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Abstract: In this partial review and partial attempt at vision
of what may be the future of dedicated brain PET scanners,
the key implementations of the PET technique, we postulate
that we are still on a development path and there is still a lot
to be done in order to develop optimal brain imagers.
Optimized for particular imaging tasks and protocols, and
also mobile, that can be used outside the PET center, in
addition to the expected improvements in sensitivity and
resolution. For this multi-application concept to be more
practical, flexible, adaptable designs are preferred. This task
is greatly facilitated by the improved TOF performance that
allows for more open, adjustable, limited angular coverage
geometries without creating image artifacts. As achieving
uniform very high resolution in the whole body is not
practical due to technological limits and high costs, hybrid
systems using a moderate-resolution total body scanner
(such as J-PET) combined with a very high performing brain
imager could be a very attractive approach. Aswell, as using
magnification inserts in the total body or long-axial length
imagers to visualize selected targets with higher resolution.
In addition, multigamma imagers combining PET with
Compton imaging should be developed to enable multi-
tracer imaging.

Keywords: brain imaging; molecular imaging; PET; spatial
resolution; Time of Flight.

Introduction

This article is not an attempt at another inclusive review
paper on PET brain imagers. This is more like a vision and
prediction on the development trajectory (or rather trajec-
tories) of the dedicated brain imagers, based on the
assessment of the current status and opinions and visions

of many members of the imaging community. Unavoid-
ably, bias is present based on the extensive yet selected
knowledge and also participation of the author in devel-
opment of the dedicated PET brain imagers.

While there are sometimes different interpretations of
the term “Molecular Imaging”, in human imaging due to
basic physics rules of radiation collimation, transmission
(with diffusion/scatter) and detection, only higher energies
of gamma rays can be candidates for penetrating radiation
used in human imaging. As collimation and therefore
spatial resolution gets worse with increasing gamma ray
energy, electronic collimation in the case of pairs of back-
to-back annihilation 511 keV photons produced in Positron
Emission Tomography (PET) is the best technique to ach-
ieve high tissue penetration, high spatial resolution, and
high sensitivity [1–10]. Recently also with ever better TOF
performance [11–17]. It is also expected that in the not-so-
distant future the dynamic/kinetic/parametric PET imag-
ing will become the new PET standard.

PET is an excellent and proven modality in imaging
cancer, dementia, and many other brain neuro diseases
[18–29]. However, this nuclear medicine modality suffers
from the stigma of radiation exposure to all organs of the
human body independently of the organ to be imaged as
the introduction of the radioactive imaging “contrast”
agent into the body is systemic and distributed through the
blood stream, therefore independently of the organ of in-
terest and the rationale for the scan, all organs are exposed,
and some are more sensitive to radiation than other.

Recently, the revolutionary Total Body PET [30–46]
concept was introduced and several prototypes were built.

Two companies: United Imaging and Siemens are now of-

fering devices in that category, United’s uEXPLORER is

about 2m long, and Siemens’ Biograph QUADRA about 1 m

long. This is an inspiration to all who develop PET scan-

ners, including the dedicated brain PET scanners.
The need to develop dedicated PET brain imagers was

driven by the fact that the standard whole body PET
scanners are not optimized for brain imaging (Figure 1).
Indeed, both sensitivity and spatial resolution are subop-
timal for many of the brain imaging tasks. Most of the
emitted brain radiation from uptake of imaging agents
escapes undetected in the standard multi-ring PET scan-
ners placed far away from the patient’s head (Figure 1).
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In addition, many brain imaging applications could
benefit from the availability of mobile, portable, and
recently also wearable compact systems, as opposed to the
large bulky bolted-to-the-floor conventional PET scanners
with patients placed on scanning tables in horizontal
(supine or prone) positions. In addition, standard PET
scanners are not optimized for dynamic operation with
kinetic analysis that offers new levels of diagnostic preci-
sion. This seriously limits application of this powerful
molecular imaging modality for example in screening for
and early detection as well as development of treatment for
Alzheimer’s, in stroke and TBI rehabilitation, in depres-
sion, etc. As an example, in Switzerland the yearly allow-
able maximum dose from nuclear medicine/CT scans in
non-cancer cases (like dementia) is 5milliSieverts (mSv).
This is about the dose delivered by a single PET/CT scan
using conventional PET/CT scanner.

Fortunately, due to the recent technological break-
throughs in PET instrumentation using compact solid
-state-based Silicon Photomultiplier (SiPM) technology,
and the progress with 3D image reconstruction algo-
rithms, as well as with dynamic/kinetic data analysis al-
gorithms, it became possible to design MRI-compatible
Time-of-Flight (TOF) capable high-resolution brain PET
imagers with an order ofmagnitude higher sensitivity in
brain imaging than the standard whole body PET scanner
in the brain imaging tasks. In addition, with the excellent
now achievable TOF resolutions of down to ∼200 ps
FWHM, an accompanying standard CT scan providing
attenuation map for the PET reconstructions (that also

adds to the overall radiation dose burden) may be avoi-
ded. Recently an excellent compilation of dedicated brain
PET scanners was published (related to the development
of the CareMiBrain commercial system) [47].

Achieving the lowest dose operation would be only
possible for tasks not requiring high spatial resolution, due
to limited event statistics acquired al low injected doses. It
would be rather pattern imaging than small lesion imaging
to be consistent with the goal of achieving the lowest dose
of about 1%of the standard dose. Also, dynamic analysis in
addition to standard static imaging protocols, requires
enough spatial voxel statistics and cannot operate with
too small voxels. As well investigation of new analytical
dynamic/kinetic algorithm approaches will be necessary.
However, while the imager is primarily intended for the
above listed low dose imaging tasks, it will be designed
to be also able to operate at higher doses, closer to the
conventional dose range.

To maximize the sensitivity, the compact tight helmet
design can be used with additional top and chin region
TOF PET modules to have whole brain coverage. The
leading implementation design will also have option for
an upright geometry to allow for long dynamic scans with
high level of patient comfort and with facilitated motion
correction. Different mechanical mount options are
considered, some even wearable with intelligent (robotic)
zero-gravity support that would automatically provide
limited head motion tolerance, and some more conven-
tional with optical monitoring system and software mo-
tion correction. Another mechanical adapter will allow
the imager to be used on patients in the supine position.

Theoretically, to achieve high sensitivity in brain/head
imaging, the design should: (1) provide high angular 3D
coverage in the whole head; (2) implement as small as
practical diameter detector structure; (3) use thick high
stopping power fast scintillators to achieve high stopping
power; and operate with (4) good TOF as an additional
sensitivity boosting parameter. Several theoretical simu-
lations, especially the ones performed in Refs. [48–50] and
a few others have shown that tight detector geometries
following the shape of the head with add-on top and
under-the-chin or at the back-of-the-head modules are
boosting significantly the detection sensitivity especially at
the top and bottom regions of the brain.

