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lonizing radiation constitutes a health risk to imaging sentists and study animals. Both
PET and CT produce ionizing radiation. CT doses in pre-clicel in vivoimaging typically
range from 50 to 1,000 mGy and biological effects in mice at tis dose range have
been previously described. {F]JFDG body doses in mice have been estimated to be
in the range of 100 mGy for {8F]JFDG. Yearly, the average whole body doses due to
handling of activity by PET technologists are reported to b&8-8 mSv. A preclinical
PET/CT system is presented with design features which make suitable for small animal
low-dose imaging. The CT subsystem uses a X-source power thas optimized for small
animal imaging. The system design incorporates a spatial laen shaper coupled with
a highly sensitive at-panel detector and very fast acquision (< 10s) which allows for
whole body scans with doses as low as 3 mGy. The mouse total-bdy PET subsystem
uses a detector architecture based on continuous crystalscoupled to SiPM arrays
and a readout based in rows and columns. The PET eld of view isl150 mm axial
and 80 mm transaxial. The high solid-angle coverage of the saple and the use of
continuous crystals achieve a sensitivity of 9% (NEMA) thatin be leveraged for use of
low tracer doses and/or performing rapid scans. The low-doe imaging capabilities of the
total-body PET subsystem were tested with NEMA phantoms, itumor models, a mouse
bone metabolism scan and a rat heart dynamic scan. The CT imagg capabilities were
tested in mice and in a low contrast phantom. The PET low-dosg@hantom and animal
experiments provide evidence that image quality suitableof preclinical PET studies is
achieved. Furthermore, CT image contrast using low dose saasettings was suitable
as a reference for PET scans. Total-body mouse PET/CT studsecould be completed
with total doses of <10 mGy.
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INTRODUCTION specially depending on the organ and the activity employedyThe
recommend emptying the bladder as a standard practice in PET
Both positron emission tomography (PET) and computedimaging given the large doses.
tomography (CT) imaging involves ionizing radiation prodogi These doses incurred during preclinical PET/CT scans values
deleterious e ects on study animals and constitutes a healtgre within a range where subclinical e ects including DNA
risk for researchers. Dose reduction eorts are importantpreakage and e ects on the immune system have been detected
in pre-clinical imaging for animal care and study integrity (7). On CT imaging doses, Tang et al. report e ects of continued
considerations, especially where repeat scans will be perfirme or chronic low dose rate on fertility, tumorigenesis anedipan
Iongitudinal studies. Further dose reduction e orts CaBGahelp (20) In addmon induced gene“c and ep|genet|c Changes are
limit the exposure to human system operators. In humans, acutgyund as well as cataractogenesis and abnormal neurogenesi
radiation dose e ects like skin redness, hair loss, radraliorns,  in the brain, impairment of neurogenesis and cerebrovascula
or acute radiation syndrome occur when doses exceed 1Sv agiieases, resulting in loss of cognitive functions. Tadalet a
are delivered at high dose rates. Nevertheless, it is tirease reported e ects in cell proliferation in the dentate gyrus of the
in cancer risk with low but continuous dose exposure that isprain (21). Klinck et al. found bone architecture changes in
relevantin radiation exposed workers. Epidemiological Esith  skeletally immature micelf).
humans point to a signi cant cancer risk increase for doses/@b  Of special relevance on PET/CT Oncology studies is the work
100 mSv {). The regulation applied in more than ten Europeanof aforest et al.9) and Daibes et al.1() where reduced tumor
countries prescribes the following dose limits: 1 mSv/year f growth at doses of 60 mGy is reported. In particular Laforest
general population and up to 20 mSv/year for professionals. &t al. @) showed tumors receiving higher doses of 110 and 550
fundamental edict of dose reduction e orts is that exposuresnGy would take longer to reach the control tumor sizes. This
should be kept ALARA (As Lows As Reasonably Achievable). tumor growth inhibition poses an important argument in favor

Eorts to reduce operator and patients' exposure areof protocols minimizing doses.
ongoing @). Development of total-body PET systems (systems The exact signi cance of PET/CT related doses on the
providing simultaneous full body coverage) is receivingé@sed animal models under study is complex, but evidence points
interest owing not only for the potential to perform whole to in uence on the viability of some rodent disease models
body screening, capture simultaneous dynamic data for fiighland bias introduced for the interpretation of the data
quantitative kinetic imaging, but also because the largeder  inyolving therapeutics.
design employed for total body coverage can provide higher There are multiple reports covering radiation doses to clihica
sensitivity @). Total-body PET imaging can provide gains in PET technologist22-24). In some cases, average annual whole-
sensitivity owing to the expanded geometric coverage of thgody doses are reported to be around 3 m3%) @nd in others
detector design and higher rate of co-incident detectiot®ss  with high throughput facilities, doses are reported to be amun
the axis. Further, total-body PET, in contrast to traditadmvhole- 8 mSy £3). Total exposure varies in relation to the total amount
body PET procedures using axial bed movement which requiresf tracer handled as well as di erences in dose preparation and
image stitching, can provide full sample coverage withoufyork ows. Demir et al. reported a reduction in doses to 6 mSv
increasing total scan time. after implementing extra radiation shielding3).

