tropane 
([11C]CFT), a DAT PET imaging agent commonly used in 
brain imaging for the diagnosis of PD [14–16], may serve 
as a potential tracer candidate for its high affinity and selec-
tivity to DAT [17–19] and its resistance to metabolic deg-
radation [20]. Moreover, in animal models, highly specific 
uptakes of DAT radioligand [18F]CFT have been demon-
strated in both the striatum and pancreas with the treatment 
of selective DAT antagonist [19], showing the potential of 
radionuclide-labeled CFT compound used to evaluate the 

interplay between the nigrostriatal and digestive regions. 
Breaking through the technical limitations of the standard 
PET/CT with multi-beds scanning, the ultra-high sensitivity 
and 194-cm long axial field of view (AFOV) of the total-
body PET/CT scanner enable us to simultaneously track 
the dynamic changes of the tracer distribution in the entire 
human body [21–23]. Meanwhile, parametric imaging 
offers additional quantitative values into varied pathophysi-
ological alterations, and may also improve the visualiza-
tion of pathophysiology, the precision of diagnosis, and the 
monitoring of disease progression [24].Incorporating with 
these tools may lead to a better understanding of the coor-
dination between the brain function and other physiological 
activities [25].

Based on the novel technique of dynamic [11C]CFT total-
body PET/CT imaging, we aimed to employ the paramet-
ric imaging-based quantitative analysis using a simplified 
reference tissue model (SRTM) and the semi-quantitative 
measurement based on the standardized uptake value ratio 
(SUVR) to measure the dynamic total-body [11C]CFT kinet-
ics. The resulting parameters were then used to explore the 
potential correlations of estimates of the selected nigros-
triatal and digestive regions by comparing PD patients and 
healthy volunteers.

Methods

Participants

Eleven participants including five untreated patients diag-
nosed as Parkinsons’s disease (PD group) and six healthy 
volunteers as controls (HC group) respectively underwent 
[11C]CFT total-body PET/CT scans in Department of 
Nuclear Medicine, Ren Ji Hospital from January to Decem-
ber 2021. The detailed clinical characteristics of all the 
participants were listed in Supplementary Table 1. Healthy 
volunteers were selected from health screening participants, 
based on the criteria of no notable history of major medical 
conditions or neuropsychiatric disorders, and no neoplastic 
diseases confirmed by [18F]FDG PET/CT scans. This retro-
spective study followed the principles of the Declaration of 
Helsinki and has been approved by the ethics committee of 
Ren Ji Hospital with written informed consent waived.

Radiopharmaceutical preparation

The radionuclide, 11CO2, was prepared by the medical 
cyclotron (HM-10, Sumitomo) in the Department of Nuclear 
Medicine, Ren Ji Hospital. [11C]CFT was produced by an 
automatic synthesis module (CFN-MPS-200, Sumitomo) 
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according to the previously reported method [26]. The 
radiochemical purity of [11C]CFT was above 95%.

Dynamic total-body PET/CT acquisition and 
reconstruction

Each participant was subjected to a dynamic 75-min 
[11C]CFT PET scan on a total-body PET/CT scanner (uEX-
PLORER, United Imaging Healthcare) immediately after an 
intravenous bolus injection of 431.4 ± 75.6 MBq [11C]CFT 
from the lower limb, ensuring the participant’s head within 
the scanner’s high-sensitivity areas. The dynamic PET 
images were corrected for radioactive decay, scatter, attenu-
ation and random, and were reconstructed into a matrix with 
a voxel size of 1.67 × 1.67 × 2.89 mm3 in x, y, z directions 
with ordered subset expectation maximization (OSEM) 
algorithm (4 iterations, and 20 subsets), incorporating 
time-of-flight (TOF) and point-spread function (PSF). The 
images were reconstructed into 97 frames (30 × 2 s, 12 × 5 s, 
6 × 10 s, 4 × 30 s, 25 × 60 s, 15 × 120 s, 5 × 180 s) [27, 28].