However, such a design is very difficult or even
impossible to fully implement using practically sized de-
tector modules (Figure 2).

Arranging the array of such modules on a 3D spherical
surface is very challenging and results necessarily in many
mechanical/angular breaks that decrease the angular
coverage and in addition can be the source of artifacts in

Figure 1: Two major geometries of the dedicated brain PET imagers
shown in comparison with the standard brain imaging geometry
(shown at left) of the clinical PET/CT scanner. At right is shown an
example of a tight compact helmet design. The shown here robust
TopHat compact helmet-style imager, unlike other helmet designs,
avoids curved surfaces at top and bottom. Two planar detector
panels, above and below the head, are added to the central multi-
ring cylinder section. The mini-Explorer-type approach, used in
NeuroExplorer, is shown in the center. This cylindrical design has
about 50 cm axial length, and about 50 cm inner diameter.
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reconstructed 3D images. The same group built the helmet
style structure with three decreasing diameter rings of
modules and with four additional modules placed at the
top of the head. The executed structure has many angular
breaks and is not optimal for sensitivity. The same obser-
vation one can make from the simulations by the AMPET
team [51] team. Their design is also assuming a 3D shaped
helmet. Interestingly, another group [52, 53] in their sim-
ulations have shown that a long cylinder placed low (and
covering the eyes) can provide very similar sensitivity
profile to the spherically shaped detector, except at the top
of the brain.

But first, when designing these days dedicated brain
PET, there is nomore an option to separate sensitivity from
resolution. Thewinning systemof the next generationmust
be simultaneously outperforming the prior designs both in
the achieved sensitivity and in the achieved spatial reso-
lution parameters.

By this time (end of November 2021) after very vigorous
developments of the last years in the dedicated brain PET
scanners, with several novel instruments currently under
construction, it becomes more obvious that new improved
dedicated brain PET systems of the next generation are
needed. In short summary to fully exploit the power of PET,
the imagers need to better adapted to the imaging tasks, in
addition to having improved parameters, like sensitivity
and resolution (and also in the whole brain and not just in
the brain center). Therefore, technical developments need
to go in these diverse directions. Few examples are mobile
PETs in ICU, surgery suit and epilepsy clinic, PET in proton
therapy, but also upright PET optimized and ruggedized for

imaging of the brain in motion. It is obvious that to benefit
from the diagnostic power of PET no one-size-fits-all
generic dedicated brain PET imager will suffice. We arrived
to these conclusions after thorough review of the prior and
new recently proposed art including the recent pre-
sentations and discussions at the BRAIN Initiative meet-
ings and professional conferences such as IEEE NSS/MIC,
SNMMI, EANM, APS, etc.

In addition, the economy of the scanners must be
considered and addressed. To make an impact it must be
possible to disseminate these high performing scanners after
the development phase, that may indeed require high initial
development costs. The recent example of the acute effects
of the cost barrier despite the revolutionary capabilities
of the new technology/devices, is the Total Body PET
scanner. Here the cost is driven by the large volume of the
expensive detector technology. Expensive even at the
moderate level of ∼3 mm FWHM or so spatial resolution,
that is suboptimal for example in imaging of the brain,
head/neck, prostate, etc. One can say with a high level of
certainty that reaching the desired level of ∼1 mm resolu-
tion in some imaging protocols is entirely out of reach for
these scanners. Hence, pushing the solutions that provide
high resolution, when needed (simultaneously with high
sensitivity), and are economical is the direction that needs
to be taken. As longer axial length and improved (smaller
value) of TOF both give boosts to PET scanner’s sensitivity,
one can consider lower stopping power detector materials,
much less expensive than fast crystal scintillators of the
LSO family. Perfect and timely example is the fast plastic
scintillator J-PET system developed in Cracow, Poland)

Figure 2: Example of the multi-modular design approximating the spherical shape produce many breaks in coverage, even when using
intrinsically very compact SiPM technology. Examples shown from the Taiga Yamaya’s group [48–50], at left with PSPMT-basedmodules, and
at right with SiPM modules. The coverage improved with SiPMs (smaller gaps) but still many gaps remain.
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[54]. In addition to the Cherenkov radiator approach, this
is the acutely needed development to continue with the
Total Body Revolution, that despite the uEXPLORER,
Biograph QUADRA, and UPenn Total Body PET is paused.
The prompt Cherenkov radiation light option has the
serious problem with very low light signal. The plastic
option has so far limited spatial resolution (∼4–5 mm
FWHM) but a potential solution could be to use magni-
fying inserts [55–60] when high resolution, like in the
brain) is necessary. In fact, the magnifying option is
considered for the NeuroExplorer brain imaging project
[61], to take the resolution down to the ∼1 mm level in the
specific areas of the brain such as cortex. It has to be
emphasized that high resolution impacts sensitivity of
detection of small structures due to the Partial Volume
Effect [62–67]. So, both resolution and sensitivity improve
at the same time.

Total Body PET scanner concept brings revolution
to molecular imaging. The wealth of molecular/functional
information provided by a single scan is overwhelming.
Beyond theobvious issues how to store andanalyze this vast
amounts of data, and how to fuse the PET images from the
almost 200 cm longTotal BodyPET imagerwithMRI images,
the imaging scientists, as always, think about improving
spatiotemporal resolution of the scanner. How to obtain
better spatial and timing (Time of Flight, TOF) resolutions is
alwayson theirmind. Efforts to push timing resolutiondown
to 50 ps and potentially even down to 10 ps were initiated.
While attaining∼1mmresolution in theTotal Body imager is
not immediately practically possible or even justifiable, due
to other limiting factors such as large amount of recorded
coincident events (“statistics”) necessary to produce good
quality ∼1mm resolution images in the human body and not
just as before in the small animal body, it is possible to
imagine nowand plan to “attach” to the EXPLORER scanner
a dedicated very high performing (∼1 mm resolution, 100 ps

or better TOF resolution and ∼30–40% efficiency) compact
brain imager (Figure 3).

This EXPLORER + Brain Tandem PET scanner may be
closer to the ideal optimal human PET imager, providing
there will be little interference between the two imager
components (to image body and brain, respectively).
Other options such as Torso Explorer plus Brain Imager
are being discussed. Concerning only brain imaging, an
exciting complementary idea is of amobile high efficiency
imager to image brain during upright natural motion, for
example while walking on a treadmill. It fits into one of
the key focuses of the Brain Initiative: “Behaviorally active
human neuroimaging that allows for movement in space
during imaging in more natural environments while main-
taining high resolution”. Sophisticated intelligent robotic
support mechanics with very accurate motion correction
are necessary in this very challenging case, to achieve
high brain sensitivity in the whole brain volume,while in
motion.

