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Abstract

Purpose: A retrospective analysis was performed of preclinical and clinical data acquired during 

the evaluation of the estrogen receptor (ER) PET tracer 4-fluoro-11β-methoxy-16α-[18F]-

fluoroestradiol (4FMFES) and its comparison with 16α-[18F]-fluoroestradiol (FES) in mice, rats 

and humans with a focus on the brain uptake.

Procedures: Breast cancer tumor-bearing female BALB/c mice from a previous study and 

female Sprague-Dawley rats (control and ovariectomized) were imaged by 4FMFES or FES-PET 

imaging. Immediately after, low-dose CT was performed in the same bed position. Semi-

quantitative analysis was conducted to extract %ID/g data. Small cohorts of mice and rats were 

imaged with 4FMFES in an ultra-high-resolution small animal PET scanner prototype (LabPET 

II). Rat brains were dissected and imaged separately with both PET and autoradiography. In 

parallel, 31 breast cancer patients were enrolled in a clinical phase II study to compare 4FMFES 

with FES for oncological assessment. Since the head was included in the field-of-view, brain 

uptake of discernable foci was measured and reported as SUVMax.

Results: Regardless of the species studied, 4FMFES and FES uptake was relatively uniform in 

most regions of the brain, except for bilateral foci at the base of the skull, at the midsection of the 

brain. Anatomical localization of the PET signal using CT image fusion indicates that the signal 

origins from the pituitary in all studied species. 4FMFES yielded lower pituitary uptake than FES 

in patients, but an inverse trend was observed in rodents. 4FMFES pituitary contrast was higher 

than FES in all assessed groups. High-resolution small animal imaging of the brain of rats and 

mice revealed a supplemental signal anterior to the pituitary, which is likely to be the medial 
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preoptic area. Dissection data further confirmed those findings and revealed additional signals 

corresponding to the arcuate and ventromedial nuclei, along with the medial and cortical 

amygdala.

Conclusion: 4FMFES allowed visualization of ER expression in the pituitary in humans and two 

different rodent species with better contrast than FES. Improvement in clinical spatial resolution 

might allow visualization and analysis of other ER-rich brain areas in humans. Further work is 

now possible to link 4FMFES pituitary uptake to cognitive functions.
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Introduction

The estrogen receptor (ER) is expressed in a wide array of tissues and mediates a plethora of 

important physiological roles [1]. The brain has many localized sites of variable ERα and 

ERβ expression [2], foretelling the crucial role estrogen-mediated signaling might have on 

behavior [3,4]. Indeed, concentration and memory impairments that occur in aging women 

were linked to menopause, suggesting a relationship between cognition and physiological 

estrogen stimulation [5–7]. Notably, two out of three Alzheimer’s patients are women, 

making female sex the second most important factor after age for this disease [8], with the 

onset of menopause likely to play a role because of the drastic drop in estrogen levels [9]. 

Early age menopause [9] and oophorectomy [10] are linked with higher chance of 

developing dementia (including Alzheimer’s), whereas hormone therapy initiated early post-

menopause produced mixed results regarding long-term neuroprotection [11, 12]. Moreover, 

estradiol was shown to modulate a wide variety of genes linked to diverse functions such as 

lipid metabolism, vasodilatation and vasoconstriction, long term synaptic potentiation and 

myelination in the mouse cerebral cortex [13,14]. Hence, follow-up of the estrogen receptor 

(ER) in the brain would be of great interest to investigate the fundamental relationship 

between brain ER expression, aging and cognition. Previous ex vivo studies showed variable 

ER mRNA expression [15], anti-ER immunohistology [16] or estradiol-derived radiotracer 

uptake [17] in different portions of the brain. While there are many in vitro and ex vivo tools 

to investigate ER expression and estradiol binding, methods to assess and follow estrogen 

action and its spatiotemporal distribution in the brain in vivo are still lacking or perfectible.