Dynamic PET image processing

Volumes of interest (VOIs) were manually drawn within 
descending aorta, pancreas, stomach, and duodenum 
using PMOD 4.3 software (PMOD Technologies Ltd.). 
The frame-by-frame VOI delineation of stomach wall was 
performed based on the PET/CT fusion images with the 
minimal adjustment to each adjacent frame, avoiding the 
luminal content of the stomach. For the brain regions, all 
PET images were processed, firstly, by head motion correc-
tion based on the moving average reference method of Zhou 
et al. [24] using Statistical Parametric Mapping software 
(SPM12, Wellcome Department of Imaging Neuroscience) 
in the MATLAB (2019b, The MathWorks Inc.) environ-
ment, and secondly, by the spatial normalization of the 
PET images to the standard Montreal Neurologic Institute 
(MNI) space based on an MRI template [24]. The cerebral 
regions of caudate, putamen, pallidum, substantia nigra and 
occipital lobe were selected for the later analysis following 
the definition of brain VOI proposed by the Johns Hopkins 
Department of Radiology and then manually drawn on the 
MRI template in the standard MNI space [24]. Time activity 
curves (TACs) of all selected regions were then extracted. 
Based on the TACs, the mean standardized uptake value 
(SUVmean) curves normalized by the ratio of the decay-
corrected injected radiolabeled dose to body weight of the 
participant were generated. In the SUVmean curve analysis 
of the nigrostriatal nuclei, the separation time was defined 
as the time when the difference in group means between the 
SUVmean of HC and PD reached at least 10% of the mean 
SUVmean of the HC group.

Kinetic modeling

Using the SRTM with a linear regression and spatial con-
straint (LRSC) algorithm [29], the voxel-wise [11C]CFT 
kinetic analysis generated two parametric images: R1 (the 
ratio of the transport rate constants of target to reference 
tissues) and DVR (distribution volume ratio of the target to 
reference tissues). The R1 represents the relative transporter 
rate constant of tracer from vascular space to the target 
organs or brain regions, and DVR reflects the tracer spe-
cific binding to DAT. The occipital lobe region lacking DAT 
distribution was selected as the reference tissue. VOI-based 
SRTM fitting in PMOD 4.3 was implemented to examine 
the fit quality.

Additional blood input-based kinetic models were per-
formed including the VOI-based two-tissue compartmental 
modeling (2T4K) [20], graphical analysis method of Logan 
plot [30], and bi-graphical analysis method using the relative 
equilibrium-based plot and the Gjedde-Patlak plot (RE-GP 
plots) [18] with the population-based metabolite-corrected 
TAC of descending aorta as the input [18], using PMOD 
4.3 to estimate the tracer distribution independent from the 
selection of reference tissue. The total distribution volumes 
(VTs) were estimated by 2T4K model fitting, Logan, and 
RE-GP plots.

SUVR calculation

SUVR, calculated as the ratio of the SUV of the target area 
to occipital lobe reference region, served as an approxima-
tion of early blood perfusion and DAT expression level. 
This method offered an advantage of a shorter scan acquisi-
tion time for clinical settings. The dynamic scanning period 
of [11C]CFT was subdivided into the early phase (SUVREP 
for 1–3 min) and late phase (SUVRLP for 60–75 min), where 
SUVREP was used to estimate R1, and SUVRLP can be used 
as an approximation of the tracer specific binding to DAT 
resembling DVR [24].