However, high-resolution imaging of the brain needs
to and can be treated differently. In fact, the optimal so-
lution here may be to use a separate compact helmet style
brain imager operating in a tandemwith the total body PET.
Based on the solutions initially developed and imple-
mented in small animal PET scanners, reconstructed
spatial resolution approaching 1 mm seems to be possible.

The dedicated brain PET development trajectory
over the last two decades was largely following the ad-
vances in the imaging technology (Figure 4).

The first generation of dedicated brain imagers was
based on the standard vacuum photomultiplier (PMT) + crys-
tal scintillator array technology but arranged in tighter rings
surrounding the head of the patient. The second generation is
usingmore compact position-sensitive vacuumPMTs and the
latest variants are based on the solid-state Silicon Photo-
multiplier (SiPM) technology (Figures 5–7).

Figure 3: The potential long-term vision of the PET modality: the approach to the cost issue is to benefit from the TOF-delivered additional
sensitivity through SNR (S/N) boost and to decrease the amount of (expensive) scintillator and readout, while maintaining key performance
parameters at the same high level. The additional idea of adding high-resolution and high-sensitivity compact brain PET imager to the total-
body-type PET imager is shown. Robotic arms may be used to support high-resolution magnifying inserts. Many implementation options can
be consideredwith small-size technological insert/entranceports, aswell as in the gapsmade temporarily in the system, as also shown, in the
conceptual example for prostate imaging (second from right). To increase patient comfort, patients may use Virtual Reality glasses. Other
shorter (torso +) long axial length designs with or without the dedicated brain imager and with or without robotic arms can be envisaged, as
shown at right.
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Especially theMRI capability of the latest generation of
solid-state-based photosensor technology (APDs and
SiPMs) enabled designs of PET inserts in MRI scanners and
many such systems were developed and new products are
under development (example: MindView from Oncovision
[82, 83]).

To illustrate what was developed so far either concep-
tually or to the level of a prototype, we selected examples of
the dedicated brain PET scanners.

Discussion of the PET system
parameters and implementation
issues

Themajor issue with the implementation of PET imaging is
that this extremely powerful molecular modality is
expensive to use, and by this unavailable to many medical
centers not only outside the developed countries but

Figure 4: Previous generation dedicated horizontal PET brain imagers. Top from left to right: Siemens HRRT [67–69], jPET D4 [70] research
system, Rainbow VHD from PINGSENG Healthcare Inc. [71], NeuroPET/CT imager from PhotoDiagnostic Systems [72, 73], and CerePET from
Brain Biosciences [74]. First three imagers use standard vacuum PMT technology, CerePET is based on compact Position-Sensitive PMTs, and
NeuroPET/CT is the only in this group based on silicon photomultipliers (SiPMs).

Figure 5: As an illustration, we show here several examples of dedicated brain PET imagers. First at left is a representative multi-modular
design (from the many developed) by the Yamaya et al. group. Next is the short (15 cm axial coverage) CareMiBrain cylindrical 3-ring design
from Oncovision [75, 76]. In the center is the sketch of the mini-Explorer-type scanner (such as NeuroExplorer [61]). This relatively large
cylindrical design has about 50 cm axial length and 50 cm diameter, with improved 3D spatial resolution (smaller scintillator pixelation), good
DOI and improved TOF timing, compared with the total body uExplorer design. The three drawings at right show CAD drawings of the very
interesting helmet PET design fromMGH [77] in the shape of an elliptical cylinder with front- and back panels. The front panel contains an eye
opening and the back panel is hinged for easy patient access. GATE render of the implemented scanner showing detector module edges is
shown at right.

Figure 6: Conceptual comparison of the
three most relevant recently developed
upright PET systems: CareMiBrain [47, 76],
Positrigo [78], Prescient Imaging [79] Head
has to stay still during scanning the brain in
these systems.
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actually in all countries. In addition, as discussed before,
the generic whole-body PET scanners are not really well
adapted to many imaging paradigms. Imaging of the brain
is a very good example. At the other end, the imaging of the
total body is not possible using standard technical solu-
tions. uEXPLORER is an example. This 2 m axial length
long unique revolutionary PET scanner was not adopted
outside China. And even with the ∼1 m long QUADRA
imager from Siemens, there is still an issue of cost and
therefore of the dissemination.

A possible solution to the above major dissemination
issue, is to apply different technologies to the brain and to
the rest of the body. In this optimal approach, we will
benefit from the smaller diameter size of the brain imager
that we need, compared with the rest of the body.

Therefore, the strategy could be to develop the very
high-performance dedicated brain imagers coupled to the
economical long axial length PET scanners. Brain imager
should still be the best performance device. There is how-
ever always an issue of a rationale justifying these costs and
challenges. In fact, in many imaging tasks, there is no need
to push down to the 1 mm resolution level. Finally, the sta-
tistical argument is that the attainable resolution in many
imaging protocols and tasks is limited by the event statistics
(and the radiation safety imposed limits to the injecteddoses
of the imaging agent) and even with the devices having
extremely high intrinsic spatial resolution, that resolution
cannot be benefited from and used in clinical practice.
However, there is a potential for improvement here by
implementing novel AI algorithms dealing with limited
statistical data.

High sensitivity is primarily achieved via large

angular coverage, high stopping power, and efficient

background rejection before and during tomographic

reconstruction (contributing to high Signal-to-Noise Ratio

- SNR).

There is also a direct connection, between resolution
and detection sensitivity in visualizing the small lesions or
generally small structures, through the Partial Volume Ef-
fect – PVE. Time of Flight – TOF is providing sensitivity
boost through the well-known SNR increase achieved by
tighter TOF values in coincidence event acceptance criteria,
in the process of tomographic reconstruction by rejecting
more efficiently the background events (Figure 9).

Ideally, at about 10 ps FWHM (equivalent ∼1.5 mm in
space) there is no need for tomographic reconstruction
[84], as the majority of the relevant background events are
rejected by applying the tight timing coincidence window
resulting in very good quality images [85]. Other, less
ambitious and more practical in the near future, goals like
50 ps [86, 87], or 53.3 ps (equivalent ∼8 mm in space (and
suggested by Roger Lecomte, Sherbrooke].) TOF FWHM
values were also recently suggested as the interim more
realistic goals.