The most advanced in vivo investigational tool for ER so far is PET imaging using ER 

radiotracers such as 16α-fluoroestradiol (FES) [18] or 4-fluoro-11β-methoxy-16α-[18F]-

fluoroestradiol (4FMFES) [19]. FES-PET was primarily and successfully used in numerous 

studies to assess ER status in breast cancer, both in the preclinical [20] and the clinical 

settings [21,22]. Extensive pharmacological evaluations validated the ER-binding properties 

of FES, and excellent correlations between tumor ER expression levels and FES uptake were 

observed. While brain studies using FES are scarcer than for oncology, previous work 

explored its binding pattern. Tissue slice analysis in rats demonstrated weak FES uptake in 

the hypothalamus and even weaker signal in a few other regions such as the preoptic area, 

the striatum and the amygdala [23]. A FES-PET/MRI study in female rats revealed the 

pituitary as the only cerebral structure showing discernable tracer uptake [24], which 
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corroborated earlier findings where dissected pituitary produced by far the highest FES 

accumulation [25].

In this work, in order to evaluate the uptake pattern of the ER PET tracers FES and 4FMFES 

in the brain of rodents and humans, we performed a retrospective analysis of preclinical and 

clinical data during comparison of those two tracers in tumor-bearing mice [26] and breast 

cancer patients [27], with a focus on the brain uptake and localization. Similarly, different 

cohorts of female rats were imaged with both tracers, allowing cross-species comparisons of 

brain uptake of both ER-targeting PET tracers. Moreover, to mimic menopausal condition 

and its effects on ER expression, we evaluated the brain uptake of ovariectomized and 

normal female rats with FES-PET. Finally, high-resolution images of rat and mouse brains 

were obtained using a small animal PET prototype (LabPET II) achieving a resolution of 

0.74 mm FWHM [28].

Materials and methods

Radiochemistry

The methods used for the synthesis of FES have been previously reported [29]. The 

precursor for 4FMFES was synthesized as previously described [30]. Labeling at the 16α-

position was accomplished via nucleophilic substitution on the 16β,17β-cyclic sulfate 

intermediate [19] using an optimized automated procedure [29]. Molar activity for 4FMFES 

ranged between 20 and 123 GBq/μmol, whereas it fluctuated between 90 and 251 GBq/μmol 

for FES.

Patient characteristics

Female breast cancer patients (n = 31) were recruited during a phase II trial aiming to 

compare tumor detection properties of both FES and 4FMFES, as described in our previous 

work [27]. Of those, 9 were pre-menopausal, and 22 were post-menopausal. Hormone 

therapy concomitant to imaging was among the exclusion factor for this study. Since PET 

scans were performed from thigh to apex, the whole brain was included in all acquisitions 

and thus was available for visualization and analysis.

Animal studies

Like what was done in the clinical study, a retrospective analysis of the brain region of a 

group of tumor-bearing BALB/c mice (n = 8) imaged sequentially with both FES and 

4FMFES was performed [26]. Even if tumors were the main topic of interest in this study 

and were centered in the field-of-view, the head of those mice was fully included in the axial 

field of the PET scanners. Similarly, a cohort of female rats (n = 3) was imaged with both 

FES and 4FMFES-PET. Groups of female mice (n = 6) and female rats (n = 3) were used in 

a separate experiment and injected with 4FMFES to assess the resolving performance of the 

tiny cerebral structures expressing ER using a novel ultra-high-resolution small animal PET 

scanner prototype (LabPET II) [28].

In another investigation, 2 groups of female rats (control and ovariectomized; n = 3 each) 

were imaged with FES-PET to verify if brain uptake could be influenced by physiological 
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estrogen production and pharmacological action. Another group of female rats (n = 3) were 

imaged with 4FMFES twice within a week, the second imaging session was performed with 

co-injection of 100 μg estradiol. All animal procedures were approved by the Ethical 

Committee for Animal Care of the Université de Sherbrooke, in compliance with the 

policies and directives of the Canadian Council on Animal Care.