Statistical analysis

All statistical analyses were performed using R (version 
4.2.0) and GraphPad (version 9.0) software. Group esti-
mates were represented by mean ± standard deviation 
(SD). Student’s t test was performed to compare the mean 
of estimates between HC and PD groups. Pearson’s corre-
lation was employed to assess the agreement between the 
estimates generated by different approaches. Spearman’s 
correlation analysis was used to compare the relationship 
between the target nigrostriatal and digestive regions. The 
p < 0.05 was considered statistically significant.
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Characterization of SUVmean curve

Figure 2A and B illustrate the SUVmean curves of descend-
ing aorta and occipital lobe in both HC and PD groups, 
demonstrating minimal variation in the curve patterns for 
these regions between the participant groups. Over time, the 
rising curves of the nigrostriatal regions began to diverge 
between the groups: the [11C]CFT uptake in the HC group 
exhibited a continuous increase, whereas the PD group 
showed an earlier shift towards a state of “lesser uptake” 
(Fig. 2C; Table 1). In the putamen, an early separation in 
[11C]CFT uptake curves was observed between the two 
groups (separation time = 2 min). The highest SUVmean val-
ues between the groups were also noted (8.59 ± 1.93 in HC 
vs. 5.09 ± 2.18 in PD, p < 0.05).

In both groups, the SUVmean curves of the pancreas 
and duodenum exhibited a “fast-in and slow-out” pattern, 

Results

Dynamic total-body [11C]CFT PET Imaging

The schematic PET/CT acquisition protocol, representative 
total-body maximum intensity projection (MIP) images, and 
the transverse views of nigrostriatal and digestive regions 
acquired at different time points are presented in Fig. 1. Dur-
ing the dynamic total-body [11C]CFT PET imaging up to 
75 min, the tracer uptake was observed in both central and 
peripheral target regions across the body, including the deep 
brain regions such as the substantia nigra. Visual assess-
ment revealed intact and persistent [11C]CFT uptake in the 
nigrostriatal nuclei of HC, whereas PD patients displayed 
asymmetric DAT depletion in the corresponding areas. No 
distinct difference was observed from the visual assessment 
of digestive regions between the HC and PD groups.

Fig. 1 A Total-body dynamic [11C]CFT PET/CT scanning protocol 
(75 min, 97 frames). B–D Selected view from [11C]CFT dynamic 
reconstructed images of a 53-year-old healthy volunteer (HC) and a 
57-year-old Parkinson’s disease patient (PD) at different timepoints. B 
Total-body maximum intensity projection (MIP) images. C Transverse 
views of cerebral nuclei both in the striatal and substantia nigra plane. 

The [11C]CFT uptake in HC developed earlier and increased over time, 
while the nigrostriatal dopamine depletion was finally found in PD 
with a caudal-rostral gradient tendency, especially on the left side. D 
Transverse views of the upper abdomen. Abbreviation: HC, healthy 
controls; PD, Parkinson’s disease patients
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with the HC group showing higher peak activities in these 
organs than the PD group. For the stomach, a relatively 
quicker initial uptake in PD patients was observed, but the 
final SUVmean in the HC group at 75 min appeared higher 
(Fig. 2D; Table 2).

R1, DVR and SUVRs between HC and PD groups

The total-body [11C]CFT PET parametric images based on 
the SRTM model were generated. The schematic repre-
sentation of SRTM model and representative R1 and DVR 
parametric images of HC and PD participants are illustrated 
in Fig. 3A and B, respectively. A statistically significant 
correlation was observed between the parameters of quan-
titative and semi-quantitative analysis, including R1 and 
SUVREP (r = 0.78, p < 0.001), DVR and SUVRLP (r = 0.74, 
p < 0.001) (Fig. 3C). In the comparison of the quantitative 
parameters between HC and PD groups, statistical signifi-
cances were found between the HC and PD groups in terms 

Table 1 The SUVmean curve characteristics of the target regions
Uptake 
pattern

Organs Sep-
ara-
tion 
time, 
min

Highest SUVmean, mean ± SD, 
g/mL
HC PD p 

value

Gradually 
increasing

Caudate 6.5 7.16 ± 1.67 5.35 ± 1.93 0.13
Putamen 2.0 8.59 ± 1.93 5.09 ± 2.18 0.02*