One of the many discussed at this time dedicated PET
brain imager designs is a robust Top Hat PET structure
composed of a cylinder and two flat panels: one at the top
and one at the bottom, under the chin (Figure 8). Compar-
ative geometric sensitivity of up to triple the sensitivity of the
Biograph Vision [88, 89] and spatial resolution down to half
of the BiographVision’s resolution are predicted, depending
on the details of the selected implementation such as
stopping power, angular coverage, and pixelation (dead
regions). Sensitivity estimates up to 20% and higher are
being achieved in simulations, depending on the particular
scanner design features.

Spatial resolution

Modern clinical PET scanners typically reach 3–4 mm
FWHM resolution and that is too coarse a resolution for the

Figure 7: Two examples of the recently
funded dedicated brain PET systems by the
NIH Brain Initiative program. Left: SAVANT
(Sherbrooke/MGH [80, 81]). Right:
NeuroExplorer [61]. Both are pretty bulky
and do not reach the limits of PET
resolution. SAVANT is expected to achieve
very high resolution (1.3 mm) in the central
region of the brain only. NeuroExplorer has
larger diameter ∼50 cm and cutouts in the
6-th ring to accommodate the shoulders,
allow for optimal brain positioning, and
include carotids in the field of view.
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imaging tasks in many busy regions of the human brain,
such as the primary motor and sensory cortexes. Also, the
recent advances in studies on dementia require ever-
improving spatial resolution of the imaging tools for
example in imaging of the tau deposits to detect as early as
possible the early signs of the disease.

Despite the almost two decades of development of
the dedicated brain PET scanners, there is still an acute
demand for higher performance. The desired optimal
functionality includes not only much higher spatial reso-
lution but also higher sensitivity through: (1) higher
angular coverage of the brain; (2) higher detector stopping
power; (3) and, if possible, additional sensitivity boost
provided by the high Time of Flight (TOF) resolution. Sur-
prisingly, the state-of-the-art of the dedicated brain PET
has not yet progressed substantially beyond the Siemens’
HRRT design, built already over 20 years ago.

Hence, there is a growing strong push to build the new
generation of dedicated human brain PET systems that
incorporate significant enabling technological advances in
achievable sensitivity and effective spatial resolution.
However, some of the reasons for lack of fast progress is

that implementation of these novel technological features
is expensive, especially if the universal full brain coverage
imager needs to be equipped with the high volume and
high granularity novel detector.

Very-high resolution, high-sensitivity “generic” dedi-
cated PET brain imager that needs to be implemented with
large numbers of small-size – high-resolution detector
channels, requires also expensive electronics, large storage
memory, and time-consuming data processing software al-
gorithms. In some situations, supercomputer performance
level is required. In contrast, if the very high-resolution
(∼1 mm) imaging were limited only to the task-specific
selected regions, while keeping the rest of the volume at the
still very high-performing 2–3 mm FWHM resolution, this
would provide a remedy to the present practical obstacles.
Therefore, we believe that a novel breakthrough solution is
in limiting the resolution (and complexity and associated
cost) of the imager only to the regions that require such
increased performance in particular imaging tasks, as
defined by the flexibly changing the imaging protocol.

In these novel compact designs, spatial resolution is
maximized through small detector pixel sizes (high detector
granularity) down to ∼1 mm or even less in transversal
sizes, with simultaneously achieved depth of interaction
(DOI) resolution of down to 2 mm FWHM. The general
concept here is to come as close as possible to the theoretical
resolution limits in the 3D image reconstruction, that
includepositron rangeanda-collinearity effects.Minimizing
the a-collinearity effect dictates compact helmet-type de-
signs, as opposed for example to the barrel designs of the
mini-Explorer type and definitely the standard clinical large
diameterPET scanners. Performance close to 1mmFWHMin
thewhole brain is predicted. (See also Addendumon spatial
resolution toward the endof thearticle). Also, the “ultimate”
achieved practically in the clinic spatial resolution may
depend on how accurate is the motion correction of human
subjects. Many motion correction approaches are investi-
gated [90–95].

Figure 8: Graphical rendering of a simulated model for the Top Hat PET scanner. Center: three views (top, front, and side) of preliminary
sensitivities with a color scale shown in the scale bar. The high importance of added top and bottom panels in increasing the sensitivity,
especially at the top of the head where residesmost of the brain is obvious from these calculations. The Top-Hat PET geometrical comparative
simulations show that factor 2–3 in sensitivity increase compared with Biograph Vision is possible. (Simulations by Johan Nuyts, Loeven).

Figure 9: Sensitivity advantage provided by TOF. SNR improvement
as compared with non-TOFPET system as a function of the time
resolution for different diameters of the FOV with 20 cm being
representative of the head [84].
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Impact of statistics. Very important and often
forgotten element of the spatial resolution discussion is the
impact of the statistical value of the detected signal, limited
by the injected doses, biological uptake of the particular
imaging agent, sensitivity of the system, and timing of the
imaging scan (when done and for how long). To benefit
from the ∼1 mm range spatial resolution there has to be
high enoughnumber of the detected events during the scan
to fill all the small 3D voxels in the reconstructed volumes,
and per each time bin (if dynamic analysis is performed).
Insufficient number of events in the image voxels results in
very noisy images, that cannot be utilized unless software
filtering adds controlled image blurring, which is in fact
entirely negating the advantages of the very high intrinsic
spatial resolution. This argument can be also formulated as
that achievable statistics in fact sets the limit on the useful
spatial resolution limit for the clinical imaging tasks, also
depending on the imaging agent. High uptake of the spe-
cific imaging agents justifies the push for the best achiev-
able detector performance, even if in the majority of cases
the very high resolution will not be usable and the filtering
of data, in the processing phase, as mentioned above, may
be equivalent to using a system with moderate spatial
resolution to start with. More sophisticated approaches
such as denoising are studied to dealwith limited statistics,
that is especially important in low dose imaging.

How to achieve “super-high”
spatial resolution

None of the so-far built or recently designed PET brain
imagers achieves the resolution that PET technology
promises, approaching 1 mm FWHM in the brain-size ge-
ometry (under 25 cm in diameter). The practical limiting
issues range from technological to very high costs.

Indeed, a potential breakthrough in high-resolution
PET brain imaging is to be able to visualize 1 mm
structures in some key regions of the brain by imple-
menting high-resolution inserts with as good as
∼0.5mm intrinsic resolution. Before such resolution was
only achieved in imaging small animals. This excellent
spatial resolution could be achieved through a combination
of (1) tighter PET geometry but primarily by (2) using a set of
special adjunct ultra-high-resolution inserts with sub-mm
(∼0.5 mm) intrinsic resolution. These compact insertable
ultra-high-resolution PET magnifying panels could be
flexibly and strategically placed next to the head and
close to the particular regions of interest in the brain.