PET imaging

Patients and tumor-bearing mice PET/CT acquisitions were obtained from previous studies 

and thus were performed as described in their respective articles [26,27]. Patients were 

injected with 189.5 ± 17.5 MBq FES or 189.4 ± 11.8 MBq 4FMFES, whereas mice received 

either 4.5 ± 1.2 MBq FES or 10.5 ± 2.3 MBq 4FMFES. In both cases, subjects were injected 

with FES and 4FMFES in a random order. Mice were imaged with both tracers within a 

maximum of 1 week, whereas patients received their imaging sequence within an interval of 

2 weeks. Cohorts of control and ovariectomized female rats were anesthetized with a 1.5% 

isoflurane – 2 L/min oxygen mixture, injected with 11.3 ± 0.5 MBq FES, then imaged 45 

minutes later using a LabPET8/Triumph PET/CT platform.

To further investigate the resolving power of PET imaging, cohorts of anesthetized female 

mice and rats were injected with 12.5 ± 1.2 MBq of 4FMFES and imaged using the 

prototype LabPET II scanner, reaching 0.74 mm FWHM spatial resolution (0.4 μL 

volumetric resolution) as compared to 1.2 mm FWHM for the LabPET8 in iteratively 

reconstructed images [31]. Animals were imaged at 45 minutes post-injection for a duration 

of 15 minutes with the head in the center of the field-of-view, then were transferred in the 

same bed position to the LabPET8/Triumph PET/CT scanner to obtain a CT scan (512 

projections, 240 μA, 60 kVp) providing anatomical details. PET data were reconstructed 

using 20 iterations of a 3D-MLEM algorithm implementing a physical description of the 

detection process in the system matrix [32].

Image analysis

In patients, regions-of-interest (ROIs) were drawn on clearly assessable foci using the MIM 

(version 6.0) software. A 2 cm diameter sphere in the frontal right cortex was used as a 

reference cortical ROI. SUVMax was extracted from the pituitary ROI, whereas the cortical 

background uptake was based on the SUVMean value of its corresponding ROI. Pituitary 

contrast was obtained using the pituitary SUVMax / cortical SUVMean ratio.

For animal studies, images were analysed with the AMIDE software (version 1.0.4). ROIs 

were drawn on clearly visualized signals, as well as on a non-specific, 4 × 4 × 1 voxel 

cortical region of the right frontal cortex. Max count parameter was extracted for discernable 

foci, and Mean count was used for the cortex ROI, then counts per voxel were converted 

(using a reference 18F-filled cylindrical phantom) into % injected dose per gram of tissue 

(%ID/g) by approximating tissue density to 1 g/ml. Contrast values were obtained by 

dividing the Max count parameter-derived uptake of signal-generating foci by the Mean-

calculated %ID/g value of the cortex.
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Brain dissection and autoradiography

Immediately after 4FMFES-PET and CT acquisitions, rats imaged on the LabPET II scanner 

were brought into deep anesthesia (5% isoflurane - 1.5 L/min oxygen). The ribcage was 

swiftly opened, the abdominal aorta sliced, then the left ventricle was implanted with a 

needle to systemically perfuse the animal with 500 ml of a 12% paraformaldehyde solution 

via gravity and heart pumping. After whole-body tissue fixation, the skull was delicately 

opened, and the brain extracted with the pituitary still lodged inside the turcica sella. The 

decerebrated carcasses and the isolated brains were then sequentially imaged on the LabPET 

II scanner for 15 minutes each. The brain was then sliced in gross 1-mm-thick slices and 

placed along the extracted pituitary on an autoradiography phosphor cassette to obtain 

images of the radiotracer distribution in tissues.

Statistics

Tissue uptake and target-to-cortex ratios for each group were reported as mean ± standard 

deviation. Sample sizes were arbitrarily chosen since data were retrospectively extracted for 

the most part from pre-existing studies, but every dataset was considered as following a 

normal distribution according to a Shapiro-Wilk test, as they were all above the probability 

threshold set a priori at p = 0.05. Significance testing between radiotracers was performed 

using a 1-way ANOVA with Tukey’s multiple comparisons test, with a probability threshold 

set at p < 0.05.

