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Abstract
Microscopic nuclear imaging down to spatial resolutions of a few hundredmicrons can already be
achieved using low-energy gamma emitters (e.g. 125I,∼30 keV) and a basic singlemicro-pinhole
gamma camera. This has been applied to in vivomouse thyroid imaging, for example. For clinically
used radionuclides such as 99mTc, this approach fails due to penetration of the higher-energy gamma
photons through the pinhole edges. To overcome these resolution degradation effects, we propose a
new imaging approach: scanning focus nuclearmicroscopy (SFNM).We assess SFNMusingMonte
Carlo simulations for clinically used isotopes. SFNM is based on the use of a 2D scanning stagewith a
focusedmulti-pinhole collimator containing 42 pinholes with narrow pinhole aperture opening
angles to reduce photon penetration. All projections of different positions are used to iteratively
reconstruct a three-dimensional image fromwhich synthetic planar images are generated. SFNM
imagingwas tested using a digital Derenzo resolution phantom and amouse ankle joint phantom
containing 99mTc (140 keV). The planar images were comparedwith those obtained using a single-
pinhole collimator, either withmatched pinhole diameter orwithmatched sensitivity. The simulation
results showed an achievable 99mTc image resolution of 0.04mmand detailed 99mTc bone images of a
mouse ankle with SFNM. SFNMhas strong advantages over single-pinhole imaging in terms of spatial
resolution.

1. Introduction

Preclinical nuclear imaging is an important tool in biomedical research tomonitor biological functions inside
small experimental animals or tissue samples. In the past, this type of imagingmost often required cryo-cooling
and sectioning of the animal or tissue sample followed by autoradiography or other counting assays. Nowadays,
thewhole subject can be scanned by a dedicated positron emission tomography (PET) scanner in the case of
positron emitters or by a position-sensitive gamma-radiation detector equippedwith a collimator for the study
of single-photon and positron emitter distributions in either planar or tomographicmode (SPECT). Preclinical
planar imaging and physically collimated tomography both have an advantage over preclinical coincidence PET
in terms of achievable image resolution; thanks to the use ofmagnified pinhole imaging, the achievable image
resolution can typically bemore than an order ofmagnitude better than the intrinsic detector spatial resolution
(typically 3.5 mm for conventional large-area gamma cameras) (Beekman andVanDerHave 2007). Various
preclinical pinhole SPECT systems are now available on themarket (Furenlid et al 2004, Beekman et al 2005,
Kim et al 2006, Schramm et al 2006,Hesterman et al 2007, van derHave et al 2009, Sánchez et al 2013,
Ivashchenko et al 2015,Nguyen et al 2020a), offering image resolutions down to 250μm in vivo (Ivashchenko
et al 2015) and 120μm ex vivo (Nguyen et al 2020b).

In an attempt towork towards in vivo nuclearmicroscopy, amicro-pinhole with a 100μmaperture was
previously used in a compact bench-top camera.Measured projections through this pinhole demonstrated
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high-resolution imagingwith low-energy gamma-emitting isotopes (e.g. 125I,∼30 keV) (Beekman et al 2002).
This single-pinhole (SPH) approach falls short when imaging clinically used isotopes such as 99mTc (140 keV)
due to severe photon penetration through pinhole edges that degrades image quality. One of the approaches to
reduce pinhole edge penetration is to utilisemultiple pinholes with smaller pinhole openings (Goorden and
Beekman 2010, Könik et al 2019).

Withmultiple pinholes, it is not straightforward to obtain an image of the scanned object directly from its
projections on the detector, but a reconstruction process is needed. Besides, to achieve a high image resolution
the pinholes need to be very close to the object to benefit from the highmagnification factor. Thismight limit the
effective arrangement of the pinholes around the object for sufficient angular sampling. In this case, images can
still be reconstructed from an incomplete data set.

Several publishedworks explored the idea of obtaining synthetic images frompinhole tomographic data
with incomplete data sets (Wilson et al 2000,Havelin 2013,Havelin et al 2013). In these works, amulti-pinhole
(MPH) collimator obtained projections at a number of pinhole–detector distances at a single tomographic angle,
after which planar images were formed by summing three-dimensional (3D) reconstructions along the axis
perpendicular to the collimator face.

Previously, we have tested patented technologies (Beekman 2011, 2014) in a breast scanner (vanRoosmalen
et al 2016) inwhich the pendant breast is lightly compressed between transparent Perspex plates and scanned
between two sets of translating focusingMPHplates and gammadetectors. This forms angularly incomplete
data sets that are then reconstructed to form images offering both 3D localisations of tracer uptakes and good
tumour-to-background contrast-to-noise ratios.