Examples of such regions are primary motor and sensory
cortexes (Figure 10).

The design and geometry of the inserts should be
defined by performing very careful Monte Carlo simula-
tions (Figures 11–14).

There is one important technical caveat with inserts,
that to be able to install the inserts there must be enough
space between the head and the inner surface of the
imager. Hence, the very compact helmet-style scanners
may be not applicable to this adaptation or conversion. On
the other hand larger diameter systems such as family of
total body imagers, and also the NeuroExplorer brain
imager, as well as standard clinical PET scanners could be
adapted to include inserts.

Brain PET detector design
considerations

The imager of the next generation is envisaged as having
up to tenfold increase in sensitivity by a combination of a
tight yet expanded helmet style geometry, cutting edge
TOF performance, high spatial resolution (impacting
sensitivity of detection of small lesions through the Partial
Volume Effect), and new generation of high performing
dynamic/kinetic algorithms. For brain, PET imaging tasks
whenever high spatial resolution is not necessary but only
the pattern of the imaging agent’s static and dynamic bio-
distribution with moderate spatial resolution (∼5–8 mm) is
required, initial estimates indicate that such an imager will
be able to produce diagnostically useful data at dose levels
even as low as 1 percent of the standard dose. For
example, when imaging with 18F-FDG this will translate to
about 100 μCi injected dose. The list of possible conditions
where such a low dose system could be useful includes
screening for dementia, traumatic brain injury (TBI),
depression, drug biodistributions, and other conditions
where radiation exposure is an application barrier for the
PET modality. Again, achieving the lowest dose operation
would be only possible for tasks not requiring high spatial
resolution, due to limited event statistics acquired al low
injected doses. Also, low dose will conflict with re-
quirements for dynamic analysis in addition to standard
static imaging protocols, providing enough spatial voxel
statistics.

With the high sensitivity being the main design goal,
the preferred variant of the design will have relatively
thick scintillator (25–30 mm of LYSO) to assure high stop-
ping power. Important component of the high sensitivity
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performance in detection of small lesions is achieving high
spatial resolution to boost efficiency of detection of small
structures and lesions through the Partial Volume Effect
[62–66]. High spatial resolution in a compact brain imager
structure requires good Depth of Interaction (DOI) perfor-
mance and good detector pixelation. Simulations show
that DOI resolution as low as 2 mm is needed to achieve
sub-2 mm spatial resolution in the whole brain volume.

There are two major technical approaches how to achieve
this level of spatial resolution, one is to use dual-sided
pixelated scintillator arrays and the second is to use
monolithic crystals, with one-sided or double-sided
readout. Finally, TOF performance adds to the sensitivity
calculation and it is better for the double-sided variant,
either pixelated or monolithic. In addition, taking into
account the naturally existing physical and optical gaps

Figure 11: The concept of the magnifying inserts that could be used with the NeuroExplorer dedicated brain scanner to image selected brain
regions.

Figure 12: Another example of implementation ofmagnifying inserts usedwith a not too tight helmet-style scanner such as the top-hat variant
shown here from UT Austin (original sketches kindly provided by Dr. Karol Lang).

Figure 10: Examples of the desired magnification targets: carotids (to extract the cardiac input function needed for dynamic brain imaging),
cortexes and cerebellum with the highest possible resolution ∼1 mm: carotids. To extract cardiac input function for dynamic brain imaging,
cortexes and cerebellum with the highest possible resolution ∼1 mm.
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between the individual detector modules, any design that
minimizes these gaps will boost the sensitivity of the
system.

Brain PET Detector Geometry Several groups per-
formed simulations of compact brain imager structures.
The results of recent simulations (already quoted Yamaya,
AMPET, Schmidtlein, and Qiyu [96–99]) show that detector
structures approximating a shape of a helmet with as
spherical as possible angular coverage around the
patient’s head provide substantial increase, up to an order
of magnitude, in the detection sensitivity in the brain vol-
ume. With the solid-state compact Silicon Photomultiplier
technology, it is technically possible now to implement
that design. Simulations show that close following of the
shape of the human head is the best strategy to build high-
performance brain PET. However, as mentioned, these
simulations do not take into account the mechanical
aspects associated with building such compact structures.
In fact, close following of these prescriptions obtained from
simulations is practically not feasible.

Specifically, the simulations by the Yamaya group

show that instead of using a given number of detector

surface elements in a cylindrical geometry one can rear-

range these hypothetical modules in a hemispheric shape

and substantially gain sensitivity especially at the top of

the brain. While the cylinder can be well approximated in

practice with the set of rings, the hemisphere is very

difficult to coverwith planarmodules andmany crackswill
be left in between the modules. However, this could be
possible if the detector surface could be shaped into a
hemisphere.

The technology choices for the
dedicated brain PET imager –
interplay of parameters

As it often happens in the multi-parametrical space of the
imaging detector technology, there are conflicts between
some of the parameters, and balanced compromise in the
selected parameter set has to be achieved, not only based
on the performance to be achieved but also on practical
aspects such as complexity and cost. Improvement of TOF
performance became recently one of the key competitive
efforts in the imaging community and in industry. Every
50 ps improvement is hailed as an important advance over
competing approaches. However, careful review of the
dependence of the S/N ratio for a 20 cm head-like object
shows that the improvement is actually small and it is
often off-set by technical choices that have to be made to
achieve that new record levels of timing resolution.
Such as pixel size and DOI resolution (impacting spatial
resolution), scintillator thickness (impacting annihilation

Figure 13: One possible conceptual solution for the input function monitor considered for the mini-Explorer-type brain PET such as Neuro-
Explorer: ultra-high-resolution small ring assembled from two half-rings placed at left and right sides of the neck will provide large angular
coverage with only few breaks, as compared with the “outsert” solution [56] as shown at right, with marked three separate groups of
coincidence events. In the discussed, of a tight full-angle coverage geometry, the additional contribution of themixed coincidence events will
be much lower. Therefore, the carotids’ imager can operate as a separate unit.

Figure 14: The very special caseof imaging selectedbrain regions inside the Total BodyPET scanner usingmagnification inserts. Artistic rough
sketches showing ultra-high-resolutionmagnifying inserts in the total body PET scanner to provide truly high spatial resolution in the selected
regionsof thebrain (as discussedbefore). The insertmodules can either operate in coincidence between themselves or in coincidencewith the
close-by detector modules from the long cylinder of the total body PET. (Not up to scale).
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photons stopping power and DOI error), and finally ge-
ometry and angular coverage. In addition, complexity and
sensitivity (temperature dependence, etc.) of the system
and its bulkiness, cable burden, and finally cost are
increased in the cutting edge TOF capable systems.