Results

Qualitative PET image assessment

In all studied species, and for both FES and 4FMFES, a relatively uniform background-like 

uptake is observable for most parts of the brain. For rats and mice, a symmetrical, bilateral 

focus was evident at the base of the midbrain, whereas in humans a single ovoid signal was 

observed, also at the lower midsection of the brain (Figure 1). In line with previous 

observations made using FES-PET/MRI image fusion of rat brain [24], scrutinous 

assessment of FES- and 4FMFES-PET/CT images showed that regardless of the studied 

species, the strong mid-lower brain signals were localised in the turcica sella, which is the 

anatomical location of the pituitary. Co-injection of 100 μg estradiol in female rats almost 

abrogated the pituitary signal, showing specific targeting of the tracer (Figure 2).

Another weak and ubiquitous signal anterior to the pituitary, at the base of the brain, was 

also observable in both rats and mice imaged with either FES or 4FMFES on the LabPET 8/

Triumph platform (Figure 3). Imaging in mice and rats following 4FMFES injections using 

the experimental high-resolution LabPET II scanner enhanced both the pituitary foci and the 

fainter locus that is anterior to the pituitary, which might have been previously partly 

obscured because of partial volume effect (Figure 4). This supplemental structure could not 

be identified precisely with the μCT fusion image, but it could be guessed according to ER 

expression pattern from previous ex vivo FES autoradiography studies that it might be the 

medial preoptic area (MPOA) [23]. No such signal could be distinguished in the human 

brain images.
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Moreover, strong FES and 4FMFES uptake were observed in the nasal cavity in both mice 

and rats (Figure 5), but not in humans.

Semi-quantitative PET analysis

The pituitary uptake in tumor-bearing mice reached 1.5 ± 0.3 %ID/g with 4FMFES and 2.8 

± 0.6 %ID/g with FES (Figure 6a), which was even higher than the ER+ tumors that were 

imaged at the same time. As a comparison, the MC4-L2 tumors implanted in those mice 

yielded a 4FMFES uptake of 1.7 ± 0.2 %ID/g, which was similar to the pituitary uptake, 

whereas the FES tumoral uptake of 1.0 ± 0.3 %ID/g was significatively lower than the FES 

pituitary uptake (p < 0.001). However, background signal in the cortex was more than 2-fold 

lower with 4FMFES compared to FES. As a result, pituitary contrast in mice reached 9.0 ± 

2.0 with 4FMFES, even slightly higher than FES contrast (7.9 ± 1.9). Compared to the 

contrast achieved on MC4-L2 tumors, which was measured as 3.2 ± 0.6 for 4FMFES and 

2.3 ± 0.5 for FES, the pituitary contrast was significantly higher for both tracers (p < 0.001). 

The nasal uptake in mice reached 1.0 ± 0.1 %ID/g for FES and 1.1 ± 0.6 %ID/g for 

4FMFES.

4FMFES-PET reached higher pituitary uptake than FES-PET in control female rats, with 

0.45 ± 0.13 %ID/g and 0.28 ± 0.05 %ID/g (p < 0.05), respectively (Figure 6b). Co-injection 

of excess estradiol with 4FMFES reduced the pituitary uptake down to 0.02 ± 0.01 %ID/g. 

Since 4FMFES also features a 3-fold lower rat brain background than FES, pituitary contrast 

was substantially higher (39.3 ± 19.3 and 6.0 ± 1.3 for 4FMFES and FES, respectively; p < 

0.001). The nasal cavity uptake in rats was measured at 0.10 ± 0.02 %ID/g using FES and at 

1.0 ± 0.1 %ID/g with 4FMFES.

In order to mimic pre- and post-menopause conditions in an animal model, ovariectomized 

rats were compared with a group of intact, control female rats. FES-PET pituitary uptake 

was significantly higher in ovariectomized rats (0.46 ± 0.11 %ID/g) compared to control 

animals (0.28 ± 0.05 %ID/g; p < 0.05). The use of 4FMFES (0.62 ± 0.27 %ID/g) further 

enhanced pituitary uptake compared to FES in control animals (p < 0.05).