Pallidum 6.5 4.49 ± 1.30 3.44 ± 1.10 0.19
SN 13.5 3.88 ± 0.8 3.34 ± 0.93 0.32

Increas-
ing with 
fluctuation

Stomach N/A 11.80 ± 5.46 9.87 ± 2.66 0.49

Rapid 
increasing 
and slow 
decreasing

Duodenum N/A 5.31 ± 1.89 3.84 ± 1.76 0.22
Pancreas N/A 9.62 ± 3.54 7.76 ± 2.38 0.35

Abbreviations SD, standard deviation; HC, healthy control; PD, Par-
kinson’s disease patient; SN, substantia nigra
*p < 0.05

Fig. 2 Comparison of averaged SUVmean curves in HC and PD group 
at the A descending aorta, B occipital lobe, selected C nigrostria-
tal nuclei regions and D digestive organs. Data are represented by 

mean ± standard error mean (SEM). Separation time between the aver-
aged SUVmean curves of HC and PD groups was marked on the curves 
for the nigrostriatal nuclei
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and SUVRLP in the HC group (r = 0.94, p < 0.01 for DVR; 
r = 1.00, p < 0.001 for SUVRLP), but these correlation coeffi-
cients were notably lower in the PD group (r = 0.60, p = 0.29 
for DVR; r = 0.30, p = 0.62 for SUVRLP, respectively). We 
also examined the correlation between VT of pancreas and 
putamen estimated from the VOI-based 2T4K (r = 0.77, 
p = 0.10 for HC, r = 0.10, p = 0.95 for PD), Logan plot 
(r = 1.00, p < 0.01 for HC, r = -0.30, p = 0.68 for PD), and 
RE-GP plot (r = 0.94, p < 0.05 for HC, r = -0.30, p = 0.68 for 
PD). The results from plasma input-based kinetic modeling 
demonstrated similar linear correlation pattern in HC rather 
than PD group (Supplemental Fig. 2).

Figure 5 shows the correlations for all target nigros-
triatal and digestive regions in both HC and PD groups in 
terms of the kinetic and semi-quantitative estimates, with 
detailed scatter plots presented in Supplemental Fig. 3. Sig-
nificant positive correlations for DVR were noted across 
all four nigrostriatal nuclei (r = 0.94 to 1.00, all p < 0.05) 
within the HC group, while these correlations were consid-
erably diminished in the PD group. In the HC group, the 
DVR of the pancreas also showed significant correlations 
with the other three nigrostriatal nuclei, namely, caudate, 
pallidum, and substantia nigra (r = 0.83, p < 0.05 for all). In 
contrast, no significant correlations were observed between 

of SUVREP of stomach (1.12 ± 0.27 vs. 2.27 ± 0.65 for HC 
and PD, p < 0.01) and both DVR and SUVRLP of putamen 
(DVR: 4.82 ± 1.58 vs. 2.58 ± 0.53, SUVRLP: 4.65 ± 1.36 
vs. 2.84 ± 0.67 for HC and PD, respectively, all p < 0.05) 
(Fig. 3D, Supplemental Table 2).

Correlation analyses to compare the DVR estimated from 
SRTM with the distribution volume (VT) from 2T4K, Logan 
and RE-GP plots are presented in Supplemental Fig. 1. The 
VT showed significant Pearson’s correlation with DVR esti-
mates from SRTM (2T4K: r = 0.94; Logan plot: r = 0.88; 
RE-GP plot, r = 0.85; all p < 0.001).

