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One-sentence Summary:  
Molecular imaging with positron emission tomography now provides a tool to non-invasively 

assess cholesterol homeostasis in the living human brain. 

 

 

Abstract 
 

Alterations in brain cholesterol homeostasis have been broadly implicated in neurological disorders. 

Notwithstanding the complexity by which cholesterol biology is governed in the mammalian brain, 

excess neuronal cholesterol is primarily eliminated by metabolic clearance via cytochrome P450 

46A1 (CYP46A1). No methods are currently available for visualizing cholesterol metabolism in 

the living human brain; therefore, a non-invasive technology that quantitatively measures the extent 

of brain cholesterol metabolism via CYP46A1 could broadly impact disease diagnosis and 

treatment options using targeted therapies. Here we describe the development and testing of a 

CYP46A1-targeted positron emission tomography (PET) tracer. 18F-CHL-2205(18F-Cholestify). 

Our data show that PET imaging readouts correlate with CYP46A1 protein expression and with the 

extent to which cholesterol is metabolized in the brain, as assessed by cross-species post-mortem 

analyses of specimens from rodents, non-human primates and humans. Proof-of-concept of in vivo 

efficacy is provided in the well-established 3xTg-AD murine model of Alzheimer’s disease (AD), 

where we show that the probe is sensitive to differences in brain cholesterol metabolism between 

3xTg-AD mice and control animals. Further, our clinical observations point towards a considerably 

higher baseline brain cholesterol clearance via CYP46A1 in women, as compared to age-matched 

men. These findings illustrate the vast potential of assessing brain cholesterol metabolism using 

PET and establish PET as a sensitive tool for non-invasive assessment of brain cholesterol 

homeostasis in the clinic. 

 
 

  



Introduction 
 

Brain cholesterol homeostasis is tightly regulated by a molecular machinery that orchestrates the 

biosynthesis, transport, metabolism and clearance of cholesterol from the mammalian central 

nervous system (CNS) (1-4). Despite the various players involved in neuronal cholesterol 

regulation, exchange of plasma and brain cholesterol is precluded by the blood-brain barrier (5).  

Along this line, brain cholesterol is synthesized in situ, namely, by astrocytes and neurons (1).  3-

hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase catalyzes the rate-limiting step in the 

biosynthesis of cholesterol, whereas cytochrome P450 46A1 (CYP46A1) facilitates the clearance 

of cholesterol from the CNS (6-8). Indeed, CYP46A1 is highly expressed in neurons and constitutes 

the primary cholesterol clearance pathway by mediating the conversion of cholesterol to 

24-hydroxycholesterol – a metabolite that readily penetrates the blood-brain barrier and can be 

eliminated from the CNS (5, 9).  

 

Several lines of evidence point towards a disturbed balance of brain cholesterol homeostasis in  a 

variety of neurodegenerative, inflammatory, and vascular mechanisms of brain disease across the 

lifespan, however, underlying mechanisms are not fully understood (10-12). Indeed, a balanced 

brain cholesterol turnover is required for key physiological functions including synaptic plasticity, 

learning and memory function in the mammalian brain (13). Of note, cholesterol metabolism is 

impaired in Huntington’s disease (HD), with attenuation of CYP46A1 expression in the striatum 

across different species (14-16).  Whereas the knockdown of CYP46A1 in the mouse striatum 

triggers neurodegeneration, CYP46A1 overexpression reverses disease pathology in the R6/2 and 

zQ175 mouse models of HD (14, 16). Further, polymorphisms in the gene encoding for CYP46A1 

have been linked to Alzheimer’s disease (AD) (17). Given that CYP46A1 is responsible for the 

clearance of excess cholesterol from neurons, dysfunction of CYP46A1 may ultimately contribute 

to an enhanced neuronal accumulation of cholesterol esters – a storage form of cholesterol that was 

shown to be detrimental in AD (18, 19). Indeed, there is emerging evidence suggesting that an 

impaired balance between cholesterol biosynthesis and clearance from the CNS leads to the 

formation of cholesterol ester deposits, thereby promoting amyloidogenic processing of the 

amyloid precursor protein (APP) to amyloid β (Aβ) (12, 19-25). CYP46A1-mediated reduction of 

cholesterol esters was shown to independently attenuate Aβ and tau pathology in isogenic induced 

pluripotent stem cell (iPSC)-derived AD neurons (19). Hence, accounting for changes in 

cholesterol clearance via CYP46A1 is critical to elucidate underlying causes of the impaired brain 

cholesterol homeostasis in neurodegenerative disorders.  



Attempts to assess the plasma concentration of 24-hydroxycholesterol as a surrogate measure for 

CYP46A1 activity in the brain have yielded conflicting results (26-28). Some studies suggested 

that patients with mild cognitive impairments and early stages of AD present with augmented 

concentrations of 24-hydroxycholesterol in the plasma, whereas others found no differences 

between healthy individuals and individuals with AD (27, 28). Beyond AD, 24-hydroxycholesterol 

has been suggested as a potential biomarker for HD (29), autism (30), epilepsy (31), depression 

(32) and Parkinson’s disease (PD) (33). A critical consideration is that 24-hydroxycholesterol is 

highly susceptible to metabolism in the liver (34, 35). As such, the correlation of 24-

hydroxycholesterol plasma concentrations with CYP46A1 function is confounded by downstream 

metabolic processing of 24-hydroxycholesterol in the periphery, raising substantial concerns about 

the reliability of 24-hydroxycholesterol as a plasma biomarker of brain cholesterol metabolism (34). 

Overall, a reliable and non-invasive procedure to assess brain cholesterol clearance via CYP46A1 

is currently lacking, which constitutes an unmet need in research and contemporary clinical practice.  

 

Given the key role of cholesterol homeostasis in mammalian aging and brain diseases, a non-

invasive technology that quantitatively measures the extent of brain cholesterol metabolism could 

broadly impact disease diagnosis as well as treatment options using targeted therapies. Here, we 

developed and tested in animal models and in humans a CYP46A1-targeted positron emission 

tomography (PET) tracer. We demonstrate that the developed probe provides accurate non-invasive 

quantification of CYP46A1 abundancy and cholesterol metabolism across different regions of the 

rodent, non-human primate (NHP) and human brain. In a proof-of-concept study, we show that the 

tracer is sensitive to differences in brain cholesterol metabolism between 3xTg-AD mice and wild-

type animals. Further, we provide preliminary evidence for considerable differences in brain 

cholesterol metabolism between healthy women and men undergoing CYP46A1-targeted PET 

imaging.   