The use of the ultra high-resolution small animal PET platform LabPET II for 4FMFES 

brain PET imaging in cohorts of mice and rats further amplified the pituitary and postulated 

MPOA signals compared to the previous generation of scanner (Figure 6a and b). Indeed, 

significant increases in both pituitary and MPOA measured uptake in mice and rats (p < 

0.001), and in tissue-to-cortex ratio for mice (p < 0.005), were observed with the LabPET II 

compared to the LabPET8/Triumph platform. A non-significant trend toward higher 

pituitary- and MPOA-to-cortex ratios was observed in female rats. These data emphasize the 

importance of high spatial resolution for quantitative assessment of radiotracer uptake in the 

tiny structures of the brain.

Like what was observed in mice but contrary to the pattern in rats, PET images from patients 

showed a significantly higher pituitary uptake using FES-PET compared to 4FMFES-PET 

(SUVMax 1.15 ± 0.22 vs 0.73 ± 0.21, respectively; p < 0.0001). However, because the 

overall brain background is ~2-fold lower with 4FMFES, the pituitary/cortex ratio was 

higher and a significantly higher contrast was achieved using 4FMFES-PET than FES-PET 
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(2.61 ± 0.73 vs 2.00 ± 0.47, respectively; p < 0.01). Menopausal status did not promote any 

significant change in pituitary uptake for both tracers. Pre-menopausal women had an 

average pituitary SUVMax of 1.12 ± 0.20 for FES and of 0.71 ± 0.21 for 4FMFES, whereas 

post-menopausal patients yielded SUVMax of 1.18 ± 0.22 and 0.76 ± 0.24 for FES and 

4FMFES, respectively (Figure 6c).

Dissection and autoradiography

Following careful brain extraction from the small cohort of rats that were injected with 

4FMFES, the isolated brain and the remaining carcass (including the pituitary) were imaged 

by PET imaging (Figure 7a and b). Firstly, images of the remaining carcass centered on the 

head showed the same strong bilateral signal observed previously, at the position where the 

pituitary stayed at the bottom of the skull, with a PET uptake of 0.29 ± 0.08 %ID/g, which is 

similar to the uptake in the live animals.

Secondly, without the surrounding organs and tissues, supplemental signals were evidenced 

in the isolated brain through PET imaging (Figure 7c). Notably, a single, relatively intense 

spot in the lower anterior part of the brain could be observed, as well as a set of three foci on 

the same transverse plane as the pituitary in the central part of the brain. Those signals were 

reminiscent of previous autoradiography studies [14–17, 23]. Indeed, the location and shape 

of the foci at the lower part of the brain is similar to the previously described ER distribution 

in the medial preoptic area (for the anterior signal), and in the arcuate nucleus and the 

ventromedial nucleus, along with the medial and cortical amygdala for the triple foci 

situated at the midbrain. Autoradiography of the pituitary along with gross 1 mm-thick slices 

of the midbrain further supported the findings observed via PET imaging of the isolated 

brain (Figure 7d).

Discussion

In this work, the distribution pattern and concentration of the ER-targeting PET tracers FES 

and 4FMFES were observed and analysed in female mice, rats and humans. The most 

obvious finding across species and common for both tracers is the presence of a strong 

signal at the base of the skull, co-localized at the sella turcica, and consistent with previous 

reports as being the pituitary [24–25]. The bilateral appearance of the pituitary in rats and in 

mice is in line with the anatomical arrangement of the ER-rich, horseshoe-shaped 

adenohypophysis, which flanks the centrally situated but ER-devoid neurohypophysis [33].

Correlative observation between rodent anatomical disposition, brain atlas, ERα brain 

distribution patterns, autoradiographic studies using radioactive estrogens and FES- and 

4FMFES-PET brain PET images of radiotracer uptake were undertaken. It allowed us to 

hypothesize that the weak PET signal anterior to the pituitary was the ER-rich medial 

preoptic area (MPOA). Since the MPOA was shown to harbor high ERα expression [14–16, 

34] and with the highest ex vivo radio-estrogen uptake [17, 23] within the brain (excluding 

the pituitary), it is indeed very likely that it corresponds to the additional focus observed in 