Correlations among the target nigrostriatal and 
digestive regions

Figure 4A and B demonstrate that a negative correlation 
pattern existed between the stomach and substantia nigra 
for early perfusion estimates of R1 and SUVREP in the HC 
group (r = -0.83, p < 0.05 for R1, and r = -0.94, p < 0.01 for 
SUVREP, respectively), whereas this correlation was not sta-
tistically significant in the PD group (r = -0.70, p = 0.19 for 
R1; r = 0.50, p = 0.39 for SUVREP). Figure 4C and D illus-
trate statistically significant positive correlations between 
pancreas and putamen for tracer density estimates DVR 

Fig. 3 A Schematic representation of the simplified reference tissue 
model (SRTM). B R1 and DVR parametric images of HC and PD rep-
resentatives. C Correlation between the SRTM estimates and semi-
quantitative measurements. The semi-quantitative measurements for 
early perfusion (SUVREP) (left) and dopamine transporter density 

(SUVRLP) (right) were both significantly correlated to the quantita-
tive estimates (R1 and DVR, respectively). D Significant differences 
between the HC and PD groups in SUVREP of stomach (left) and 
both DVR (middle) and SUVRLP (right) of putamen. *, p < 0.05; **, 
p < 0.01. Abbreviation SN, substantia nigra
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The quantitative method incorporated with kinetic mod-
eling provides direct information on the specific biologic 
process, representing the relative transporter rate constant 
and tissue density of DAT, whereas the semi-quantitative 
method of SUVR facilitates shorter scan acquisition and thus 
is often favored in clinical settings to estimate such parame-
ters [24]. The statistically significant difference between HC 
and PD groups in terms of putamen DVR and SUVRLP was 
in accordance with the previous human striatal [11C]CFT 
studies [15, 17]. The correlation between DVR and SUVRLP 
also indicated a good agreement between the quantitative 
and semi-quantitative measurements in putamen. However, 
in all the regions examined, the correlation between DVR 
and SUVRLP in the stomach appeared to deviate from a lin-
ear fit. Acquiring the continuous TACs for stomach has been 
a challenge for previous studies on the dynamic PET studies 
of peripheral organs due to the peristalsis and its adjacency 
to the pancreas and liver [37], which may contributed to the 
discrepancies between the quantitative and SUVR values, 
as well as the fluctuation in stomach TACs. The frame-by-
frame VOI delineation of the stomach wall avoiding the 
luminal content based on the PET/CT fusion used in this 
study was expected to reduce the motion effect of peristal-
sis. More sophisticated approaches of motion correction in 
the future are desired to further reduce the bias caused by 
peristalsis in dynamic gastral PET quantification.

Both the voxel-based SRTM modeling and SUVR analy-
sis in this study suggested that, for the healthy population, 
there was a negative correlation of the relative blood perfu-
sion estimates R1 and SUVREP between the stomach and 
substantia nigra. In terms of the DAT density estimates DVR 
and SUVRLP, the positive correlation between pancreas and 
putamen was also observed. The preliminary results from 
previous study identified statistically significant Spearman’s 

the pancreas and any other nigrostriatal regions in the PD 
group.

Discussion

Acknowledging the diverse and systemic symptoms in PD, 
our study aims to propose a novel paradigm that surpasses 
traditional brain-focused research by leveraging [11C]CFT, 
a tracer targeting DAT, and integrated dynamic total-body 
PET/CT imaging. This image-based approach is designed 
to comprehensively assess alterations and interactions 
between the nigrostriatal and digestive regions. Dopamine 
serves as a protective agent for human digestive system, 
preventing gastric and intestinal mucosa from injury, resist-
ing against peptic ulcer, and promoting ulcer healing [31]. 
PD patients also have a relatively high incidence of duode-
nal ulcers, while gastrointestinal dysfunction or dysmotil-
ity are often likely due to DA deficiency or peripheral DAT 
depletion [32]. Most of the previous reports on DA and 
DAT have focused on their neurotransmitter function only 
in the central nerve system (CNS). However, certain periph-
eral organs also have abundant DAT expressions. Recent 
studies have indicated that at the time when pathological 
α-synuclein aggregation was found in the submucosal and 
myenteric neurons, there also existed abnormal changes of 
dopaminergic neurons in these enteric plexuses in both PD 
patients and animal models [33–35]. A potential relationship 
between peripheral and central DAT may assess the disease 
progression and the effectiveness of pharmacotherapies in 
PD [36]. Therefore, it is necessary to employ a macroscopic 
approach for integrated evaluation of the DA homeostasis in 
both the CNS and ENS.