 

Results 
PET tracer co-localizes with CYP46A1 and 24-hydroxycholersterol in the rodent 

brain 
We hypothesized that a targeted PET imaging probe would allow the quantification of cholesterol 

metabolism in the living brain, ultimately paving the way for mechanistic studies on brain 

cholesterol metabolism in humans. As such, structure-activity relationship studies (Fig. S1) were 

performed and led to the discovery of a highly potent ligand for CYP46A1, which was labeled with 



fluorine-18 via the boronic pinacol ester precursor (Fig. 1A and Fig. S2-S3). The resulting PET 

tracer, 18F-CHL-2205 (named 18F-Cholestify), exhibited a selectivity for CYP46A1-rich areas of 

the rodent brain by in vitro autoradiography (Fig. 1A). Highest tracer binding was observed in the 

CYP46A1-rich cortical, hippocampal, striatal, and thalamic structures, whereas lower abundancy 

was reported in the cerebellum. The tracer distribution matched closely with the Allen Brain Atlas 

distribution of CYP46A1 expression data in the mouse brain (36). Quantification of CYP46A1 by 

Western blot analysis in the same brain regions confirmed that tracer binding patterns were indeed 

in concert with CYP46A1 expression across all tested brain regions (Fig. 1B). Prior to conducting 

in vivo experiments, saturation binding studies were performed to determine the dissociation 

constant (KD) of the probe as well as to assess the amount of available CYP46A1 protein (Bmax) in 

selected brain regions. Bmax values ranged from 117.3 ± 17.7 fmol/g in the striatum to 21.9 ± 3.3 

fmol/g in the cerebellum (p<0.001, Fig. 1C),  and a subnanomolar KD value of 0.36 ± 0.06 nM was 

obtained in the striatum (Fig. S4). Further, pharmacological screening on major CNS targets, 

including common GPCRs, ion channels, enzymes and transporters at a testing concentration of 10 

μM revealed no off-target activity of target compound CHL-2205 (Fig. S5). 

 

Cholesterol interacts with the orthosteric CYP46A1 binding site, triggering its conversion to 24S-

hydroxycholesterol in the mammalian brain (Fig. 1D). To define the molecular interactions 

between CHL-2205 and CYP46A1, we conducted docking studies, thereby harnessing previously 

reported crystal structures of CYP46A1. Out of the three available crystal structures, PDB:3MDT 

(37) and PDB:7LRL (38) were used due to co-crystallization of CYP46A1 with voriconazole or 

soticlestat, respectively (39). However, these two crystal structures did not encompass the complete 

structure of CYP46A1. Accordingly, a third crystal structure, PDB:3MDM (37), was included in 

the study, which encompassed the complete structure of CYP46A1. When CHL-2205 was docked 

to CYP46A1, the binding pose resembled that of voriconazole, thioperamide, and soticlestat, 

indicating that CHL-2205 constitutes an orthosteric ligand, which is in accordance with 

experimental findings showing competitive displacement of 18F-CHL-2205 by voriconazole and 

soticlestat (Fig. S6). Fig. 1E summarizes the interactions of CHL-2205 observed within the 

CYP46A1 cavity for the crystal structure PDB:3MDM. Similar docking results were obtained with 

PDB:3MDT and PDB:7LRL (Fig. S7-S8). 

 
18F-CHL-2205 was stable against radiodefluorination when incubated with mouse, rat, NHP and 

human liver microsomes (Fig. S9). Based on these encouraging in vitro findings, PET imaging 

studies were conducted by intravenous injection of 18F-CHL-2205 to rats. Systemic administration 



resulted in a rapid tracer uptake into the brain – with similarity between in vitro and in vivo tracer 

binding patterns (Fig. 1F). In line with these observations, we found that >99% of the brain signal 

was attributed to the intact parent tracer and that the brain signal was virtually devoid of interference 

by radiometabolites (Fig. S10). By ex vivo studies, we observed that > 90% of the signal in the 

brain was specific at 15, 30 and 45 min post injection (Fig. S10). Dosimetry experiments revealed 

an effective dose of 0.012 mSv/MBq, and PET studies in mice corroborated the probe selectivity 

for the CYP46A1-rich striatum (Fig. S11-S12). These results indicated that 18F-CHL-2205 PET 

can be used to visualize CYP46A1 in vivo. Overall, in vitro autoradiography and ex vivo 

biodistribution studies suggested an excellent specificity of  18F-CHL-2205 towards CYP46A1 

(Figs. S5 and S10).  

 

In a next step, cell uptake studies were conducted with transfected human embryonic kidney (HEK) 

cells over expressing human CYP46A1 (hCYP46A1) and respective controls, as depicted in Fig. 

1G. Transfected cells displayed a 5-fold increase in cell uptake, as compared to the controls, which 

was observed at early incubation time points and did not change over time (Fig. 1G). Further, the 

tracer signal of the transfected cell population was attenuated in a dose-dependent manner by co-

incubation with escalating doses of soticlestat.  

 

A key consideration in CNS-targeted PET constitutes the ability of the tracer to selectivity bind to 

a target protein while lacking interactions with other abundant brain proteins. To assess whether 
18F-CHL-2205 exhibited such selectivity, we compared the brain binding patterns between 

CYP46A1 knock-out (CYP46A1-/-) and respective control (CYP46A1+/+) mice (Fig. 1H). High 

tracer binding was observed in the control brain, whereas the signal  diminished in the brains of 

CYP46A1-/- animals. A blockade experiment with excess dose of the CYP46A1 inhibitor, 

soticlestat (40), showed that the tracer binding in control brains was reduced to the signal observed 

in CYP46A1-/- animals, corroborating the tracer selectivity for CYP46A1.  

 

To assess whether PET imaging findings not only reflected the abundancy of CYP46A1, but also 

the extent to which neuronal cholesterol was metabolized to 24-hydroxycholesterol in distinct brain 

regions, the amount of 24-hydroxycholesterol was measured by advanced mass spectrometry, (41). 

There was a strong correlation between the PET signal in vivo and amount of 24-

hydroxycholesterol ex vivo across all tested brain regions (R2=0.893, p=0.001), suggesting that the 

PET scan can be used to quantify the metabolic activity of CYP46A1 in the living brain (Fig. 1I). 