PET images. Similarly, the single signal flanked by symmetrical, bilateral foci in the same 

transverse plane that was only observable in the 4FMFES-PET image of the surgically-

removed rat brain and brain slice autoradiography (figure 7c and 7d) are reminiscent of 
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previous autoradiographic data using radiolabeled estrogens or ERα-specific riboprobe and 

antibodies [14–17, 23, 34]. Correlating with those studies, it is speculated that those regions 

are the arcuate and ventromedial nuclei (center), and the medial and cortical amygdala 

(lateral). Further studies involving histological staining of micrometric slices along with 

their corresponding 4FMFES autoradiographs would be needed to identify without doubt 

those structures. Strong FES and 4FMFES uptake were also observed in the nasal cavity of 

both rats and mice. Since both ERα and β were recently shown to be only weakly expressed 

in the female mouse nasal epithelium [35], further investigations will be needed in order to 

elucidate the cause of this uptake.

A trend toward higher pituitary uptake in post-menopausal patients was observed using 

either tracers, but the difference was not significant. One reason for this might be that not 

only the pre-menopausal group was substantially smaller (which is expected in a breast 

cancer cohort), which reduced statistical power, but also menstrual cycle was not taken into 

account for oncologic PET imaging sessions. However, previous clinical studies already 

observed that at least for breast cancer tumor uptake, circulating estradiol levels was not a 

significant confounding factor [36], decreasing the likeliness that FES or 4FMFES pituitary 

uptake could be significantly influenced by menstrual cycle- or menopause-induced estrogen 

fluctuations. Nevertheless, the ovariectomy procedure in female rats, which causes more 

drastic physiological and endocrinal changes than menopause in women, provoked a 

significant 1.7-fold increase in FES pituitary uptake compared to the control group, a trend 

that was already observed in previous studies [24]. Whether it is the near-absence of 

competing physiological estrogens that improved FES binding or an estrogen depletion-

induced positive feedback loop triggering pituitary ER overexpression that may explain this 

increased FES uptake will need to be elucidated in further studies.

Despite lower pituitary 4FMFES uptake in patients, the very low and uniform cerebral 

background achieved with this tracer allowed the pituitary to be better resolved than with 

FES. This pattern of better contrast was already exemplified in breast tumors, in which 

uptake was similar for both tracers but 4FMFES achieved much lower non-specific 

accumulation, resulting in improved contrast [27]. It was determined in the clinical study 

that this improved contrast of 4FMFES over FES was mainly due to its 2.5-fold higher 

resistance to metabolism and to its near-absence of binding to plasma globulins. Both factors 

contributed to substantially reduce non-specific uptake and blood pool circulating 

concentration, which in turn reduced the overall background [27]. In rats, 4FMFES yielded 

better pituitary uptake and contrast than FES, which can be paralleled to the behaviour of 

those tracers in a previous murine breast cancer study where ER+ tumor uptake and contrast 

were both significantly improved using 4FMFES [26].

Both FES [37, 38] and 4FMFES [26] were shown to have higher selectivity toward ERα 
over ERβ, meaning that assessed signals are more likely to originate only from ERα-

expressing area of the brain. Imaging of ERβ-rich regions of the brain would necessitate a 

dedicated PET tracer with high selectivity for this ER isotype, such as 2-[18F]-fluoro-6-(6-

hydroxynaphthalen-2-yl)pyridin-3-ol (18F-FHNP) [38].
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Despite an ovoid shape, the bilateral distribution of the pituitary was not obvious in humans, 

which is likely due to the relatively poor spatial resolution of clinical scanners (4.8 mm, 111 

μL) compared to our preclinical platforms (LabPET8: ~1.2 mm, 1.7 μL; LabPET II: 0.74 

mm, 0.4 μL). In women, the average pituitary volume was reported to range between 460–

520 μL, which is 4.1–4.7-fold the volumetric resolution in clinical PET [439]. In 

comparison, female mice pituitary has a long-axis of 3 mm [40], for a average volume of 6 

μL [41], equivalent to ~4 times the volumetric resolution of the LabPET8 scanner, but 15–20 

times the volumetric resolution of the LabPET II scanner. Rat PET imaging of the pituitary 

is benefiting the most from the small animal PET performance, since their average pituitary 

size is ~100 μL [33], allowing full recovery of the signal with negligible partial volume 

effect, contrary to clinical imaging of the pituitary in humans and to a less extent in mice, 

regardless of the preclinical PET system used. Hence, the improved resolution of preclinical 

PET scanners relative to clinical whole-body PET scanners appears to have more than 

compensated for the pituitary size difference between humans and rodents.