The aimof the present work is to develop amethod that is less sensitive to pinhole penetration in order to
maintain high resolution (the ability to resolve small structures)with increasing photon energy. To this end, we
develop a scanning focus nuclearmicroscope (SFNM) based on a focusingMPHconcept with a target image
resolution down to 40μmfor 99mTc. This device will be suitable for imaging small superficial structures inmice,
for example, and for incubated tissue slices (Nonnekens et al 2016). This paper demonstrates in silico the
performance of the new SFNMusingMonte Carlo simulations to test several activity levels of 99mTc contained in
a digital Derenzo phantom. A simulated bone scan of amouse anklewas also assessed. The obtained images with
SFNMwere then comparedwith images generated using a single pinhole (SPH)with eithermatched pinhole
diameter ormatched sensitivity.

2.Methods

2.1. Scanning focus nuclearmicroscopy
The proposed SFNM imaging system consists of a focusingMPHcollimatormade of goldwith a total of 42
round knife-edge pinholes, each having an opening angle of 10° (see figures 1(b), (c)). These 0.05 mmdiameter
pinholes focus on a 0.5 mmdiameter central field of view (CFOV). The object is scanned through this focus to
obtain data from various projection angles for each point in the object using a scanning focusmethod
(Vastenhouw andBeekman 2007).

TheMPHcollimator has a rectangular shapewith awall thickness of 30 mmand can bemounted on a
U-SPECT/CTor aVECTor/CT imaging system (MILabs B.V., theNetherlands) (van derHave et al 2009,
Goorden et al 2013). It projects on one of the system’s large-area gammadetectors (NaI(Tl) crystal). The gamma
detector has a 3.5 mm intrinsic spatial resolutionwith 10% full width at half-maximum (FWHM) energy
resolution at 140 keV (99mTc). The distances from the centre of theCFOV to the collimator’s surface, to the
pinhole’s centre and to the detector’s surface are 1.5 mm, 2 mmand 210mm, respectively, which leads to a large
pinholemagnification factor of 104.

For comparisonwith SFNM,we considered two SPH collimator designs (table 1), of which theCFOV size,
collimator thickness and collimator-to-detector distance are the same as in SFNM (figure 1(a)). In the SPH1
design, we adjusted the pinhole diameter (0.35 mm) tomatch the sensitivity to that of the SFNM,whereas in the
SPH2designwe set the pinhole diameter to the same value as that used in the SFNM (0.05 mm). The sensitivity
was determined byMonteCarlo simulations (details in section 2.2) of a 0.3mm thick disc-shaped uniform 99mTc
activity distributionwith the diameter of theCFOV. The disc lies in theXYplane. The sensitivity was then
calculated by taking the fraction of the number of detected photons over the total number of photon emissions.

For the SPHdesigns, we both showdirect detector projection (projected images) and reconstructed images
obtainedwith the same scanning focusmethod as described for the SFNM (synthetic images).

2.2.MonteCarlo simulations
For the proposed SFNMsystem and SPH approach, simulation datawere generated using theMonte Carlo
Simulation packageGeant4Application for Tomographic Emission (GATE), version 8.0. TheGATE application
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was run in aCentOS 6.6 computer cluster with 250 processors running in parallel. To simulate photon paths
through the collimator and in the detector, physics processes were defined by the ‘physics list builder’
mechanism inGATE, which includes but is not limited to photoelectric effect, Compton scatter, Rayleigh
scatter, bremsstrahlung, electron ionisation and positron annihilation. To simulate the detector geometry, aNaI
scintillator was created inGATEusing a 497.4 mm 410.6 mm 9.5 mm´ ´ rectangular box, whichwas placed
as shown infigure 1(c).

STL files of the proposed focusedMPHcollimator and the SPH collimators were prepared using computer-
aided design software (OpenSCAD), with the required pinhole diameter and collimatormaterial.We assumed a
MPHaperturemade of gold to limit the pinhole edge penetration of gamma radiation. GATEoutputs the total
deposited energy in the scintillator and the interaction time of each gammaphoton, alongwith the energy-
weighted average interaction location in the scintillator. Photon interaction locationswere sampled on a pixel
gridwith pixels of size 1.072mm× 1.072mm, the same as the pixel size of the real detectors used in the
U-SPECT/CTorVECTor/CT imaging system (MILabs B.V., theNetherlands). The photopeakwindowwas set
to a 20%width at 140 keV.