When the same experiment was conducted with a related brain cholesterol metabolite, 24.25-



epoxycholesterol, that is formed via CYP46A1-dependent and CYP46A1-independent enzymatic 

reactions, the correlation was lost (R2=0.07, p=0.58, Fig. S13). These results indicated that the PET 

signal might serve as a non-invasive surrogate measure for the extent of cholesterol turnover to 24-

hydroxycholesterol across different brain regions. 

 

Given the potential importance of CYP46A1 in neurodegenerative diseases such as AD, we 

assessed the tracer binding in the validated 3xTg-AD mouse model. This model is widely used and 

exhibits some similarities with histopathological and behavioral features of clinical AD (42, 43). 

Hippocampal uptake of the CYP46A1 tracer was compared between 3xTg-AD mice and respective 

controls. Following intravenous administration of the CYP46A1 tracer, time-activity curves were 

consistently higher in the hippocampus of 3xTg-AD mice than in controls (Fig. 1J, upper panel), 

pointing towards an increased metabolic clearance of brain cholesterol by CYP46A1 in the AD 

model. When CYP46A1 binding sites were presaturated (blocked) with excess non-radioactive 

CHL-2205, tracer uptake in 3xTg-AD and control mice was reduced to the same baseline signal 

(Fig. 1J, lower panel), supporting the notion that differences in tracer uptake were indeed attributed 

to distinct bioavailability of CYP46A1.   

 

Targeted PET predicts CYP46A1 abundancy and allows the quantification of drug-

CYP46A1 interactions in the brains of non-human primates 
In a next step, PET imaging experiments were conducted in non-human primates. In line with 

observations from rodent data, the signal intensity of tracer binding was consistent with high 

abundancy regions for CYP46A1, including the putamen, caudate and limbic cortical regions such 

as superficial layers of temporal, insular, and cingulate cortex, as evidenced by in vitro 

autoradiograms of the brain (Fig. 2A). By co-incubation with excess soticlestat (blocker in Fig. 

2B), an highly selective inhibitor of the enzyme cholesterol 24-hydroxylase (CH24H), a relative 

signal reduction of 87.2 ± 0.06% was observed (Fig. 2B), suggesting that the tracer is specific 

towards CYP46A1 in non-human primates. Next, the tracer was injected intravenously to rhesus 

monkeys and the time-activity curves in the brain were recorded by PET over a scan duration of 90 

min. Regional brain distribution of the tracer was consistent between in vitro autoradiograms and 

in vivo PET (Fig. 2C, R2=0.885, p<0.001), thereby showing highest tracer uptake in the putamen, 

caudate, and cortical regions, followed by the thalamus and hippocampus. Lowest tracer uptake 

was detected in the cerebellum, brain stem and white matter regions, implying that these regions 

exhibited poor CYP46A1 abundancy.  

 



The assessment of target engagement constitutes a fundamental component of early-stage drug 

discovery and development in neuroscience (44, 45). To test whether targeted visualization and 

quantitative assessment of drug-CYP46A1 interactions in the brain of non-human primates could 

be obtained with this PET tracer, we performed a dose-response experiment using soticlestat as a 

model compound. It should be noted that soticlestat  and is currently under clinical evaluation 

(NCT04938427). Employing a broad array of soticlestat i.v. doses, ranging from 0.04 to 0.9 

µmol/kg, a consistent dose-dependent PET signal attenuation was observed, which allowed target 

occupancy modeling with noteworthy model accuracy across different brain regions (Fig. 2D and 

Fig. S14). D50 values (dose that exhibits 50% target occupancy) were around 0.1 µmol/kg for the 

hippocampus, striatum (caudate/putamen) and prefrontal cortex, with a target occupancy > 90% 

achieved at the dose of 0.9 µmol/kg for all regions. These results demonstrate that 18F-CHL-2205 

PET serves as a valuable tool to assess the extent to which CYP46A1 inhibitors engage with their 

target at a given dose regimen. 

 

A major consideration of neuroimaging is that the PET image reflects a balance between multiple 

dynamic molecular processes that may include tracer delivery to the brain, binding to the desired 

target protein, potential metabolism or cellular internalization as well as washout from the brain. 

To assess the extent to which the PET signal reflected tracer binding to CYP46A1, kinetic modeling 

was performed and tissue volumes of distribution (VT) as well as non-displaceable binding 

potentials (BPND) were calculated from a two-tissue compartment model. VT constitutes the ratio of 

tracer concentrations in the target region vs. in the plasma at equilibrium, whereas BPND can be 

considered a quantitative index of in vivo target abundancy (46, 47). Employing kinetic modeling, 

we found that VT values across different brain regions revealed a comparable pattern to what was 

observed from PET images (Fig. 2E). These findings were further corroborated by a strong 

correlation between the PET signal and kinetic modeling parameters (PET vs. BPND, R2=0.885, 

p<0.001 and PET vs. VT, R2=0.896, p<0.001, Fig. 2F). Similarly, the PET signal correlated with 

the expression of CYP46A1, as assessed by Western blot analysis of post-mortem brain tissue (PET 

vs. Western blot analysis, R2=0.844, p<0.001, Fig 2G). These results suggest that PET imaging 

reflects the abundancy of CYP46A1 across different brain regions of non-human primates.  

 

Quantitative assessment of cholesterol metabolism in the living human brain  
Eight healthy participants (n=4 each sex, female vs. male mean age, 24.5 ± 1.0 y vs. 27.5 ± 2.0 y, 

p=0.23) underwent a PET scan with 18F-CHL-2205, followed by a magnetic resonance imaging 

(MRI) scan for anatomical orientation. The study design is outlined in Fig. 3A. Due to the relatively 



short physical half-life of fluorine-18 (109.8 min), the tracer was produced on the day of the 

experiment in a designated hot cell that provided shielding from radiation exposure and was 

equipped with an automated synthesis module. Scans were performed for a duration of 90 min and 

the data was subsequently reconstructed to allow the assessment of tracer uptake as a surrogate for 

CYP46A1 abundancy and cholesterol metabolism. Averaged standardized uptake values for a PET 

scan duration of 90 min (SUV0-90) revealed a heterogenous tracer accumulation pattern in the 

human brain, with areas of high radioactivity in the cortical, thalamic and basal ganglia regions 

(Fig. 3B). In sharp contrast, brain areas with limited CYP46A1 abundancy such as the cerebellum, 

brain stem and corpus callosum revealed the lowest tracer accumulation (putamen vs. cerebellum, 

6.9 ± 0.7 vs. 2.5 ± 0.2, p<0.001; putamen vs. pons, 6.9 ± 0.7 vs. 2.9 ± 0.4, p<0.001; putamen vs. 

corpus callosum, 6.9 ± 0.7 vs. 2.2 ± 0.3, p<0.001, Fig. 3B). Hence, the distribution and in vivo 

binding of 18F-CHL-2205 in the human brain closely matched the binding patterns in the rodent 

and nonhuman primate brain. No adverse events were observed in any of the participants during 

the entire study. 