This is further evidenced with the use of the ultra-high-resolution small animal PET scanner 

prototype capable of submillimeter volumetric spatial resolution, which allowed even clearer 

distinction of the bilateral pattern of the foci in both rodent species, as well as enhancing 

other signals never discerned before by in vivo PET imaging. Likewise, better resolution in 

clinical PET scanners could not only allow to resolve the distinctive bilateral-like shape of 

human adenohypophysis, but also visualization of additional ER-rich brain structures. The 

use of dedicated, high-resolution brain PET scanners for humans might enable the 

investigation of other ERα-rich regions of the brain using 4FMFES. Implementing the 

LabPET II technology or other high-resolution detection schemes [42,43] in dedicated 

human brain PET scanners would make spatial resolution down to 1.3 mm (~2 μL) within 

reach according to Giant4 Application for Tomographic Emission (GATE) simulations 

[44,45]. Upon completion this would allow to elucidate detailed human ER brain 

distribution, as well as studying ERα and ERβ fluctuations non-invasively and 

longitudinally according to age and neuropathological conditions.

One inherent limitation of this study is that the retrospective dataset for mice and patients 

was optimized for tumor imaging, and as such the brain area was not in the center of the 

field-of-view for those 2 cohorts, which has slightly impacted image quality in some 

instances. Another limitation is the lack of fully quantitative and pharmacodynamic data, 

since cohorts were mostly designed for semi-quantitative assessment of ER+ breast cancer 

tumors. The systematic combination of every PET acquisition with MRI fusion images, 

especially in patients, would have allowed more accurate anatomical localization of fine 

structures and would have enabled anatomy-guided (instead of uptake-guided) ROI drawing. 

Notwithstanding those considerations, this study still allowed direct comparisons of brain 

physiological uptake between two different ER-targeting tracers, and across three different 

species, including humans. Whereas the current technology and investigation tools appear to 

be suitable to address issues such as the link of pituitary ER-expression to cognitive 

functions, dedicated ultra-high-resolution brain PET scanners achieving an equivalent 

resolving power as the available small animal PET imaging technology would be highly 

desirable to undertake such studies.
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Conclusion

The use of FES- and 4FMFES-PET for brain imaging, in dedicated experiments for rats and 

in collateral retrospective analyses in mice and humans, identified the pituitary as the highest 

uptake constituent of the brain across species. Another structure, revealed for the first time in 

PET images of rats and mice, was tentatively attributed to the medial preoptic area of the 

hypothalamus, in line with previous ex vivo observations. Dissection data in rats identified 

supplemental foci that were reminiscent of the arcuate nucleus, the ventromedial nucleus 

and the medial and cortical amygdala. Ultra-high resolution 4FMFES brain PET imaging in 

humans might enable investigation of in vivo cerebral ER expression and its role in aging 

and cognition.
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Figure 1: Cross-species 4FMFES- and FES-PET brain imaging.
Representative coronal and transaxial images of brain slices from 4FMFES and FES 

PET/CT for mouse (left panels), rat (middle panels) and human (right panels), all centered 

on the pituitary. The patient shown was a 57 years-old post-menopausal woman. The 

grayscale (PET) and hot metal scale (PET component in the PET/CT fusion images) uptake 

values are indicated for each dataset in %ID/g for animal studies and in SUVMax for clinical 

images. Rodent images were obtained on the LabPET8/Triumph preclinical PET/CT 

platform. Clinical images were obtained on a Philips TF whole-body PET/CT scanner.
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Figure 2: 
Coronal (top) and transaxial (bottom) views of 4FMFES-PET images centered on the 

pituitary without (left) or with (right) co-injection of 100 μg estradiol (E2). Scans were 

performed one week apart. Co-injection of E2 with 4FMFES provoked a 25-fold decrease in 

signal intensity, almost down to cortical levels. Intensity scale in %ID/g in grayscale is the 