In fact, due to the bulkiness of the present-day PET TOF
capable modules, it is not possible to build a tight module
array structure covering head in 3D. Instead the investi-
gated helmet type systems (Yamaya et al.,) have many
breaks in coverage and the associated sensitivity loss is not
negligible.

The initial theoretical predictions [100, 101] are that
implementing best practices like dual-sided fast scintil-
lator readout with SiPM arrays can take the resolution
down to about 100 ps FWHM level at best and not much
beyond, even when benefiting from the Cherenkov prompt
light component. The same analyses predict that real TOF
advantage will become possible when the next frontier of
10 ps or so in time resolution is reached. However, this will
require the annihilation photon detection technique to be
based on a different physical principle, or by using new
super bright and fast scintillators, etc. but none of these
developments is expected to be soon available.

The future dedicated brain PET scanner must be able
to operate in a dynamic mode to provide kinetic model
analyses and parametric images. Therefore, the image-
derived (cardiac) input function (IDIF) must be provided.
The leading two implementation options are: (1) extraction
of the signal from the carotids (i.e., carotids have to be in
the field of view of the ∼1 mm resolution scanner); or (2)
implementation of another separate companion or adjunct
IDIF detector, extracting the input function either from the
aortas, or the wrist or the ankle.

Finally, ultra-high imaging resolution cannot be real-
ized without effectivemotion correction. New techniques
are being developed based on face features imaging, that
allow to achieve 0.2 mm resolutions.

On a practical side, an absolute requirement, is the
system’s stability outside the laboratory environment,
and the critical ability to perform robust repetitive cali-
brations in the clinical environment, for example under
varying temperature conditions. Some (actually many)
candidates for the high performing systems are not easy or
not even possible to calibrate outside of thewell-controlled
laboratory environment (requiring special additional
phantoms, radioactive sources, opening the detector ge-
ometry that is naturally tight during clinical operation, and
requiring additional computing power to perform these
calibrations, etc.) even when using different sophisticated
AI tools, such as machine learning, neural networks, etc.
And these still novel and not fully understoodAI tools have

to be properly used, or otherwise they may create issues in
image reconstruction. Proposing the AI software tools does
not yet automatically solve all of the above calibration
issues.

In our opinion, the dual-sided readout is optimal for
the next-generation high-end general use dedicated brain
PET systems. It is the only design that minimizes the edge
and non-uniformity effects in the detector modules, and
has a regular structure of the detector elements that pro-
duce regular patterns in the flood images used in calibra-
tions and thus permitting clear spatial separation of the
3D detector pixels with no overlaps with close tight posi-
tions in the images and with robust depth identification
formulas used both to extract DOI positions and to correct
for TOF variation with depth of interaction. In these dual-
sided designs, TOF is also improved due to the ability to
correct for difference in scintillation time propagation in
the crystals by defining the position (DOI) of each event,
and this consequently provides the sensitivity boost, as
mentioned before (proportionally to the inverse of the TOF
resolution). The variety of the single-sided DOI readouts,
with some examples shown in the figure below, all show
difficulty in achieving the uniformity of response, in
some cases having alsomodular edge effects, and therefore
presenting serious calibration challenges.

TOF panels approach

Another, very different from helmet-type approach, is to
fully benefit from the best possible TOF performance (pre-
dicted to be of the order of 50–70 ps FWHM [86] allowing to
partially compensate for the cut in the physical stopping
power as the result of decreasing scintillator thickness (as
the measure to lower costs). DOI resolution is then equiva-
lent to the scintillator thickness of 3–5 etc. mm. TOF reso-
lution is maximized in this robust one-sided readout design
by physically removing the depth variation. Imaging PET
scanners of this type could be implemented wherever there
are requirements for compactness, mobility, open flexible
geometry, upright geometry, economy, etc. One of the
discussed recently approaches is to use 30 cm square TOF
PET panels with 5–10 mm-thick scintillator. This will allow
for flexible open geometry economical mobile designs [86]
(Figures 15 and 16).

Therefore, benefiting from the high-resolution TOF
performance enabling open flexible imaging geometry,
one of the novel key attractive features is configurational
flexibility. Inclusive of many possible PET imaging con-
figurations. Used also inmobile bedside systems. In ER and
ICU, surgical suit, and epilepsy clinic, or assisting with
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radiation therapy delivery, such as proton therapy,
brachytherapy, and focused ultrasound therapy. In addi-
tion, hybrid imaging systems can be proposed combining
for example EEG and PET (Figure 17).

And also imaging brain in natural situations such as
walking on the treadmill. Or during upright meditation.
During these imaging tasks, the optimal multi-task PET
system needs to offer flexibility while maintaining high
performance. In order to be able to optimize angular
coverage in varied brain imaging tasks, and to achieve the
best TOF values, while maintaining high mobility and
structure flexibility, a system of TOFPET flat panels, ul-
timately mounted on individual robotic arms, could be
optimal. In fact, several groups discussed using planar

TOFPET modules (another example: [102, 103]). Such a
modular system can naturally be expanded from brain/
head to imaging torso and then the total body. The
configurational flexibility can be increased by using ro-
botic arms, to make it even more readily adaptable to
many different brain imaging paradigms.

Magnetic resonance imaging (MRI)
compatibility and PET inserts inMRI

Ideally some systems could operate as a simultaneous PET/
MR device with PET being inserted into the MRI bore
[104–109] (Figure 18).

Figure 15: Examples of the TOF PET multi-panel flexible geometries. Flat panels made with tightly arranged ∼5 cm square modules with 5 mm
thick LSOarrays. Left: a half-size panel used under the chin to extract the input function signal from the carotids. Right: Two-panel (center) and
four-panel (at right) detector placement when imaging the XCAT head phantom and the two-panel detector placement for XCAT torso phantom
imaging (right) that could be also used in extracting aortic input function for dynamic brain imaging.

Figure 16: Example of the quality of reconstructed images of the digital XCAT phantom of the head and neck region using only two detector
panel (maximumopen geometry). The imageswere normalizedwith the total activity within the headmask and scaledwith themax voxel value
in the true - reference images shown at right [From 86].