 

For patients undergoing PET imaging,  scan duration of 90 min constitutes a major challenge 

because minor head movements may prompt detrimental effects on the image quality. To shorten 

the required scan duration in future studies, we next assessed whether averaged standardized uptake 

values from 15-30 min post tracer injection (SUV15-30) proved useful for quantitative PET. Indeed, 

a comparison between SUV15-30 (Fig. 3C) with regional tissue volumes of distribution (Fig. 3D) 

and binding potentials (Fig. 3E) revealed a virtually identical distribution pattern across a broad 

range of tested brain regions. The latter observation was further supported by the strong relationship 

between SUV15-30 and BPND (R2=0.989, p<0.001), which was comparable to that of SUV0-90 vs. 

BPND (R2=0.959, p<0.001, Fig. 3F). These findings indicated that targeted PET accurately 

predicted the bioavailability of CYP46A1 in humans, with a relatively short scan duration of 15 

min.  

 

To provide further evidence corroborating that quantitative PET constitutes an accurate surrogate 

measure of CYP46A1 tissue density in various brain regions, we performed Western blot analysis 

with post-mortem specimens of healthy human brains. As depicted in Fig. 3G, quantification of 

CYP46A1 by Western blot analysis revealed high target protein expression in the caudate, putamen 

and various cortical regions, whereas  lowest CYP46A1 abundancy was found in the cerebellum, 

pons and white matter. The strong relationship observed between PET and Western blot analysis 

across various brain areas (R2=0.894, p<0.001, Fig. 3G) further indicates that the PET signal 



constitutes an accurate non-invasive measure of CYP46A1 protein density, providing a potential 

valuable tool to assess cholesterol metabolism in the living human brain.  

 

Finally, we assessed whether CYP46A1-targeted PET was sensitive to sex differences in brain 

cholesterol metabolism. Women generally showed a higher brain PET signal, and the regional 

values of SUV15-30 in the caudate and putamen (CYP46A1-rich regions) were higher in women than 

in men (Fig. 3H). Conversely, there was no difference in tracer uptake for low target density regions 

such as the cerebellum and brain stem (Fig. 3I). These findings imply that considerable sex 

differences in brain cholesterol metabolism via CYP46A1 exist in humans. 

 

Discussion 
Our findings document the non-invasive in vivo quantification of brain abundancy and activity of 

CYP46A1, the primary enzyme responsible for clearance of cholesterol from the mammalian CNS. 

We developed a PET tracer, 18F-CHL-2205 (18F-Cholestify) for CYP46A1 and demonstrated that 

molecular imaging readouts correlate with CYP46A1 protein expression and the extent to which 

brain cholesterol is metabolized to 24-hydroxycholesterol, as assessed by post-mortem analyses of 

brain specimens from rodents, non-human primates and humans. Initial data indicate potential 

differences in CYP46A1-related tracer uptake between a mouse model of AD (3xTg-AD) and wild 

type animals. Finally, our findings point towards considerable differences in brain cholesterol 

metabolism via CYP46A1 between women and men.  

 

The proper balance between cholesterol biosynthesis and clearance is a key feature of the healthy 

mammalian CNS. As such, a wealth of evidence generated over the past decades has linked 

impaired neuronal cholesterol homeostasis to several common neurological disorders including AD. 

In spite of the complexity by which cholesterol content seems to be regulated in the mammalian 

brain, CYP46A1 has been deemed critical to the brain cholesterol homeostasis due to its primary 

role in eliminating excess cholesterol from the CNS (9, 48, 49). Small-animal PET imaging allowed 

us to show  an enhanced CYP46A1-related signal in the brains of 3xTg-AD mice, as compared to 

control animals. Consistent with this observation, several previous studies have reported on 

augmented concentrations of 24-hydroxycholesterol in the cerebrospinal fluid (CSF) of patients 

with mild cognitive impairments and early AD (50-54). Indeed, it is currently hypothesized that 

CYP46A1 function is enhanced in early AD, as an attempt to eliminate excess neuronal cholesterol 

and attenuate further accumulation of amyloidogenic cholesterol esters (19-25, 52). Further, it 



should be noted that patients with advanced AD tend to present with blunted concentrations of 24-

hydroxycholesterol, potentially owing to the loss of neurons in CYP46A1-expressing brain areas 

(48). Although degeneration of neurons is less pronounced in mouse models of AD compared to 

patients (55), these observations raise concerns about the interpretation of CYP46A1 protein 

measurements in AD patients, particularly those with advanced disease stages. As such, future 

studies comprising CYP46A1-targeted PET in patients with AD must account for neuronal cell loss 

as a potential confounder.  

 

To assess probe specificity, we employed validated CYP46A1 inhibitors such as voriconazole and 

soticlestat. In contrast to voriconazole and soticlestat, efavirenz was shown to trigger CYP46A1 

activation at lower concentrations via allosteric modulation mechanism, potentially owing to a 

conformational change that affects the orthosteric binding site (56). Such conformational change 

may have affected tracer binding in unpredictable ways, thus rendering it challenging to gain 

insightful information from PET imaging in the presence of efavirenz. As such, we did not attempt 

to conduct PET studies in the presence of efavirenz and.  

 

Notwithstanding the compelling evidence linking brain cholesterol dysregulation to neurological 

disease, the current tools for measuring brain cholesterol homeostasis present major shortcomings. 