Fig. 4 Scatter plots of the Spearman’s rank correlation analyses between stomach and substantia nigra in terms of A R1 and B SUVREP, and 
between pancreas and putamen in terms of C DVR and D SUVRLP, for both HC and PD groups. Abbreviation SN, substantia nigra
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Fig. 5 Spearman’s rank correlation 
between all nigrostriatal nuclei 
and digestive organs based on the 
quantitative estimates of A R1 and 
B DVR, and semi-quantitative 
measurements of C SUVREP and 
D SUVRLP in HC and PD groups. 
The upper triangle gives the graphi-
cal demonstration of the correla-
tion, where the orientations of the 
ellipses represent the signs of the 
correlation coefficient (upper-left 
to lower-right, negative; lower-
left to upper-right, positive), and 
colors and width represent the 
magnitude of the coefficients. The 
asterisks represent the significance 
(*, p < 0.05; **, p < 0.01; ***, 
p < 0.001). The lower triangle dis-
plays the correlation coefficient r. 
Abbreviation SN, substantia nigra
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The SRTM with LRSC parametric imaging algorithm 
demonstrated a higher computational efficiency and voxel-
level stability compared to that of nonlinear least squares 
method in describing the kinetics of [11C]CFT in rats pre-
sented by Gunn et al. [41] and Zhou et al. [29]. Other advan-
tages of the SRTM method include the avoidance of arterial 
cannulation and metabolite measurements [42]. However, 
the assumption of constant non-displaceable binding levels 
in both target and reference tissues in SRTM [29, 41] might 
not apply to the context of total-body quantification with 
diverse non-specific bindings across various target organs. 
To our understanding, no existing research has thoroughly 
addressed the choice of reference for kinetic measurements 
in dynamic total-body [11C]CFT PET quantification. Using 
a single reference for both the nigrostriatal and digestive 
regions serves as a preliminary attempt at total-body PET 
quantification with a reversibly binding brain tracer. We 
chose the DVR over the binding potential (BPND) as a surro-
gate for DAT density, where DVR serves as a normalization 
reflecting the ratio of distribution volume of the target to 
reference tissue [29, 43]. We additionally implemented the 
model selection of reference-independent VOI-wise blood 
input-based kinetic modeling, and indicated that the 2T4K, 
Logan and RE-GP plots were the suitable blood input-based 
model for total-body [11C]CFT quantification (Supplemen-
tal Tables 4–5, Supplemental Fig. 6). The significant Pear-
son’s correlation between the DVR estimated from SRTM 
and the VT derived from 2T4K, Logan and RE-GP plots then 
also suggested reliable total-body DVR estimates by SRTM 
using occipital lobe as the reference. The presence of a simi-
lar correlation pattern in the blood input-based VT between 
the pancreas and putamen in HC but not in PD group sug-
gests that the choice of reference may have minimal impact 
on the observed differences in correlation patterns within 
this study. Future research are advised to advance quanti-
fication methods that validate model and reference choices 
for both nigrostriatal and digestive organs, aiming to miti-
gate potential biases arising from variations in non-specific 
tissue bindings.

[11C]CFT PET was proven as a suitable tracer to reflect 
the striatal DAT level in humans for its high target-to-non-
target ratio [17, 18, 20]. Though [3H]CFT has been shown 
to have some affinity to other monoamine transporters such 
as serotonin transporters (SERT) and norepinephrine trans-
porters (NET) in animal studies [44, 45], Forsback et al. 
[19] found that after GBR12909 (a selective DAT antago-
nist) treatment, DAT-specific binding in the pancreas of the 
rats showed a significant declining trend, whereas no spe-
cific binding of 18F activity of SERT and NET was found in 
the periphery, suggesting the selectivity of [18F]CFT to DAT 
in the peripheral organs. A pharmacological blockade study 
with human participants receiving selective DAT antagonist 