Figure 17: Two robust open flexible geometry concepts shown at left using two or four planar TOFPET panels mounted on precision robotic
arms of the moving gantry, to secure safe and accurate flexible positioning of the panels, both specific to the patient and to the imaging task,
for example, in surgery or when measuring the stimulation of deep regions of the brain by inserted electrodes. The modules can be placed to
avoid orminimizemechanical or space conflicts that are not possiblewith the standard fixed size designs of the PET scanners. The flexibility of
design can go even farther. As each of the TOFPET panels is actually an array of TOFPET modules, the design can be further split into smaller
units, to better adapt with the busy area around the patient’s head. At right is shown an example of the subject wearing the VR glasses and
walking on an omnidirectional treadmill. Two TOFPET panels mounted on the robotic arms are shown scanning the brain here.

280 Majewski: Perspectives of brain imaging



However, the requirements of full compatibility and
primarily not having any adverse effects on MRI operation
from the PET insert, are severely conflictingwith the task of
optimization the PET component. Therefore, following the
recent example of the Flexible PET system from Shimadzu
[110], one can develop PET imager that can be used
sequentially with MRI, using the same prone patient po-
sition in both modalities, and will allow to decouple the
PET optimization from the restrictions imposed by the
above compatibility including fitting the RF coil sizes etc.
In this case, the PET scanner would operate just outside
the MRI magnet bore, and without impacting the MRI
operation.

The critical challenge of not interfering with the
operation of the MRI scanner, is posing severe restrictions
on the PET device geometry (not only the mechanical fit
but also interplay with the MRI RF coils) choice of mate-
rials in the PET detector and shielding against electro-
magnetic interactions, that also impact PET operation
(background noise in the signals). This very challenging
technical subject was covered before in many papers, and
we will not cover it in this report. However, to illustrate
the recent progress, we will only use here two recent ex-
amples of PET inserts: a cylindrical MINDView system,
and theMGH insert under development for the 7T Siemens
MRI, that is also a very interesting spherically shaped
structure [108, 109].

Mobile, wearable PET

Special category of the brain scanners is the motion
tolerant variety, that follow the limited motions of the
head either by being attached to the head and/or by active
motion correcting mechanics, such as robotic arms
(Figure 19, Table 1).

The pilot pre-clinical development effort was in the
RatCap [111] wearable awake rat PET scanner, attached to
the rat’s head (developed at the Brookhaven National Lab-
oratory, and now produced by SynchroPET). Latest variants
of the proposed human compact systems are the wearable
compact lightweight helmets, also with the assistance of
active mechanical support, such as using safe robotic arms
(Youngho Seo, UCSF et al., proposal submitted for funding
to the Brain Initiative NIH).

The revolutionary concept of a wearable brain PET
[96–99, 112–117] as the new unique imaging tool to assess
brain activity during realistic tasks (like “walk in the
park”, social interaction, standing or walking, etc.) has
many challenges preventing it from being fully or even
optimally implemented. There is a contradiction between
the requirements of compactness, lightweight wearability
with freedom of motion on one side, and high operational
performance (specifically sensitivity) on the other. High-
performance imager is bulky, heavy, and wearing it pre-
sents a safety hazard. TOF electronics is complicated,

Figure 18: Example of the PET insert
geometry being developed for the 7 T MRI
scanner. Left: spherical geometry scanner.
Right: Scheme of the simulated Zubal
phantom with the scanner.

Figure 19: Two separate trajectories of
development of the motion tolerant upright
imagers. Wearable backpack supported
system provides maximum motion
tolerance at the expense of sensitivity
Implementation of intelligent robotic
supports may indeed solve the issue of the
limited axial coverage and poor sensitivity
of the first generation of wearable brain PET
systems.
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bulky, and generates heat requiring active cooling, more
bulky and heavy electronics, increased cable burden, etc.
But the key limiting factor is the stopping power of the
radiation sensor dependent on the amount and weight of
the heavy scintillator material. Any wearable scheme
must recognize this fact and the imposed limitation. Un-
like in cancer diagnostics, low sensitivity (translating into
high dose) is adverse to many applications where radia-
tion dose is an issue, such as research on healthy subjects
and screening tests for many conditions, such as de-
mentia, depression, mild Traumatic Brain Injury (mTBI)
in sports, stroke, etc.

We believe that potentially the only practical solution
to this conflict of sensitivity vs mobility is to develop a
system that will recreate realistic environment using high
performance mobile head following detectors. One can
for example implement: (1) intelligent robotic and safe
mechanical support; (2) creating realistic VR environment
simulating with high accuracy the conditions of the real
world and immersive experience, with walking, navi-
gating, talking to others, etc. The new “natural” envi-
ronment could be highly physically compressed in space
by using 1D and 2D treadmills and/or small walking
space, that will limit the challenge both purely mechan-
ical and functional but also from a critical safety point of
view. Instead of the “walk in the park” this will be a “walk
in the VR space”. Here, the new challenge will be how to
closely simulate and model the real environment and
experience of the subjects. While in principle the light-
weight system’s weight could be supported by passive
systems and even worn by the subjects with a backpack

style support, they will not address sufficiently the critical
issue of safety. We believe that only the intelligent support
system with active support equipped with feedback and
monitoring of motion progress and activating special
automatic protective measures and quick decoupling/re-
lief of the imager from the subject will minimize the safety
concerns. Also, such a system will be equipped with the
safety harness that will prevent subject from falling due to
tripping, tiredness, etc.

Novel concepts

Cherenkov radiation in fast timing PET

In addition to continuously improving operation of fast
scintillators with fast photodetectors and fast readout (fast
amplifiers and ASICs etc.), and the development of the new
materials to reach the still far-distant very ambitious goal
of 10 ps FWHM in PET, several groups are setting the in-
termediate goals from ∼60 to 30 ps and demonstrate in
simulations and in preliminary experiments the strong
advantages of these relatively moderate TOF values in
system operation. The most impressive results come from
the Miro-channel Plate (MCP) PMT-based detectors where
the Cherenkov radiator replaces the standard PMT window
and is directly coupled to the photocathode of the MCP. In
the recent study using two MCP PMT modules with lead
glass windows doubling as radiators, 32 ps FWHM was
obtained [17]. Most importantly, the authors have demon-
strated that they can produce good quality images of the
phantoms without using standard 3D reconstruction soft-
ware but just from direct axial position (between the de-
tectors) calculation from TOF differences, defined with the
axial accuracy of 4.8 mm (corresponding to 32 ps FWHM).
The authors show that this performance is sufficient to
produce cross-sectional images of a positron-emitting
radionuclide directly from the detected coincident anni-
hilation photons, without using any tomographic recon-
struction algorithm. Next, the same group will investigate
MCP windows made from the BGO scintillator, that will
operate as the (slow) scintillator with added very fast
Cherenkov signal produced in the BGOplate. However, this
technology is still in the very early development stages,
limited to very small detector sizes and thin radiators, and
with large dead spaces if used in an array configuration,
and consequently suffering from low sensitivity. However,
brain imaging can become again one of the first human
system implementations on a path to larger PET systems
ultimately including the total body imagers.