These include the invasive nature of lumbar punctures to study CSF markers, the susceptibility to 

confounding factors for plasma markers (35), the limited information on affected brain areas, as 

well as the lack of clinically validated probes for non-invasive molecular imaging. Based on the 

extensive cross-species work demonstrating the specificity and selectivity of our PET tracer for 

CYP46A1, the tool for the assessment of CYP46A1 abundancy in humans developed here 

constitutes a major step forward and enables mechanistic studies on brain cholesterol metabolism 

in AD and other conditions. Our studies revealed a generally high tracer uptake in the brain, with 

persistently high uptake only in CYP46A1-rich areas. Although we found that most high expression 

regions were conserved across species, the hippocampus constituted a notable exception. This area 

was among the high-expression regions in rodents, whereas lower CYP46A1 expression was noted 

in non-human primates and humans. The underlying causes are currently unclear; however, we can 

speculate that  attenuated CYP46A1 expression in higher species may ultimately render them more 

susceptible to excess cholesterol accumulation in hippocampal neurons, thereby contributing to an 

increased likelihood of spontaneous amyloidogenic processes (19-21). Consistent with this 

reasoning, positive allosteric modulation of CYP46A1 has recently been suggested as potential 

treatment approach in AD (57-59). Similarly, hippocampal overexpression of CYP46A1 via adeno-



associated vector (AAV) therapy markedly reduced Aß40/42 peptides and Aß oligomers, improved 

spatial memory deficits and reversed microgliosis as well as astrocytosis in the APP23 transgenic 

model of AD (60). Despite the solid evidence pointing towards a protective role of CYP46A1 in 

AD, it remains to be elucidated whether CYP46A1 activation is a viable strategy for treating AD. 

The effectiveness of CYP46A1-targeted PET as a surrogate marker of cholesterol metabolism 

opens up the possibility that this probe could become a powerful imaging biomarker for impaired 

cholesterol homeostasis as well as for assessing response to therapy. 

 

Sex differences in the biology of brain cholesterol have previously been reported. Indeed, several 

studies suggest that sex affects the AD risk conferred by apolipoprotein E4 (APOE4), which is 

involved in transporting cholesterol from astrocytes to neurons (61-64). Of note, female carriers of 

the APOE ε4 allele exhibit a higher risk of AD onset, or conversion from mild cognitive impairment 

(MCI) to early AD, than male carriers (61-64). Our findings now indicate that differences in 

cholesterol metabolism via CYP46A1 may further contribute to the observed sex disparities in brain 

cholesterol biology. However, studies assessing the link between APOE genotype and brain 

cholesterol metabolism in humans are scarce. The availability of a validated CYP46A1 PET tracer 

could allow such mechanistic studies in patients without the requirement for an invasive procedure. 

From an epidemiological point of view, a gender bias has previously been reported in patients with 

dementia. For instance, AD affects women twice as often as men (65). Further, women tend to 

convert faster from mild cognitive impairment (MCI) to AD (66). Nonetheless, molecular 

mechanisms contributing to these disparities are largely unexplored. Considering the emerging role 

of CYP46A1 as a potential therapeutic target in AD, it is conceivable that sex disparities in 

CYP46A1 abundancy may constitute a clinically relevant observation. It should be noted, however, 

that the present findings were observed in healthy individuals and may not necessarily hold true in 

patients. Future studies in female and male patient populations will shed light on the extent to which 

CYP46A1 regulation contributes to the gender bias in AD. In addition to gender differences, age-

dependent changes in CYP46A1 abundancy have previously been reported (5). By post-mortem 

analysis, the authors found that human CYP46A1 expression increases from infancy to childhood 

and remain relatively stable thereafter. Nonetheless, a systematic quantitative assessment of 

CYP46A1 abundancy in the aging brain is currently lacking. The availability of a non-invasive 

imaging tool to quantify CYP46A1 abundancy in the living human brain will offer the opportunity 

to address this question in adequately powered clinical studies. 

 



There are limitations to this study that should be pointed out. Our clinical cohort of healthy 

individuals was relatively small – with only eight individuals in total. This is, in part, due to the 

challenge of recruiting healthy people without underlying medical condition to undergo diagnostic 

medical imaging that involves radiation exposure, notwithstanding the lack of therapeutic 

interventions. As such, the observed sex differences warrant confirmation in larger clinical studies 

involving patients. In addition, although the PET signal was reduced to virtually identical intensity 

between 3xTg-AD and control animals in the absence of free CYP46A1, suggesting that tracer 

uptake was dependent on available CYP46A1 binding sites, residual confounders that may have 

resulted from distinct tracer delivery to the brains of 3xTg-AD mice and respective controls were 

not assessed in the present study. Another limitation of our study is that no data was obtained on 

24S-hydroxycholesterol concentrations in the cerebrospinal fluid. Such data would have been 

useful to further corroborate the utility of CYP46A1-targeted PET to assess brain cholesterol 

homeostasis in humans. 

 

In conclusion, we believe that the tracer developed here will be of  relevance to the neuroscience 

community where quantification of cholesterol metabolism with traditional approaches such as 

plasma concentrations of 24-hydroxycholesterol necessitate to be improved. Although 

neurodegenerative disorders are perhaps the most compelling examples of potential future use of 

this tracer, it may further be harnessed to better define the role of cholesterol metabolism in other 

age- and sex-related brain disorders and improve our understanding of existing gender disparities 

with regard to various neuropathologies. In the era of precision medicine, the use of molecular 

imaging to track early response to targeted therapies may ultimately facilitate the search for long-

sought disease-modifying therapies.  

 

Materials and Methods 
Study design 

The aim of this study was to develop a translational molecular imaging tool for the assessment of 

cholesterol turnover in the brain. As such, we targeted CYP46A1 – a brain-specific hydroxylase 

that is primarily responsible for cholesterol clearance from the CNS – with a structurally optimized 

PET tracer. We characterized the tracer in vitro using brain tissues and performed in vivo studies 

in rodents, non-human primates and humans. All biological and animal experiments were 

performed in accordance with the Institutional Animal Care and Use Committee (IACUC) under 

protocols approved by the Massachusetts General Hospital or Emory University. Sample sizes for 



preclinical and clinical investigations were determined empirically, based on previous experience 

with CNS-targeted PET ligand development, and were indicated in the respective sections. Further, 

research objectives, subjects and experimental details of the clinical study were described in the 

respective experimental section. An overview of the clinical study design is provided in Fig. 3A. 

Clinical studies were conducted in adherence with Good Clinical Practice standards, as well as in 

accordance with the ethical standards of the 1964 Helsinki declaration and its later amendments. 

The clinical study was approved by the appropriate Institutional Review Board (IRB). No 

randomization or blinding was performed as all study participants underwent the same imaging 

process. Clinical study participants or their legal guardians were informed of the nature of the study 

and the potential risks involved prior to providing written consent.  