CT doses for scans for live mice typically range between 50 and Scienti ¢ literature covering doses to pre-clinical PET
800 mGy using current scanning technologiésq) CT doses technologists or researchers is not abundant. Howeverdbre
for studies of rodent bone metrics and other higher resainti et al. report on doses from SPECT imaging Wit (25). In this
protocols used in foex vivamaging are commonly 1Gy 6, 7). study, whole-body doses and doses to extremities are corlgara
CT exposure and dose minimization have been a constant subjeie those from the clinic. Interestingly, itis also reporte@tisome
of research over the yeai%19). of the activities intrinsic to small animal research, likairaal

The scienti c literature dealing with PET related doses todissection, lead to the highest exposures.
small rodents is comparatively scarce. Taschereau et al. use Dose per activity coe cients found in clinical studie®%,
GATE, a Monte Carlo tool, to calculate the PET absorbed doses) could suggest a way of estimating doses to pre-clinical
employing an anatomically realistic 3D mouse model compgsin PET operators but procedures and isotopes will di er between
25 organs and relevant structure$9). The spatial and time the clinical and pre-clinical environments, so the result ntigh
distributions of tracer activity were measured through RE&ns. be unreliable. The fact that lower doses are injected to Ismal
It was found that absorbed doses from many preclinical rodentodents than to human patients suggests that doses to préalin
PET protocols can be higher than CT doses depending on activigperators will be lower. Nevertheless, research labs willad@er
used and organ. Doses to mice were estimated to be around 100 less prescriptive work ows than clinical practice and the
mGy in the body and as high as 3.7 Gy in the bladder in a typicalange of PET isotopes used in research labs will surely berlarg
injection of 7 MBg. Bone marrow and brain doses for that saméhan in clinics where F]FDG will be the dominant isotope.
injection would be around 70 and 100 mGy, respectively. Th&urthermore, in the preclinical environment, despite thaeth
authors show how doses arising from the PET preclinical imggi injected doses will be lower, the vial handled to Il the syresg
procedure can lie well within the range of biological e ects inwill contain activity amounts as large as in the clinic. Assogni
mice and these doses can exceed CT doses by signi cant margirhypothetical but realistic high throughput laboratory cade
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4 studies per day and 200 annual working days, this leads tminimize the radiation dose applied to the animal by using
800 studies annually. Taking a 4.1 uSv per study fr@g) this a combination of these factors, and by using additional dose-
would result in approximately 3 mSv annual dose. If the 14 uSv ahinimizing components to achieve fast scanning dowr<t8s
shallow dose per injection fron2{) is used for the same annual with minimal compromise inimage quality. First, an x-ray soel
work, this would lead to around 11 mSv. with a maximum voltage of 65 kV and power of 50W is used

Like in the clinic, strategies to optimize work ows can providing su cient ux to capture images at a very fast rate. &h
minimize these dose exposures, but ultimately tracer dgtivi system is equipped with a at panel CMOS sensor which has
reduction can provide a reliable means to reduce operatorelatively fast frame rates at down to 10 ms. Second, thersyste
exposures. Low-dose PET imaging has the advantage that marquipped with a set of lters, including a low-dose beam shaper
animals can be imaged given a certain amount of tracer whichter, which modify and optimize the x-ray absorption to bestisu
can be important when only small amounts are available in somtihe animal size that is being scanned.

tracer development work. In 3D CT imaging, there is a redundancy of information
collected from the center of the sample. This informationdsn

METHODS to be wasted or not used e ciently during the reconstruction
process. The low dose beam shaper lIter reduces the radiation