correlation between the late-phase SUVmean of pancreas and 
putamen in the healthy participants rather than PD patients 
based on dynamic total-body [11C]CFT PET/CT imaging 
[38], which was in accordance to the DVR and SUVRLP 
correlation results of pancreas and putamen in this study. 
Buttarelli et al. demonstrated a lack of correlation between 
the densitometric measurements of DAT immunoreactivity 
in peripheral blood lymphocytes and the DAT binding in 
the striatal regions obtained by [123I]fluopane SPECT imag-
ing in PD patients [39], suggesting the loss of correlation 
between central and peripheral DAT in PD patients. Gar-
rido-Gil et al. also reported early changes in the nigrostriatal 
dopaminergic homeostasis and dopaminergic neuron death 
in PD rat models [40]. A possible hypothesis may be that 
the potential intrinsic correlation upon the nigrostriatal and 
digestive axis in healthy individuals might be disrupted by 
the occurrence of PD. Nevertheless, it is important to note 
that this study’s scope is limited, being a small-scale analy-
sis involving only six HC individuals and five PD patients. 
Therefore, these preliminary findings should be interpreted 
with caution. Future studies recruiting larger cohorts are 
expected to confirm the results.

Despite the uEXPLORER’s high sensitivity allowing 
for imaging at later time points after the administration of 
the radiotracer [21], challenges in patient recruitment and 
prolonged scans beyond 75 min were encountered due to 
PD patients’ intolerance for long scans and the absence 
of suitable total-body PET motion correction algorithms 
tailored for extended duration. Previous studies recom-
mended a 90-min dynamic scanning period for [11C]CFT 
quantification in brain [17, 18, 20]. Thus, considering the 
slow kinetics of [11C]CFT and the continuously increasing 
TACs of caudate and putamen in the HC group at 75 min, 
we additionally performed computer simulation to investi-
gate whether the striatal DVR estimates from SRTM using 
75 min of data are comparable to that with 90-min data for 
both HC and PD participants (Supplemental Tables 3 and 
Supplemental Fig. 4). The Pearson’s correlation analysis 
revealed a statistically significant relationship (r = 0.99, 
p < 0.001) between the DVR values obtained from 75- and 
90-min data under low tissue noise conditions and a noise-
free reference tissue. The largest difference in the averaged 
percent bias for the DVR estimates, derived from 75- and 
90-min data across all noise levels, was under 10%. The 
visual inspection of fit quality and percent standard error of 
estimates in the nigrostriatal regions of a representative HC 
participant and PD patient presented in Supplemental Fig. 5 
also demonstrated acceptable fit quality of SRTM with true 
75-min striatal data. The results suggested that the striatal 
DVRs estimated from SRTM using 75 min of dynamic data 
are comparable to those derived from 90 min of data.
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in the HC group and implementing relevant quantification 
methods might aid in quantifying the age-dependent effects.

We also noted high tracer uptake at late phase in the lungs 
of three HC participants and one PD patient (Supplemental 
Fig. 10). The lung SUVmean curves demonstrated that the 
peak SUVmean of the HC was higher than that in the PD 
group (Supplemental Fig. 9B), yet the difference was not 
statistically significant (student’s t test, 6.27 ± 2.44 for HC 
vs. 4.99 ± 2.27 for PD, p = 0.40). No history of lung-related 
diseases was identified in any of the eleven participants 
from the medical record or CT images. A prior investigation 
into DAT immunoreactivity indicated high DAT expres-
sion in the lungs [7], hinting at a potential avenue for future 
research exploration.