 

Western blot experiments 

Rat, non-human primate and human brain tissues were harvested and homogenized in freshly 

prepared RIPA buffer containing protease and phosphatase inhibitors (Thermo Scientific, A32961) 

and 1 mM PMSF protease inhibitor (Thermo Scientific, 36978). The supernatant was quantified 

using the BCA method and lysates were subjected to SDS-PAGE, electrophoretically transferred 

to PVDF membrane, blocked for 1 h in 5% BSA, and incubated overnight at 4°C with the primary 

CYP46A1 antibody or GAPDH antibody. Subsequently, the membranes were washed with TBST 

buffer and incubated with corresponding HRP-conjugated polyclonal secondary antibodies for 1 h 

at ambient temperature. Antibody complexes were visualized by enhanced chemiluminescence 

using ECL kits (BIO-RAD, 1705060 or 1705062S, USA). The antibodies used in this study include: 

CYP46A1 antibody (Millipore, MAB2259, 1:1000), GAPDH antibody (Abcam, ab181602, 

1:10000), goat anti-rabbit secondary antibody (Invitrogen, A16096,1:1000) and goat anti-mouse 

secondary antibody (Abcam, ab6789, 1:5000) 

 

 

In vitro autoradiography with brain tissues 

Rodent and NHP post-mortem brain tissue was embedded in Tissue-Tek (O.C.T.). Sections of 10-

20 µm thickness were prepared on a cryostat, mounted to glass slides and stored at -80 °C until 

further use. Prior to in vitro autoradiography experiments, brain sections were initially thawed for 

10 min on ice and subsequently preconditioned for 10 min in the assay buffer (pH 7.4) containing 

50 mM TRIS and 0.1-1% fatty acid free bovine serum albumin (BSA) at ambient temperature. 

Upon drying, the tissue sections were incubated with 1 mL of the respective 18F-CHL-2205 solution 

(0.5-2 nM) for 20-30 minutes at 25 °C. For CYP46A1-blockade, 1 µM of soticlestat was added to 



the radiotracer solution. The brain sections were washed for 2x2 min in the washing buffer (pH 7.4) 

containing 50 mM TRIS and further dipped twice in distilled water, subsequently dried and exposed 

to a phosphor imager plate for 60 minutes. The films were scanned and images were analyzed using 

ImageQuant TL 8.1.  

 

Saturation binding experiments 

To assess the binding affinity of 3H-CHL-2205 towards CYP46A1, competitive radioligand 

binding assays using 3H-CHL-2205 and the non-radioactive reference were conducted. Briefly, rat 

or NHP brain membranes were homogenized and suspended in HEPES buffer (50 mM TRIS, 5 

mM MgCl2, 0.1 mM EDTA, pH 7.4). Brain membranes (0.23 mg of protein) were incubated in 

triplicate at 35 °C and with concentrations of 3H-CHL-2205 ranging between 0.1 and 20.4 nM in a 

total volume of 0.25 mL of HEPES buffer. Nonspecific binding of 3H-CHL-2205 was estimated 

with 3 μM CHL-2205. After 60 min incubation at 30°C, the samples were filtered, and the filters 

containing the membranes with bound 3H-CHL-2205 were measured in a β-counter. Bound 3H-

CHL-2205 (Bmax, fmol per mg protein) was fitted using GraphPad Prism 8.0.1. 

 

Cell uptake studies 

Cell uptake assays were conducted as previously reported (67). Human CYP46A1 Receptor-HEK 

cell line (HEK-CYP46A1) and HEK control cells were cultured in DMEM (Gibco, 10566016) 

supplemented with 10% fetal bovine serum (Hyclone, SH30088.03) as well as antibiotics 

(0.1 mg/ml streptomycin and 100 IU/ml penicillin). Cells were kept under standard conditions at 

37°C and 5% CO2, and subsequently subpassaged using a solution of 0.25% trypsin and 0.02% 

ethylenediaminetetraacetic acid (EDTA). For cell uptake measurement, HEK-CYP46A1 and HEK 

control cells were seeded into a 24-well plate at a density of 2×105 cells per well the day prior to 

the experiment. The medium was replaced with fresh DMEM medium including ca. 74 kBq/well 

of 18F-CHL-2205 and incubated at 37˚C for 15, 30 and 45 min. The supernatant was collected, and 

the cells were washed twice with cold 1x PBS and then harvested by adding 200 μL of 1 N NaOH 

followed by additional two times rinsing with 1x PBS. The blocking assay was preformed similarly 

to the procedure described above with the HEK-CYP46A1 cells, except that the non-radioactive 

reference compound, soticlestat, was added in various concentrations. The incubation time was 1 

h and the washing steps were only repeated once. Supernatant and cell suspensions including 1x 

PBS from each wash step were collected and then measured using a gamma counter, whereas cell 

uptake was expressed as the percentage of the added dose (%AD) after decay correction. The data 

points of cell uptake and blocking studies constitute averages of quadruplicate wells. 



 

 

Sterol measurements 

Sterol measurements were conducted as previously reported (68). Briefly, frozen tissue sections 

(10 μm thickness) on glass slides were dried in a vacuum desiccator, then a mixture of isotope-

labeled standards was sprayed onto the tissue followed by cholesterol oxidase (0.264 units/mL) in 

50 mM KH2PO4, pH7 (68). The samples were incubated at 37 °C for 1 h in a damp atmosphere, 

after which the slides were dried in a vacuum desiccator. [2H5]Girard P (GP) reagent (6.3 mg/mL 

of bromide salt) in 70% methanol, 5% acetic acid was sprayed on the dried tissue, which was then 

incubated in a methanol/water atmosphere at 37 °C for 1 h. The slides were removed and dried 

before analysis by liquid-extraction for surface analysis (LESA)-LC-MS (68). 

 

PET imaging studies in naïve rodents and 3xTg-AD mice 

All animal studies were conducted in accordance with the ARRIVE guidelines as well as the local 

animal protection law and were approved by the responsible authority. CD1, 3xTgAD mice and 

respective controls (sex: female, age: 9-13 months, Charles River Laboratories), as well as SD rats 

were purchased from established commercial vendors and kept under a 12-h light/12-h dark cycle, 

with ad libitum food and water. Animals were allowed to acclimatize for at least 1 week before the 

start of the experimental procedures. Mice and rats were anesthetized with isoflurane and scanned 

in a µPET/CT scanner (Sofie) for 60 min after tail-vein injection of 18F-CHL-2205. Data were 

reconstructed in user-defined time frames. Time–activity curves were calculated by PMOD, version 

4.2 (PMOD Technologies), with predefined regions of interest as previously reported (69). Results 

are presented as area under the curve (AUC) from the respective time-activity curves (TACs) of 

standardized uptake values (SUVs), indicating the decay-corrected radioactivity per cm3, divided 

by the injected dose per gram body weight. 