Material dose by ltering more x-ray photons from the center of the

Anintegrated total-body PET/CT system, the Si78, with ld@se  image which has redundant information and gradually desesa
capabilities was developed by Bruker Biospin GmbH (Ettlingerthe Itration toward the periphery (se&igure 3). This helps to
Germany) (seeFigure 1). The PET Si78 features a detectorreduce the radiation dose to the animal by a factor of 2-5 asd a
architecture based on continuous crystals, coupled toasilic low as 3 mGy.
photomultiplier (SiPM) arrays and a readout based in rows and Very low doses can also be achieved using the standard
columns @6). A 10 mm thick Lutetium Yttrium Oxyorthosilicate aluminum Iters and optimized settings of camera exposure
(LYSO) crystal has the shape of a truncated pyramid with a 5mes and source power. The CT subsystem is also used in
50mm base and a 48 48 mm top side. Eight of these units a standalone CT platform; SkyScan 1278 (Bruker microCT,
are used to construct an octagonal ring. The transaxial €ld oKontich Belgium). This CT system has been used for low-
view is 80 mm and can be con gured with up to three rings fordose imaging in studies of skeletal development in mouse pups,
an axial eld of view of 150 mmRigure 2). The sensitivity of in studies of adipose tissue segmentation, and in studies of
the total body PET detector design matches or exceeds that plilmonary brosis. The system has also been used to assess
other current preclinical scanners. Cal-Gonzalez efa).ifeport  the scan and dose limits where even subclinical radiation
on a number of existing systems with around 9% sensitivihe T dose e ects are not incurred (Prof. Vande Velde, KU Leuven,
row and column readout approach reduces the amount of SiPNbersonal communication). Examples of other applications can
signals that need acquiring from 1212 signals to 1212. This be found in Xuan et al. 39, Broucke et al. 30 and
detector design allows for the characterization of sdatibn ~ Covarrubias et al.1).
light pulses which in turn are used to measure the depth of
interaction in the crystal, achieving al.2 mm resolution across PET Phantom Experiments
the eld of view. The high solid angle coverage of the sample anBreclinical PET imaging is considered to be the gold standard
the use of continues crystals achieves a NEM®& §ensitivity of  for quantitative in vivo studies. Preclinical PET studies often
9% which in turns allows the minimization of injected activi aim to quantitatively assess new tracers and assess candidat
or scan time. The FPGA based DAQ electronics is capable tferapeutics through measurement of biomarkers of a range
simultaneously acquiring a total of 768 detector analogalgn of diseases including cancer and neurological disorderscérr
achieving a NEMA mouse noise equivalent count rate (NECRActivities typically reported in preclinical studies rangenfré to
500 kcps. The Si78 PET subsystem (detectors and DAQ) hd® MBq.
been used in a PET/SPECT/CT platform (Albira Si) as well as Initial phantom experiments were performed to assess the
in a number of PET/MR platforms. These PET/MR platformsdata integrity, relevant to common preclinical studies, when
are a PET Insert for simultaneous high eld magnetic resartean imaging low tracer activities using a preclinical total-body
imaging (MRI) and a PET module present in the PET/MRI 3TPET/CT system.
system which can also be attached to high- eld MRI systems for To assess ability of the PET system to accurately distinguish
sequential PET and MRI. small activity di erence in low-dose imaging a NEMA mouse size
The PET acquisition and reconstructions settings used werscatter phantom was loaded with 925 kBEH]FDG and imaged
all typical of animal work and available on the default sofisva over 60 min.
con guration. The energy window employed was 511153 keV The NEMA Image Quality Phantom was used to assess
(i.e.,511 keV 30%). the uniformity, recovery coe cients for the dierent rod
Radiation dose in microCT imaging is dependent on threesizes as well as the spill over ratio for water and air. The
main factors; the x-ray source voltage and current, theasise phantom was loaded with 1 MBAt§F]FDG and after 10 min,
between the x-ray source and the object (SOD), and tha static acquisition of 20 min was performed. The IQ phantom
Itration method used. The CT submodule was designed tocacquisition was reconstructed with the maximum likelihood
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Acquisition
Planning
[
Gantry
PET i
Animal Transport
System
FIGURE 1 | The new PET/CT “Si78".
PET: Static FOV Size
PET Detectors
Large continuous
scintillator crystals and
80 mm high solid angle coverage
of subject to maximize
sensitivity
~ PET and CT FOV Size Matching
" Both PET and CT have 80 mm
transaxial FOV
An animal transport system
allows fully automated 200
150 mm mm axial PET and CT FOV
FIGURE 2 | High sensitivity total-body PET detector design. Mouse iride eld of view.
Shorter x-ray path through filter most signal
at periphery of scan volume needed
\\
least signal
\ needed
Longer x-ray path through filter
at center of scan volume
X-ray source
Patented Shaped
low-dose filter
FIGURE 3 | Novel X-ray beam shaper for low-dose imaging.
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expectation maximization (MLEM) algorithm using 25 iterateon using MLEM, 24 iterations and a voxel of 0.25mm. PV&)(

and a voxel size of 0.5 mm. In addition, a point spread functiorwas applied and the nal image was ltered using a Median 3D

iterative deconvolution based Partial Volume Correcti®V/C)  algorithm with a 1.0 mm isotropic kernel.