The motion and partial volume correction for small tissue 
in total-body PET quantification are still challenging. The 
accuracy of the estimated model parameters might be biased 
by body motion or partial volume effects on our dynamic 
PET data, as fully recognized and discussed in a previous 
dynamic total-body PET study [28, 51]. The moving aver-
age reference-based head motion correction and frame-by-
frame VOI delineation of the stomach wall performed in this 
study were expected to reduce such bias. We also employed 
the OSEM with PSF in our image reconstruction to reduce 
the partial volume effects for both HC and PD groups. The 
blood pool we chose for the input function of the compart-
ment modeling was descending aorta, which demonstrated 
negligible motion during dynamic scans for its proximity 
to the spine. Previous study also showed the feasibility of 
using descending aorta as the input function to generate 
high-quality parametric images in the dynamic total-body 
study of [18F]FDG [51]. More appropriate motion and par-
tial volume correction algorithms designated for dynamic 
total-body PET/CT quantification could be applied to fur-
ther reduce the artifacts.

Conclusion

The R1 and DVR parametric images generated from the 
SRTM model with LRSC algorithm, along with the semi-
quantitative measurements of SUVREP and SUVRLP, were 
proposed to quantify the dynamic total-body [11C]CFT 
PET/CT in HC and PD groups. The distinct patterns in cor-
relative interplays between the nigrostriatal and digestive 
regions of HC and PD participants may offer new perspec-
tives in comprehending the disease mechanism.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00259-
024-06638-5.

could be used in the future to confirm the specific binding 
especially in human digestive organs.

Metabolites of [11C]CFT may play a significant role in 
the quantification, especially in the digestive organs with 
the lack of blood-brain barrier. Our study is limited by not 
identifying a specific fraction of the intact [11C]CFT signal 
for the digestive regions in human. Nevertheless, previ-
ous studies suggested that [11C]WIN 35,428 (β-CFT), as 
a phenyltropane compound with the absence of one of the 
ester groups of cocaine [46, 47], may be more resistant to 
the metabolic degradation [20]. Laakso et al. stated that the 
metabolized activity of [18F]CFT would be under 20–30% at 
3–4 h post-injection, and whether the metabolites cross the 
blood-brain barrier was not known [48]. We also employed 
the population-based metabolite correction on the image-
derived input function using the population data from Zhou 
et al. [18] in the blood input-based kinetic modeling of this 
study. The plasma parent fraction using the population data 
of 19 normal human participants [18] as shown in Supple-
mental Fig. 7 demonstrated that more than 85% of the intact 
[11C]CFT remained in the plasma at 75 min. In addition, we 
assessed the 2T4K VT for all target areas using VOI-based 
analysis, employing the image-derived descending aorta 
TAC as input, both with and without applying population-
based metabolite correction, as demonstrated in Supplemen-
tal Fig. 8. The comparison revealed a significant correlation 
(r = 0.99, p < 0.001) between the VT estimated by two meth-
ods. The absence of metabolite correction induced an aver-
age of 7.2% underestimation of VT. Our results suggested 
that the tracer metabolism of [11C]CFT was not expected to 
dramatically change the tracer distribution in the nigrostria-
tal and digestive regions. The previous literature also showed 
that the liver is able to clear the circulating catecholamines, 
including DA [7]. The liver SUVmean curves of HC and PD 
in our study suggested a slightly higher SUVmean at 75 min 
in the PD group but no significant difference across two 
groups (student’s t test, 7.21 ± 0.95 for HC vs. 7.85 ± 2.83 
for PD, p = 0.65) (Supplemental Fig. 9A). This result sug-
gests that there may be a negligible difference in peripheral 
metabolites of DA levels between HC and PD groups after 
the physiological control by the liver, which should be vali-
dated in a larger cohort.

Although an age-dependent decrease in the striatal 
uptake of [11C]CFT was observed in rats by Kawamura et al. 
[49], the kinetic analysis-based striatal binding potential of 
[11C]CFT was not identified in the same study. In a human 
L-6- [18F]fluoro-Dopa PET study, no decline was found in 
tracer uptake of the volunteers with age 27–76 [50]. With 
our limited sample size, we were unable to identify a clear 
relationship between age and [11C]CFT kinetic estimates 
of target regions. Recruiting more participants of older age 
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