 

PET/CT and MRI imaging studies in rhesus monkeys 

Animal preparation, scan acquisition, and image analysis used were performed as previously 

reported (70). T1-weighted MR anatomical images were acquired on a 3.0 T scanner. Four rhesus 

monkeys (4.8-9.3 kg) were anesthetized by intramuscular injection of ketamine (10 mg/kg), and 

then put on the scanning bed in the supine position. Whole-brain images were acquired with a 3D 

Bravo T1 sequence. For PET, the subjects were initially anesthetized with ketamine (10 mg/kg; 

i.m.), put on the scanning bed, and maintained under anesthesia with 2% isoflurane and 98% oxygen. 

All rhesus monkeys were supine, a stereotactic frame was used to fix the subject’s position of the 



head. A bolus intravenous injection of 18F-CHL-2205 (104-176 MBq, 0.38-1.49 μg) was performed 

into the monkey through an intravenous catheter, followed by a dynamic PET scan of the head for 

90 min. For target occupancy studies, CYP46A1 inhibitor, soticlestat, was administered 

intravenously at the doses of either 0.0009, 0.0016, 0.014, 0.016, 0.05, 0.12, 0.32 and 0.34 mg/kg 

was injected, followed by the injection of 18F-CHL-2205. PET/CT and MR images were co-

registered as previously validated.(71, 72). Time-activity curves (TACs) were derived from the 

respective volumes of interest (VOIs) and were presented as standardized uptake values (SUVs), 

which were decay-corrected to the time of radioligand injection. Whole-blood samples were 

collected from an arterial catheter to measure radioactivity in whole-blood and plasma. Indeed, 

samples were centrifuged, and 100 μL of whole blood and plasma was measured in a gamma 

counter at 10, 20, 30, 40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, 600, 900, 1200, 1800, 2700, 

3920, 4500 and 5400 seconds following 18F-CHL-2205 injection. Plasma radiometabolite analysis 

was performed by collecting additional arterial blood samples (1.0-2.5 mL) at 2, 10, 30, 60 and 90 

min post injection. These samples were then centrifuged at 6500 rpm at 4 ºC for 5 min. Portions of 

the plasma (ca. 0.4 mL) were deproteinated using the same volume of ice-cold acetonitrile, 

vortexed, and separated by centrifugation for 3 min at 14500 rpm and 4 ºC. The supernatant was 

mixed with 0.02 mL of CH3CN in which the reference compound CHL-2205 (ca. 0.02 mg) was 

dissolved. Then, the mixture was injected into a HPLC system equipped with a semipreparative 

HPLC column (Phenomenex Luna 5 μm C18 100 Å, 250 x 10 mm) and a UV detector with 

wavelength set at 254 nm. The mobile phase consisted of acetonitrile/water (9/1, v/v) and the flow 

rate was 2.0 mL/min. The HPLC fractions were collected at 30 sec intervals for 13 min; each 

fraction was counted with automatic gamma well-counter (Wizard 2480, PerkinElmer). The results 

were corrected for background radiation and physical decay, whereas unmetabolized 18F-CHL-

2205 parent fraction was determined as the ratio of the sum of radioactivity in fractions containing 

the parent (reference) compound to the total amount of radioactivity collected. Tissue volumes of 

distribution (VT) and non-displaceable binding potential (BPND) values were determined from a 

two-tissue compartment model using the PKIN tool in PMOD v.4.2 (PMOD Technologies Ltd.), 

with metabolite-corrected arterial input function.   

 

Clinical study 

An open-label clinical study to evaluate the tolerability, safety and tracer performance 

characteristics of 18F-CHL-2205 in healthy volunteers (4 men and 4 women, 22 to 31 years of age) 

was conducted (Fig 3A). Prespecified outcomes of this study included tracer kinetics and 

distribution volumes of 18F-CHL-2205 in the brain, adverse events for up to 10 d following 



intravenous bolus administration of the tracer, as well as time-activity curves and binding potentials 

in prespecified brain regions. All subjects underwent a dynamic 90 min PET and MRI scan 

following injection of 18F-CHL-2205 (173.9 to 305.8 MBq, 1.57 to 3.63 µg). Individual MRI 

images were used for anatomical orientation and to delineate volumes of interest. Vital sign and 

ECG records were taken just before and after the scans. Two-tissue compartment model analyses 

were conducted using image-derived input functions from the carotid arteries, which provided 

excellent model fits. Volumes of distribution were further determined by logan graphical analysis 

and were used to calculate binding potentials. One individual was excluded from kinetic modeling 

due to limited image quality for the carotid artery. PET data is presented as standardized uptake 

values, averaged from 0-90 min (SUV0-90) or from 15-30 min (SUV15-30) post injection. SUV data 

was compared to binding potentials, as well as to regional-dependent CYP46A1 protein expression 

(Western blot quantification) in brain tissue specimens from previously deceased individuals, 

which were obtained from the Massachusetts Alzheimer's Disease Research Center (MADRC).  

  

Statistical analyses 

Continuous variables were presented as mean ± standard error of the mean (SEM). Student’s t test 

and analysis of variance (ANOVA) tests were used for group comparisons of continuous variables 

as appropriate. For multiple comparisons, Bonferroni correction was employed. Strength and 

direction of associations were assessed by Spearman’s rank-order correlation (rs). Linear 

regressions were performed as appropriate. A two-tailed P value of < 0.05 was considered 

statistically significant and statistical analyses were carried out with (GraphPad Prism version 

8.2.1). 

 

SUPPLEMENTARY MATERIALS 

Materials and Methods 

Fig. S1 – S14 

Tables S1, S2  
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Figure Legends 
 

Figure 1: PET tracer co-localizes with CYP46A1 and 24-hydroxycholersterol in the rodent brain. 