was employed3?). In the case of uoride ion, the dose/MB(q coe cients obtained
To assess the spatial resolution in low dose imagingy Taschereau and Chatziioannady for the body, brain and

employing realistic laboratory conditions a micro-Derertype  bone are 10, 13, and 76 mGy/MBq, respectively. Testes and

phantom was loaded with 3 MBq and acquired for 20 min. Thethyroid were 9 and 5, respectively with the bladder gettingrov

reconstruction settings employed were also equivalent tzeh 300 mGy/MBq. The dose/MBq coe cient for the body was used

typically employed in animal experiments: MLEM algorithm, 30to derive the dose due to the PET procedure in this experiment.

iterations, voxel size of 0.25 mm and PVC activated. Dynamic PET imaging is a tool for testing and validating
o ) tracer kinetic modeling. Tracer kinetic modeling is a method
PET in vivo Experiments for extracting transfer rate constants, volumes of distribati

Preclinical PET is used widely in studies of tumor biologyor binding potentials from the radiotracer to the target, by
and tumor progression. Such studies often aim to measurdescribing the mechanism of transport and biochemical rieast
quantitative changes in tumor biomarkers. Initially, thewl  of the tracer in tissue. Blood samples are often taken from the
dose imaging capabilities of the total-body PET subsysters weanimal to obtain the so-called input function. This is compére
tested as part of an ongoing breast cancer model experimetd the PET image to obtain the dynamics of the radiotracer
in mice. Here only one mouse was imaged as a preliminargoncentration in local tissue over time.
study to investigate the viability of this technique. As a A further PET experiment using a control Wistar Kyoto
further low dose imaging test, 2 mice were imaged as pafWKY) was also carried out to investigate the applicability of
of an ongoing brosarcoma experiment. In both experimentslow dose imaging in BFJFDG dynamic cardiac imaging. The
data was assessed for contrast, resolution, and quawmétatiimaging protocol was similar to already published work in mice
integrity critical for small animal tumor studies. On thedast and more recently in rats33-35). The rat was fasted for 5-6 h
cancer model, an immunode cient BALB/c nude female mousewith free access to water prior t6%F]FDG imaging. A 60 min
was imaged 10 days after MCF-7 breast cancer cells wedgnamic PET data acquisition was initiated a few secondsrbef
grafted being the animal 7 weeks old. The mouse drank watéhe slow (over 10-20 s) administration of 2.7 MBq [18F]FDG
supplemented wittb-estradiol. On the brosarcoma experiment, via a tail-vein catheter. Blood samples were also collected fr
two immunode cient BALB/c nude female mice were imaged 1Qail-vein right of the rat after PET/CT scan in a volume of
days after SK-N-AS brosarcoma tumor cells were graftecigpei 0.36 ml, which were then weighed and radioactivity measured
the animals 7 weeks old. In both experiments, acquisition®we using a Hidex Automatic Gamma Counter. The decay corrected
carried out 70 min after the injection of 1 MBq offF]JFDG and  blood sample measurement at 56 min was used for validation of
lasted 60 min. The whole of the list-mode le was rebinned inmodel corrected blood input function at the same time point,
10 min frames and an image was reconstructed out of each framas described3{, 35). The list-mode data was sorted into 23
The PET image reconstruction settings were: MLEM algorithmtime bins and reconstructed with attenuation correctionngpi
24 iterations and a 0.5 mm voxel size. MLEM algorithm with 6 iterations and 0.75 mm isotropic voxel
The [*®F]FDG dose/MBq coe cients obtained by Taschereauresolution. Region of interest (ROI) analysis and computation
and Chatziioannou19) for the body, brain and bone are 14, 13, of myocardial FDG uptake rate, Ki, was performed as described
and 5 mGy/MBq, respectively. For the radiosensitive orgdems li (33-35). Data representing }fFJFDG concentrations in the
testes and thyroid, these coe cients were 16 and 14, respalgti  myocardium and left ventricle were taken from two ROls in a
The bladder was the organ with the largest dose value with ovsingle frame of the 4-D dynamic PET image. The slices from
500 mGy/MBq. The dose/MBq coe cient for the body was usedthe last time frame of the image were manually parsed until the
to derive the dose due to the PET procedure in this experiment.left ventricle was clearly visible. Once a slice in the mitigec
Researchers are commonly employing multi-animal beds andf the heart was identi ed, the two ROIs were manually drawn
simultaneous imaging to increase preclinical PET throughputas continuous lines using a series of connected points. Time
Three C57BL/6 female mice were imaged simultaneously usiragtivity curves (TAC) for each of the two ROIs were generated b
a low-dose protocol using thé§F]NaF tracer. Animals received averaging the image data of a given ROI at each time frame. Due
2 MBq ['8F]NaF and were scanned 40 min post injection. List-to the intrinsically limited spatial resolution o ered by PESE an
mode data was reconstructed at variable e ective scan times tmaging technique and the small size of rat heart, partialinc
determine the minimum acceptable scan time. The list-mode lgPV) averaging can become a signi cant problem resulting in
was divided in 1 min frames and reconstructed at low resohuti  spill over contamination (SP) from the blood to the tissueaty
to check whether the animals had remained still. Twenty niéisu  and vice-versa at late time points. Using the formalism develope
into the acquisition the animals had remained still for 18mi in Zhong et al. 83), Zhong and Kundu, 4), Li et al. 35), and
whereas in the rest of the acquisition there had been somémot Li and Kundu. @6), a 3-compartment kinetic model that can
of tails, spine and bladder causing signi cant blurring. Uptak simultaneously correct for SP and PV e ects for both the blood
time at the start of the selected list-mode frame had been 1pool and myocardium, generate a model corrected blood input
and each of the animals had an activity of 1.3 MBq in the midfunction (MCIF) and compute kinetic rate parameters (K1-k3),
point of the frame. The selected 18 min were reconstructetd witwas used to compute rate of myocardial FDG uptake, 3).(