Figure 1. (a), (b) Illustration of the SPH andMPHcollimators considered in this paper whichwere designed to have equal CFOVs.
(c)The collimator is placed close to the object to achieve highmagnification factors. The object is scanned atmultiple positions in the
XY plane.

Table 1.The SPH collimator designs that were evaluated in comparisonwith the SFNM.

SPH1 (matched sensitivity) SPH2 (matched pinhole diameter) SFNM

Pinhole diameter (mm) 0.35 0.05 0.05

Sensitivity (%) 0.13 0.010 0.13
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2.3.Derenzo resolution phantom
TheDerenzo resolution phantom simulated in this study has six sectors containing rod diameters ranging from
0.02 mm to 0.07 mm (figure 2). In each sector, the distance between the centres of two adjacent rods is twice the
rod diameter. The rod length is 0.3 mm.The rodswere defined inGATEusing analytical cylinders,meaning that
therewas no voxelisation effect.

First, the phantomwas simulatedwith SPH2 at one central bed position, assuming that it contained either
40 kBq of 125I or 99mTc and that it was scanned for 2 h to assess the effect of increasing photon energy with
this SPH.

Then, the phantomwas simulated, assuming that it contained 99mTc at three activity levels (40 kBq, 8 kBq
and 4 kBq in thewhole phantom), and a 2 h acquisitionwas assumed. For the projected imagewith the SPH, the
phantomwas placed at the centre of CFOVand projections at a single positionwere acquired. For the synthetic
imageswith both collimators, theDerenzo phantomwas scanned at nine bed positions separated by a 0.25 mm
step size in theXY plane.

2.4.Mouse ankle joint phantom
Amouse ankle joint phantomwas derived from a real CT image of amouse ankle joint having a voxel size of
0.08 mm.Themouse ankle phantom contained a realistic activity concentration of 336MBqml−1 of 99mTc,
whichwe inferred from experimentalmouse data (Nguyen et al 2020b). The phantomhad a volume of 3.76
mm× 2.48mm× 3.00mm. For the synthetic images, the phantomwas simulated assuming a scan time of either
1 h or 4 h and 693 bed positions separated by a 0.125 mmstep in theXY plane. The time stepwas equal for all bed
positions. For the projected imagewith the SPH for the comparison infigure 6, the area viewed by the pinhole at
the centre of the system (0.5 mmdiameter) is smaller than the phantom size; therefore, themouse ankle
phantomwasmoved in theZ direction 15 mmaway from the pinhole such that thewholemouse ankle could be
observed through the pinhole. In this case, the pinholemagnification is 13.5 times.

2.5. Image reconstruction and assessment
The acquired simulated projection data atmultiple object positionswere used collectively in image
reconstruction. For image reconstruction, a systemmatrix was generated for the SFNMcollimator using an in-
house developed ray-tracing code that takes into account pinhole edge penetration and the spatial resolution
and depth of interaction in the detector, but excludes scatter (Goorden et al 2016). For this ray-tracing
simulation, the position, orientation and linear attenuation coefficients of the collimator (4.26 mm 1- ) and
detector (0.245 mm 1- ) relevant for 140 keV energywere provided as input. To generate a reasonable system
matrix size for fast image reconstruction, only the gammaphoton paths that have at least a 4%probability of
passing through the collimatormaterial were included. A lower cut-off will lead to amatrix withmanymore
elements, and a longer computation time for thematrix and image reconstruction.We found that for 140 keV,
the cut-off of 4% resulted in approximately 96%of the photonflux beingmodelled, and this cut-off was
sufficiently small in this case. Decay correctionwas included to account for the change in the activity in the
object during the scan.

Images were reconstructed using a similarity-regulated ordered-subset expectation-maximisation
(SROSEM) algorithm (Vaissier et al 2016)with themaximumnumber of subsets set to 128. All images presented
in this workwere reconstructedwith a voxel size of 0.02 mm.A voxel size of 0.01 mmdid not improve the
resolution further but dramatically increased computation time; therefore, it was not used. Gaussian filters of
0.04 and 0.14mmFWHMwere applied to the reconstructed images of theDerenzo phantom andmouse ankle,

Figure 2.Derenzo phantom (a) and the regions of interest (ROIs) (b) for calculating contrast to noise ratios of the obtained images.
The rod diameters are 0.07, 0.06, 0.05, 0.04, 0.03 and 0.02 mm.
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respectively. From these reconstructed images, synthetic planar imageswere generated by adding slices up to
0.3 mmand 3mm for theDerenzo phantom andmouse ankle, respectively. The reconstruction iteration
numbers were chosen tomaximise the contrast-to-noise ratio (CNR; equations (1)–(2)) for theDerenzo images
or tominimise the normalised rootmean squared error (NRMSE) for themouse ankle images.