same for both images.
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Figure 3: 
Orthogonal 4FMFES and FES-PET views centered on the MPOA (red arrows) in female 

mice and in rats using the LabPET 8/Triumph platform. Signals are relatively faint and hard 

to evidence, especially in mice. Intensity scales in %ID/g in grayscale are displayed for each 

dataset.
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Figure 4: Sub-millimetric resolution 4FMFES-PET and PET/CT images of mouse and rat 
brains.
The bilateral aspect of the pituitary was better resolved using the prototypical LabPET II 

preclinical scanner (FWMH = 0.74 mm) in both mice and rats pre-injected with 4FMFES 

(top panels). Furthermore, the supplemental signal anterior to the pituitary likely to be the 

ER-rich medial preoptic area (MPOA; bottom panels) was better visualized in the mouse and 

rat brains (red arrows) than with the LabPET 8/Triumph scanner. The grayscale (PET) and 

hot metal scale (PET component in the PET/CT fusion images) uptake values are indicated 

for each dataset in %ID/g.

Paquette et al. Page 16

Mol Imaging Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Nasal uptake (red arrows) in female mice and rats imaged with FES and 4FMFES-PET and 

PET/CT. The signal is more intense in mice than in rats, and similar between 4FMFES and 

FES in the same species. No equivalent uptake was observed in the breast cancer patient 

cohort. Intensity scales in %ID/g in both grayscale (PET) and hot metal (PET/CT) are 

displayed for each dataset.
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Figure 6: Cross-species semi-quantitative uptake (left panels) and contrast (right panels) values 
of FES and 4FMFES brain PET images.
a) FES or 4FMFES uptake and contrast in the pituitary, the newly identified anterior signal 

attributed to the medial preoptic area (MPOA) and the cortex of mice. While 4FMFES 

specific uptake is lower than with FES, cortical background is also much lower. The use of 

the high-resolution LabPET II scanner increased the pituitary and anterior 4FMFES 

measured uptake values ~1.5-fold. Pituitary- and MPOA-to-cortex contrast was similar for 

both FES and 4FMFES, with a 2-fold increase for 4FMFES using the LabPET II scanner. b) 
FES and 4FMFES uptake in control and ovariectomized (OVX) female rats. Significantly 

higher pituitary FES uptake was observed in OVX rats compared to the control group. 

Pituitary 4FMFES uptake in normal female rats was higher than FES uptake, with a lower 

cortical accumulation. The LabPET II platform after injection of 4FMFES further increased 
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the measured pituitary and MPOA uptake 3-fold. Pituitary- and MPOA-to-cortex contrast 

increases progressively for FES (control), FES-OVX, 4FMFES and 4FMFES with the 

LabPET II scan. c) Pituitary uptake in women was higher using FES by almost a factor of 

two compared to 4FMFES. No differences in uptake or pituitary-to-cortex contrast were 

observed between pre- or post-menopausal women for both tracers. Brain background was 

2-fold lower with 4FMFES resulting in a better contrast compared to FES despite the lower 

pituitary uptake. *: p < 0.05; **: p < 0.01; ***: p < 0.005; ****: p < 0.001
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Figure 7: Dissected brain images following 4FMFES injection in female rats.
a) Typical coronal views of the pituitary of a live female rat 1 hour following injection of 

4FMFES. b) After removal of the brain immediately after the in vivo PET scan, the pituitary 

stem remained in the skull. PET imaging of the brainless carcass reproduced the same 

bilateral signal as in the live animals, confirming that the signal originated from the pituitary. 

c) PET image of the isolated brain. A transverse midbrain slice aligned with the pituitary 

revealed 3 foci at the bottom of the brain which are likely to be the arcuate and ventromedial 

nuclei (black arrows), along with the medial and cortical amygdala (blue arrows). A 

transverse slice situated ~3 mm anterior to the “midbrain” slice reproduced the weak 

anterior signal (red arrows) seen in figure 3 and 4, which correspond to the medial preoptic 

area (MPOA). d) Autoradiography of 1 mm thick slices of the regions revealed in (c) and of 

the isolated pituitary.
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