Frontiers in Medicine | www.frontiersin.org 5 May 2019 | Volume 6 | Article 88


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Molinos et al. Low-Dose Imaging Total-Body PET/CT

The above analysis was performed using the MATLAB_r2018RESULTS

(Mathworks Inc., Natick MA) computing environment. .
Given the absence of appropriate dose/MBq coe cients forPET _Ph_antom Experiments . )
rats, doses were not calculated in this experiment Quantitative assessment of the low activity during the gleca
' ' period in the mouse NECR phantom revealed that subtle

di erence in activities could be distinguished and that memsl
. values were consistent with expected results sgpare 4).

CT Dose Calcmat'on_s and Measurements ) Figure 5 shows the 1Q Phgntom with aﬁﬁﬂnsﬁ)arsal slice
The Brukers software CTion 1.0 was used for the calculationough the SOR region of the phantom and another one through
The calculation of X-ray dose in CTion is based on thene capillariesTables 1A-Cshow the numerical analysis of the
simulations of X-ray photon energy spectra and dose by thf;Q phantom. NEMA Image Quality with PVC (Partial Volume
program SpekCalc3(—39). X-rays are assumed to be emitted correction) shows recovery coe cients close to 1.0 for all
from an X-ray source using a tungsten target, as used on thgape rod sizes but the 1 mm size rod4ble 1B. Nevertheless,
Si78. CTion calculates dose rates in mGy/min in air, for earad resulting standard deviations are relatively high.

for a mouse once the user inputs these values: current, Wltag py/c has therefore a positive e ect bringing the 2, 3, and 5mm
distance source to sample and type of Itering. _ rods recovery coe cients closer to 1.0, especially the 2 mm rod.

In order to assess the accuracy of the calculations, dogg,wever, an increase in image noise is also observed when PVC

measurements were also carried out with a MOSFET typg applied. This is especially evident from the uniformity fesu

dosimeter. In particular, the Unfqrs Patient Skin Dosimetersw (Table 1A), where ideally there is no in uence of partial volume.
used for the measurements. This features two MOSFET (Metal rigyre 6 shows the resulting image of the micro-Derenzo

Oxide Semiconductor Field E ect Transistor) detector heam®  tyne phantom experiment. Capillaries in the diameter range
is in air to measure air dose, the other was shielded by a whit§s 0 9_1. 2 mm are well resolved highlighting the possibitity
PMMA tube with overall thickness about 25mm to estimategypmillimetric resolutions even in low dose animal experitsen
depth-corrected dose in a mouse.