Scatter correctionwas applied using the triple energywindowmethod (Ogawa et al 1991) in amodel-based
approach (Bowsher et al 1992, King et al 1997). For this purpose, two sidewindows, each having awidth equal to
25%of thewidth of the photopeakwindow, were set. The scatter estimatewas then smoothed by aGaussian
filter having a standard deviation offive pixels and then added to the forward projection in each iteration during
reconstruction.

For the SPH, the projection images shown in figures 4 and 6were post-processed usingGaussianfilters
having FWHMsof 0.04 mmand 0.14 mmmultipliedwith amagnification factor of 104 and 13.5 for theDerenzo
phantomand themouse ankle joint phantom, respectively. The synthetic imageswith the SPHwere obtained in
the sameway aswith the SFNM.The obtained images were resampledwith a 1.58 times smaller pixel size using
bicubic interpolation and plottedwith the pseudocolour (‘pcolor’) function inMATLAB to avoid a pixelation
effect.

For the obtained resolution phantom image, CNRwas calculated in the sameway as inWalker et al (2014) by
drawing regions of interest (ROIs)with red circles indicating the regionswith activity and blue circles indicating
the background regions (figure 2). ROIs had a diameter of 0.9 times the diameter of the rods.We defined the
contrast (Cs) and noise (Ns) of rod sector s as follows:

C
I B

I
, 1s

s s

s

=
- ( )

N
IB

, 2s
I B

s

2 2
s s

s s
=

+
( )

where Is and Bs are themean intensity over the activity regions (Is) and background regions (Bs) of sector s,
respectively. Is

s and Bs
s are standard deviations over Is and B ,s respectively, and IBs is themean intensity over all

ROIs of sector s.Then theCNRof each rod sector was defined as C N ,s s/ and the average of theCNRs over sectors
with 0.04, 0.05 and 0.06 mmdiameter rodswas taken as an image quality assessment (reported infigure 4).
Sector 0.07 mmwith only one rod and sectors 0.02 mmand 0.03 mmwith non-discernible rodswere excluded
from this calculation.

3. Results

3.1.Derenzo resolution phantom
Figure 3 demonstrates the image degradation due to pinhole edge penetrationwhen increasing the photon
energy from30 keV to 140 keV. Figure 4 shows the synthetically generated planar images of theDerenzo
resolution phantomobtained by summing slices of the reconstructed images across thewhole phantom length
of 0.3 mm, aswell as the projected images only for the SPH. The results show a clear advantage of SFNMover
using a SPH collimator at amatched sensitivity. The achieved image resolution is 0.04 mmwith SFNM,whereas
in both the SPHprojected and synthetic images withmatched sensitivity the rods are not discernible.When
compared at equal physical pinhole diameters, the improvement in image resolution by applying SFNM is still
significant. In this case, the SFNM images contain far less background and image noise than the SPH2 projected

Figure 3. Simulated projection images of theDerenzo hot rod phantomwith a singlemicro-pinhole showing the effect of increasing
the photon energy. This was simulated for the SPH2design. Rod diameters of the different sectors are provided inmm.
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images, and visualise the rods better than the SPH2 synthetic images. This can also be seen on the profiles
through different rod sectors (figure 5). The SFNMalso gives the highest CNRs of the obtainedDerenzo images
among the presentedmethods.

3.2.Mouse ankle joint phantom
Figure 6 demonstrates the imaging capability of SFNMcomparedwith the SPH cameras for themouse ankle
joint phantom. The synthetic image generated using SFNMclearly shows the anatomical structure of themouse
ankle and the bestNRMSE among the presentedmethods.

Figure 4.Derenzo resolution images generated with the proposed SFNMand the SPH camerawith eithermatched sensitivity (SPH1)
ormatched pinhole diameter (SPH2) at equal dose. TheCNRs for SPH2 and SFNMare listed underneath the images. For the synthetic
images, if the CNR is listed, the corresponding reconstruction iteration number thatmaximised theCNR is also presented.