A) Radiosynthesis and autoradiographic distribution of the probe, 18F-CHL-2205 (codenamed 18F-

Cholestify), on the healthy rat brain (n=4) B) Western blot analysis of CYP46A1 expression in 

selected regions of the rat brain (n=6). C) Representative probe saturation binding kinetics and Bmax 

determinations in selected rat brain regions. D) CYP46A1-mediated hydroxylation of cholesterol 

to 24S-hydroxycholesterol in the central nervous system (CNS). E) Molecular docking of CHL-

2205 (blue) to CYP46A1 (PDB:3MDM). Binding within the cavity was primarily composed of 

hydrophobic interactions, as well as one T-shaped pi-pi stacking with the protoporphyrin ring (pink) 

and a hydrogen bond between the carbonyl group and R226 (arrow). F) Representative PET images 

of the rat brain reflecting CYP46A1-rich brain regions, averaged from 0-60 min post tracer 

injection and presented in coronal, sagittal and axial view. Quantitative data is depicted as area 

under the curve (AUC) from respective time activity curves (n=4). G) Cell uptake studies in 

transfected HEK cells overexpressing human CYP46A1 and respective controls at the incubation 

time of 5, 15, 30 and 60 min, respectively (n=4). Dose-response study was conducted with 

escalating concentrations of soticlestat. Data is presented as percentage, whereas the average of the 

baseline (no soticlestat) samples was used as a reference. H) Autoradiographic assessment of 18F-

CHL-2205 binding to the brains of CYP46A1 knock out mice and respective controls (n=4). I) Left: 

Regional quantification of major cholesterol metabolite, 24-hydroxycholesterol, in the CNS. Right: 

correlation of PET signal with the extent to which cholesterol was metabolized to 24-

hydroxycholesterol. J) PET scans of the validated Alzheimer’s disease mouse model, 3xTg-AD 

(n=4), and respective control animals (n=5). Upper panel shows time-activity curves (TACs) under 

baseline conditions, where only the tracer is administered. Lower panel shows TACs under 

blockade conditions, where the tracer is administered together with an excess of non-radioactive 

CHL-2205 to diminish the number of receptors that are available for tracer-CYP46A1 interactions. 

Abbreviations: Bs, brain stem; Cb, cerebellum; Cx, cortex; Hp, hippocampus; Mb, midbrain; Str, 

striatum; Th, thalamus; AUC, area under the curve; CYP +/+, wild-type mouse; CYP-/-, CYP46A1 

knock out mouse, SUV, standardized uptake value. * p<0.05, ** p<0.01, *** p<0.001. 

  



Figure 2: Targeted PET predicts CYP46A1 abundancy and allows the quantification of drug-

CYP46A1 interactions in the brains of non-human primates. A) Autoradiographic distribution of 

the probe, 18F-CHL-2205, on the healthy non-human primate brain (n=3). B) Baseline vs. blockade 

study with excess non-radioactive CYP46A1 inhibitor, soticlestat (n=3). C) PET images and 

respective time-activity curves (TACs) in non-human primates (n=4). Correlation between in vitro 

autoradiography and in vivo PET. D) Receptor occupancy study in which the probe was used to 

estimate the extent of target engagement by clinical drug candidate, soticlestat, at different doses 

and in distinct brain regions. E) Calculation of averaged standardized uptake values from 0-90 min 

post tracer injection (SUV0-90) and volumes of distribution (VT) from kinetic modeling for different 

brain regions (n=3). F) Correlation (VT) and binding potentials with PET signal in assessed brain 

regions. G) left: Western blot analysis of post-mortem non-human primate brain specimens (n=5). 

Right: correlation of PET signal with Western blot analysis. Abbreviations: PCx, parietal cortex; 

PFCx, prefrontal cortex; MCx, motor cortex; OCx, occipital cortex; CCx, cingulate cortex; SCx, 

somatosensory cortex; TCx, temporal cortex; CPu, caudate/putamen; Th, thalamus; In, insula; Su, 

subiculum; GPd, globus pallidus; Pu, putamen; Cau, caudate; FWM, frontal white matter; Hp, 

hippocampus; Cb, cerebellum; Pon, pons; CC, corpus callosum; AUC, area under the curve; SUV, 

standardized uptake value. Dashed lines indicate 95% confidence intervals. * p<0.05, ** p<0.01, 
*** p<0.001. 
 

  



Figure 3: Quantitative assessment of cholesterol metabolism in the living human brain. A) Study 

design. B) Representative PET images of the human brain reflecting CYP46A1-rich brain regions, 

averaged from 0-90 min post tracer injection and presented in axial, sagittal and coronal view. CPu 

(CYP46A1-rich region on axial image) and Cb (CYP46A1-poor region on sagittal image) are 

highlighted with white arrows. Quantitative data is depicted as standardized uptake values (SUVs) 

from respective individual scans (n=8). C) Distribution of 18F-CHL-2205 in the human brain 

presented as standardized uptake values from 15 to 30 min post injection (SUV15-30)  for the 

respective individual scans (n=8). D) Kinetic modeling assessment of tissue volumes of distribution 

(VT) for 18F-CHL-2205 in the human brain. E) Kinetic modeling assessment of non-displaceable 

binding potentials (BPND) for 18F-CHL-2205 in the human brain. For B to E, cortical regions are 

depicted in orange, whereas subcortical regions are shown in blue. Regions with low CYP46A1 

expression are shown in purple. F) Correlation of PET signal averaged from 15-30 min (upper 

panel) and 0-90 min (lower panel) post tracer injection with non-displaceable binding potentials in 

selected brain regions. G) Western blot analysis of post-mortem human brain specimens. 

Correlation of PET signal with Western blot analysis in selected brain regions. H) Female vs. male 

brain cholesterol metabolism in the high CYP46A1 regions, caudate (n=4, white arrow) and 

putamen (n=4, black arrow), respectively. I) Female vs. male brain cholesterol metabolism in the 

low CYP46A1 regions, cerebellum (n=4, brown arrow) and brain stem (n=4, white arrow), 

respectively. Results are presented as standardized uptake values averaged from 15 to 30 min post 

tracer injection (SUV15-30). PFCx, prefrontal cortex; TPCx, temporal cortex; Th, thalamus; Pu, 

putamen; Cau, caudate; Hp, hippocampus; Cb, cerebellum; Pon, pons; CC, corpus callosum; AUC, 

area under the curve; SUV, standardized uptake value; PET, positron emission tomography; MRI, 

magnetic resonance imaging. Dashed lines indicate 95% confidence intervals. * p<0.05, ** p<0.01, 
*** p<0.001. 
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