: PET in vivo Experiments
CT Phantom E_Xpe”ments ) ) o To evaluate the system for use in low-dose preclinical PET
In order to assess tissue contrast ob_talned with CT setiivigsh imaging one mouse with a breast tumor and two mice with a
would su ce for a PET scan anatomical reference, a onv costtra 1y 5sarcoma tumor model were employed. When the %ID/mL
CT phantom (QRM) was scanned at a range of settings. Dogg, oy jated from the last frame image was compared with the
estimates were derived from simulations by CTion. _ rest of frames, and also with the whole list-mode le image,
Furthermore, to assess the general CT image quality anglis showed a good agreement. The image of this last frame
speci cally uniformity inlow dose imaging, a phantom consist 554 showed adequate quality tumor uptake was 11 %ID/mL for
of a water tube was scanned at two di erent resolutions, 20D anihe preast model and around 13 %ID/mL for the brosarcoma
100 micron resolution. The CT settings were such to mimic th‘?nodeI.Figure 7shows mouse 1 of the brosarcoma experiment.
typical conditions in a preclinical PET/CT experiment. By using the Dose/MBq conversion coe cient explained in
Taschereau and Chatziioannoii9] the whole-body dose due to
the PET procedure was estimated to be 14 mGy but based on
CT in vivo Imaging of a Wild Type Mouse the results obtained here this could likely be lowered to astlea
A rst experiment was designed to achieve the best imagé mGy. The activity in the midpoint of the last frame was 452
quality possible while minimizing the dose. An adult wild typekBq and this suggests that injected doses can at least bedhalv
mouse was scanned using a Low Dose 1 mm Al lter at 39 kV@nd should not a ect the experiment results signi cantly.
and with varying current and acquisition times to progresjv These results suggest the possibility of using low dose
lower the dose and assess the resulting image quality. Keepimgection in this particular tumor model. Nevertheless, reor
the current at 199mA, two scans were performed for 149 animals would have to be imaged to make the result statitical
and 84s, respectively. Then, lowering the current tomB9  signi cant. Also, it is still to be seen the applicability of lalese
two scans were performed for 91 and 44 s, respectively. Thmaging for both other tumor models as well as other tracers.
exposure time was kept at 300 ms. The data was reconstructed Figure 8 shows the resulting MIP image for the total body of
using the ltered back projection (FBP) algorithm and standla all 3 mice.
reconstruction parameters. Using the provided dose activity conversion coe cient of 10
In a second experiment, an adult wild type mouse was scannadGy/MBq (19) for uoride ion therefore it can be estimated that
minimizing both acquisition time and dose. The settings@B#4 each of the animals received a dose of 20 mGy just from their
kVp, 900mA and 7 s of total scan time resulting in a 200 um pixelinjection. The total dose to each of the animals in this multiple
resolution image. The option to scan using “continuous mode’animal experiment will nevertheless be higher given the exier
instead of “step and shoot” was used to achieve the fast scaradiation from the neighboring animals. The images showttha
times. The data was reconstructed using the FBP algorithch arsu ciently good resolution is achieved in low dose experin&n
standard reconstruction parameters. in acquisitions lasting: 20 min.
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FIGURE 5 | IQ Phantom images acquired over 20 min withx 1 MBq.
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TABLE 1 | NEMA IQ results. over a mouse of 25 mm diameter, were 47.95 and 26.07 mGy/min
respectively. With these same settings the doses measured by

A- Uniformity _ — the MOSFET Patient Skin Dosimeter, in air and shielded by
Mean Maimum Minimum std (%) about 25 mm thickness of PMMA, were 44.5 and 20.0 mGy/min
PVC OFF 49.2 KB/l 71.7 KB/l 32.2 KB/l 9.6 respectively. Thus, the deviation between the doses cadulat
PVC ON 49.2 KBg/mi 94.9 kBg/ml 14.2 kBafm 196 by emission simulation and meagureq by MOSFET detector,
were 8 and 30% for the dose in air and the dose depth
B. Recovery Coef cients. Standard Deviation in % Within Bra ~ ckets corrected for mouse, respectively. Generally, it was obderve
1mm 2 mm 3mm 4mm 5 mm that for lower voltages and ltering the MOSFET-measured
values were lower than the simulated values. The contrary
PVC OFF 0.04(285) 0.68(17.3) 0.88(13.3) 1.00(15.5) 0.98%5) was observed with higher voltages. The agreement for 50 kV
PVCON 004(528) 0.092(30.6) 1.02(26.3) 1.13(25.6) 1.03(3) was within 10% on both air and mouse doses. This could

be explained by the decrease of detection e ciency of the

C. Spill Over Ratio. Standard Deviation in % Within Brackets MOSEET type dosimeter detectors employed, with decreasing

Alr Water photon energies below about 30 keV X-ray photon energies
PVC OFF 047 (35.0) 0.25 (23.0) in CT imaging, even with aluminum ltration, extend down
' ' ' ' to 10-15 keV. The CT settings in typical PET/CT experiment
PVC ON 0.16 (42.9) 0.25 (35.1)

use step and shoot and a 208 current so based on the
results above, the dose to mouse scales linearly with cuarht
therefore can be estimated to 10 mGy/min. Air doses would be
around 19 mGy/min.

CT Phantom Experiments

Figure 10shows how imaging of a low contrast phantom reveals
su cient contrast to detect 2.5mm rods. Rods were imaged
from seconds to minutes and using variable (time, Al lter,

current, and voltage). Contrast for phantom imaging can be
enhanced further (not shown) with modied settings, with

modest increases in dose.

The water tube phantom experiment was carried out using
the step and shoot mode and employed the low dose settings:
40 kV, 200mA, 1 mm Al lter and 300 ms exposure time. Those
are estimated to be in the 10-15 mGy range. Each acquisition
took just over 1 min of scan timdzigure 11shows the resulting
uniform artifact free images.