Figure 5.Profiles taken through different rod sectors obtained from the images in the first row (40 kBq) infigure 4 for SPH2 and
SFNM. Locations of the profiles are indicated in (a). Profiles through the 0.04 mmrod sectors are shown in (b), while (c) shows
profiles through the 0.06 mmrod sectors.
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4.Discussion

This study proposes a newnuclearmicroscopic imagingmethod (scanning focus nuclearmicroscopy, SFNM)
and investigates its projected performance in silico. The designed system generates synthetic planar images with a
resolution of 0.04 mm for 99mTc.

In this work, a focusedMPHcollimatorwas used to reduce pinhole edge penetration for relatively high
gamma energy radionuclide imaging, and it was shown to provide better image resolution and system sensitivity
trade-off than obtainedwith SPH imaging. The results showed that at equal sensitivity (0.13%), the SPHdid not
resolve rods in theDerenzo phantom,whereas with SFNMa resolution of 0.04 mmwas achieved.When
compared at an equal pinhole diameter (0.05 mm), the improvement by applying SFNM is still significant and
the SFNM images contain less background and image noise than the SPHprojection, as well as higher resolution
andCNR than the SPH synthetic images. An increase in the SPHdiameter to obtain the same sensitivity as in the
MPHcaseworsens the resolutionmore rapidly, whereas using an equal diameter to that in SFNM improves the
resolution but at the cost of sensitivity, which decreased bymore than 90%.

Themouse ankle joint phantom image showed that SFNMcould be used for in vivo imaging.However, the
sensitivity depends on the source–pinhole distance; therefore, the presented SFNM ismost suitable for imaging
small structures located close to the surface of the animals, such as subcutaneous or skin tumours, joints or the
thyroid. In the future, biological tissue samples could also be investigated, for example tumour tissue slices
stainedwith a tracer. This high-resolution device could provide information about tumourmicrovasculature,
delivery and retention of drugs and othermolecules targeted to the cancer cells. The ability of SFNM to image
clinically relevant radionuclides such as 99mTc could lead tomany in vivo diagnostic and therapeutic applications
in themouse thatmay be translated to the clinic.

The focusedMPHcollimator allowed us to acquire projection data from various projection angles, which
could then be used to reconstruct 3D tomosynthesis images based on incomplete data. Later, planar synthetic
imageswere generated by summing slices from reconstructed images. The limited angular samplingmight cause
artefacts in visualising large tissue slices. Also, because of the smallfield of view of the presented design, scanning
a complete tissue slicewill requiremany bed translations for a full sampling, which limits its use in dynamic
imaging.

Whenmanufacturing thisMPHcollimator, one possibility is tomake a separate thin plate containing all the
pinhole apertures placed above a collimator block containing all the pinhole ends, which together form a
complete collimator. Although the simulations in this work assumed that thewhole collimator wasmade of

Figure 6.Mouse ankle joint images generatedwith the proposed SFNMand the SPH camerawith eithermatched sensitivity (SPH1) or
matched pinhole diameter (SPH2) at equal dose and scan time. TheNRMSEs are listed underneath the images, and for the synthetic
cases the reconstruction iteration number thatminimised theNRMSE is also presented.
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gold, in reality wemay use gold for only the pinhole plate becausemost of the pinhole penetration and scatter
happens inside this part and the large block underneath can bemade of anothermaterial such as tungsten. The
pinhole plate is small enough to use pure gold or platinumor gold platinumalloys, for example (Beekman et al
2002). Themajority of costs will be due tomachining or othermeans ofmanufacture. Given that the pinhole
diameter and opening angle are very small (0.05 mmand 10°, respectively), very high-precisionmethodswill be
needed tomanufacture these pinhole plates.

Pinhole penetration can also be reduced by utilising keel-edge pinholes instead of knife-edge pinholes, as
demonstrated byAccorsi andMetzler (2004), VanDerHave andBeekman (2006) andVanAudenhaege et al
(2015); however, this advantage is smaller at larger angles of photon incidence, with significant loss of sensitivity.
Accuratemodelling of the penetration as part of the systemmatrix used in image reconstruction is also beneficial
to improve imaging performance. That is why the synthetic imageswith the SPHwere also substantially
enhanced comparedwith the projection-only images.

5. Conclusion

Weassessed a novel nuclearmicroscope design (SFNM) to produce synthetic pinhole images with
unprecedented resolution (down to 0.04 mm). SFNMhas strong advantages over other conventional high-
resolution pinhole imaging approaches in terms of sensitivity, resolution and robustness to photon penetration.

Data availability statement
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information. The data that support the findings of this study are available upon reasonable request from the
authors.
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