FIGURE 6 | micro-Derenzo phantom imaged for 20 min with 3 MBq of
[18F]-FDG. Capillary sizes in mm are shown in the image.

CT in vivo Imaging of a Wild Type Mice
Figure 12 shows the sagittal view of the mouse imaged with 4
Figures 9A—-Eshows representative dynamit®f]FDG PET di erent settings in which dose is reduced from a starting poin
coronal images for the rat heaiih vivo experiment at an of 26, then to 15, 16 and nally 3 mGy approximately. It can be
early time frame (20s), and at 1, 10, 30, and 56 min posieen how skeletal and tissue contrast decreases as dosegoes
[18F]FDG injection. The latest time frame most clearly showedut stays even in the 3 mGy case su ciently good for anatorhica
the myocardium, seeFigure 9E since most 8F]JFDG had reference in small animal PET scaRigure 13shows the 26 and
been taken up from the blood by that time poirEigure 9F 3 mGy cases next to each otherincluding all three corongittsa
shows representative time activity curves for LV blood poohnd transversal views.
and myocardium, model ts, and MCIF. The MCIF at 56 min  This experiment shows how with 40 kV and 1 mm Al ltering,
agrees with a blood sample (8.67 kBg/cc) at the samlew dose images of enough quality can be obtained in lessahan
time point. minute by using relatively long exposure times (e.g., 300 mg) an
This experiment has shown the feasibility of low dosdow current.
imaging also in the context of dynamic [18F]FDG PET Figure 14 shows the result of the experiment to minimize

with rats. not only dose but acquisition time. The image shown is the
) result of a 7s scan time and the dose is calculated to be less 10
CT Doses Calculation and Measurement mGy. Again, dose reduction settings provide su ciently good

For the setting of 40 kV, 500A, and 1 mm Al ltration, the contrast for skeletal structure, as well as lower contrast so
absorbed X-ray dose calculated by CTion, in air and averagdissue organs.
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FIGURE 7 | Mouse 1 of brosarcoma tumor model. Top: Tumor is marked by white arrow and heart by red arrow. Contrasand resolution are suf cient to resolve
heterogenous tumor uptake, see orange arrowBottom: Low-dose total-body [18 F]FDG/PET with clearly de ned tumor uptake and contrast. Tumouptake
measurements (13% ID/mL) obtained fall within typical rangef®r this model. Results for 10-minute and 60-minute scans & consistent, indicating that low-dose
imaging even for 10 minutes provides suf cient counts for réhble data and quanti cations.

DISCUSSION AND CONCLUSIONS Given that low-dose PET imaging can be performed with
doses<4 times lower relative to standard protocols, system
Low-dose imaging protocols in phantoms and animals were usegperators can bene t from reduced accumulative annual dose
in the Si78, a new preclinical total-body PET/CT system. exposures simply through reduced dose handling. This could be
CT imaging serves as an anatomical reference for functionglarticularly critical in core facilities where dedicated g@nnel
PET detections using integrated PET/CT systems. Anatdmicgerform much of the scanning and tracer handling for an
detections are critical for localizing PET signal and pravida institution. The new instrument allows for total-body mouse
backdrop for accurately de ning regions of interest for &sis. PET/CT studies with doses &f10 mGy for each the PET and
The Si78 CT subcomponent was assessed for contrast and image procedures, minimizing animal dose exposures.
quality using low-dose protocols. Low-dose imaging provided Low-dose PET imaging was shown to provide not only
su cient contrast to resolve tissue contrast to serve as amjualitative features valued in functional imaging studibaf
anatomical reference for small animal PET scans. contrast, resolution and quantitative features typicaltahslard
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FIGURE 8 | PET MIP images showing bone tracer Nalf3 F]. Arrows point to visible ribs as an indication of good redation. Tracer uptake time was 1 h and scan time
18 min. Each of the animals had been injected with 2 MBq.

protocols. Low-dose PET imaging in a preclinical tumor model Low-dose high-sensitivity PET imaging provides several
provided suitable resolution and quantitative measurersent cost-saving and performance bene ts beyond simple reduction
Often, studies aim to identify unique features of tumorin exposures to ionizing radiation. Low-dose PET imaging can
microenvironment that are believed to be critical to thebe particularly valuable in studies of new candidate tracers
progression of many tumors. Regional changes in stromalgissu Often, development of candidate tracers can be costly where
metabolics, and receptor expression are believed to be itdca tracer chemistries and ligand development may be made in an
of such processes. Signi cantly, image resolution was ntto iterative process. Low-dose PET imaging can be useful because
distinguish intratumor metabolic heterogeneities, irating that it allows for testing of very low-volume and low-activityatrers
low-dose imaging in this system will be suitable for inteyating and tracer performance is validated and production is scaled.
tumor biology critical for tumor progressions. Given that In fact, even for routine imaging using established tracers,
preclinical PET imaging is often used to make quantitativdow-dose imaging allows researchers to reduce costs related
measurements of various molecular and cellular processas, loto tracers. Low-dose (high sensitivity imaging) can also be
dose PET protocols should provide linear quantitative dédest  useful for sensitive cell tracking studies. Further, hggmsitivity
Linear dose decay measurements <at MBQ in a mouse imaging can alternatively be used to reduce total exposure
phantom demonstrated that even subtle concentration di eren times when standard tracer activities are used, resultirggins
could be distinguished, providing evidence that quantitati in throughput.
measurements at low doses are not compromised. Low-dose CT imaging in mice demonstrated that suitable
Further, low-dose multi-animal imaging using'8F]NaF tissue contrast and resolution were achieved. Using a
demonstrated that ne details of bone metabolism could becombination of dose minimizing energies and hardware,
resolved, providing further evidence that low-dose imagiag including a beam sharping lter, supply suitable images/data.
provide total-body contrast su cient for resolving detaiéeross  Anatomical scanning could be achieved with total doseswteae
all anatomies covered in a total-body scan. One of the kewell below even limits of subclinical e ects, providing abgelu
bene ts for total-body PET imaging is the ability to collect con dence for researchers that results/conclusions will bet
total-body dynamic data appropriate for highly quantitative compromised by scanning protocols and as of yet undetermined
kinetic modeling that surpass traditional semiquantitati8UV e ects of subclinical e ects of X-ray exposures on sensitive
measurements. Total-body high resolution demonstratetk he disease models. Further, the CT scanning and reconstrucéion ¢
would indicate that imaging at both local and distant anatesn be completed at high-throughpu&(10 s ) suitable for screening

could be employed for total-body kinetic modeling studies. multiple cohorts of animals commonly used in studies of new
The rat heart dynamic PET experiment has also shown théherapeutics. Signi cantly, the CT subsystem also provides
feasibility of low dose imaging for such an application. features (self-gated cardiac and respiratory imaging) and
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FIGURE 9 | (A—-E)Dynamic FDG PET images: Representative images at 20s, 1, 180, and 56 min post FDG administration(F) Time activity curves: Representative
time activity curves for LV blood pool and myocardium, modeks, and model corrected blood input function (MCIF). The MCIF &56 min agrees with a blood sample
(8.67 kBg/cc) at the same time point.

o0

FIGURE 10 | Contrast phantom to evaluate contrast at low-doses(A) Scan time: 140s and dose 12.5 mGy(B) 57 s and 9.9 mGy (C) 7s and 5.8 mGy.

exibility that could also be used for many dedicated CT stan engaged in the development of clinical total-body PET
applications including skeletal and bone measurements, falg. hardware. Human total-body PET promises improvements
OVX osteoporosis models), cardiac and pulmonary disease, aimi dose reductions, reduced scan times, and quantitative
tissue segmentation (e.g., metabolic disease) protocols. kinetic modeling capabilities. Here, we have demonstrated
Radiation and dose exposures reduction e orts are criticathat total-body PET imaging in preclinical imaging may o er
in medical/research imaging. Multiple researchers are elgtiv many of the same bene ts. Further, when combined with a
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FIGURE 11 | Water tube phantom scanned with 200 um resolution (left) and00 um (resolution) in low dose setting mode.

A 25.8 mGy B 14.6 mGy C 5.5 mGy D 2.6 mGy

FIGURE 12 | (A-D)Above show the 4 sagittal views with current and acquisitioime settings such that approximately the dose is halved staing at 25.8 and
nishing at 2.6 mGy.

low-dose CT system, dose and throughput benets can bwithin the institutional guidelines. All animal experimeait

further enhanced. procedures were approved by the Ethics Committee for animal
experimentation of the KU Leuven (ECD number p075/2016)
ETHICS STATEMENT and of the canton de VaudService de la consommation et des

a aires vétérinaires authorization: VD2993
Experiments in Europe: all animals were kept in individual Experiments in the USA: animal experiments were approved
ventilated cages witlad libitum access to food and water. All by the Institutional Animal Care & Use Committees of
principles of laboratory animal care were followed accordimg t the University of Virginia and performed according to the
the latest European (Directive 2010/63/EU) regulations om thNational Institutes of Health Guide for the Care and Use of
protection of animals used for scienti ¢ purpose and performedLaboratory Animals.
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FIGURE 13 | Mouse scanned at 39 kV and aluminum lItering of 1 mm(a) On the left with typical imaging settings andb) on the right, current and scan duration
optimized to minimize dose.

FIGURE 14 | Mouse imaged with 54 kVp, 900mA, and an acquisition time of 7 s and dose< 10 mGy. The image voxel is 200 um.
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