Table : Some expected features of the next-generation mobile
brain imager.

– Upright/reclined/horizontal mechanical options
– ∼1 mm PET resolution in the whole brain volume (1.5 mm pixels/

3 mm DOI)
– Sub-mm resolution in the carotids to extract Cardiac Input

Function for dynamic brain imaging;
– Ultrasound guidance for precise positioning and motion correc-

tion of both carotids;
– Est. 150–300 ps TOF resolution
– Over 20% sensitivity (i.e., about 2× Biograph Vision)
– Passive/active (f.e. robotic arms) safe support mechanics

following limited head motions with rotations while bearing the
major part of the weight

– Optical multi-camera motion correction system with 0.2–0.5 mm
accuracy

– Kinetic multi-tracer algorithms
– AI analysis enhancement
– Dual modality option PET/EEG
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Multi-gamma imaging

It is highly desirable to be able to simultaneously image
two ormore brain imaging agents. For example, in imaging
of drug addiction. Nora Volkow from NIH requested such
imaging ability during the recent Brain Initiative meeting
[118, 119]. Also, in theranostics applications different im-
aging agents could be used to better assess the treatment.
The limitation of PET is that all positron emitters produce
the same 511 keV annihilation photons and one needs to
look at the signal dynamics to deconvolve the contribu-
tions from different imaging agents. A potential solution is
to use multi-gamma emitters that in addition to positrons
(with accompanying annihilation photons) emit other
characteristic gamma rays. In general, a combination of
PET, SPECT (with their signature gammas) and Compton
events could provide the additional identifying informa-
tion to separate the signals from different imaging agents
used in the mixture. Several multi-gamma approaches
were recently proposed by the Yamaya [120–122] and
Moskal [123] groups. The Yamaya group introduced the
Whole Gamma Imaging (WGI) concept and demonstrated it
recently in a small animal prototype system (Figure 20).

The hybrid method successfully combined PET and
Compton events to enhance image quality. They experi-
mentally demonstrated using 89Zr as positron/gamma
emitter that image contrast was improved while noise was
suppressed. Their plan includes the hybrid reconstruction
further combining 511 keV Compton events and imaging
tests with radionuclides other than 89Zr.

J-PET and positronium concepts. Exploiting
positronium information

Compared with crystal-based PET detectors, J-PET built of
plastic scintillators provides superior time resolution, lower
pile-ups, and opportunity of determining photon’s polari-
zation through the registration of primary and secondary
Compton scatter events in the same detector [124, 125].

Recently, the characteristics of the total body (TB)-J-PET
were estimatedby simulation following theNEMANU-2-2018

protocol utilizing the GATE package [54]. The simulated
detector consisted of 24 modules, each built out of 32
plastic scintillator strips (each with cross section of 6 mm
times 30 mm and length of 140 or 200 cm) arranged in two
layers in regular 24-sided polygon circumscribing a circle
with the diameter of 78.6 cm. For the TB-J-PETwith an axial
field-of-view (AFOV) of 200 cm, a spatial resolutions
(SRs) of 3.7 mm (transversal) and 4.9 mm (axial) were
achieved. The values of scatter fraction and spatial resolu-
tion obtained in these pilot simulations are comparable to
those obtained for the state-of-the-art clinical PET scanners
and thefirst total-body tomographs: uEXPLORER,PennPET,
and Siemens QUADRA. The time-of-flight resolution for the
TB-J-PET is expected to be at the level of CRT = 240 ps
FWHM. Interestingly, using the same detector principle, a
shorter J-PETwith anAFOVof 75–100 cm, could serve as the
economical high-performance brain imager (Figure 21).

This idea warrants a careful study if indeed optimizing
the design for brain/head/neck could result in a clinically
valid system.

In addition, the authors propose the novel method of
positronium imaging of the human body [126]. Positrons
injected into the human body create in more than 40%
cases the bound state of electron and positron, the posi-
tronium atom [127]. Currently, in the PET technique, the
phenomenon of positronium production is neither recor-
ded nor used for imaging. They discuss that properties of
positronium atoms such as production probability and life
time depended on the environment, as well as 3γ to 2γ rate
ratio which can be obtained during a routine PET imaging,
may deliver information useful for the in vivo cancer
diagnosis and grading [128, 129]. The authors hope that in
the not so distant future such information will become
available first in research and then in clinical practice.

The key concept is that during the positron emission
tomography about 40% of positron annihilations occur
through the creation of positroniumwhich may be trapped
within and between tissue molecules. Positronium decays
in the patient body are sensitive to the nanostructure and
metabolism of the tissue. This potentially powerful diag-
nostic property is not used in the present PET systems,
while it is in principle possible to use the modifying effect
of the micro-environment on the properties of positronium

Figure 20: Whole Gamma Imaging (WGI) term introduced by the Yamaya et al. group is a mixture of PET and Compton [120–122].
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as additional diagnostic biomarkers for cancer, also during
therapy. Pilot in vitro studies show differences of positro-
nium production probability and of the mean half-life
between the healthy and cancerous tissues, hence indi-
cating that these differing properties may potentially be
used as in vivo cancer indicators in patients [128, 130]. A
method is being developed by the authors of positronium
lifetime imaging in which the lifetime and position of
positronium atoms are determined on an event-by-event
basis. For the method to be useful, application of β+
decaying isotopes emitting prompt gammas (e.g., 44Sc)
are needed. The time and position of positronium annihi-
lation from the back-to-back 511 keV photons originating
from the interaction of positronium with the surrounding
atoms and bio-active molecules needs to bemeasured. The
accompanying prompt gamma is used for the determina-
tion of the time of the formation of positronium. The au-
thors estimate that with the large angular coverage of the
long axial length total-body PET scanner, the sensitivity of
the positronium lifetime imaging, requiring coincident
registration of the back-to-back annihilation photons and
the prompt gamma, is comparable to the sensitivities of the
standard PET scanners [123] This concept benefits from the
differences in the angular distribution of the emitted 511
depending on the type of tissue. This adds additional
diagnostic power to the standard PET modality. The au-
thors propose the novel method of positronium imaging of
the human body. Positrons injected into the human body
create in more than 40% cases the bound state of electron
and positron, the positronium atom. Currently, in the PET
technique, the phenomenon of positronium production is
neither recorded nor used for imaging. They discuss that
properties of positronium atoms such as production
probability and life time depended on the environment, as
well as 3γ to 2γ rate ratio which can be obtained during a
routine PET imaging, may deliver information useful for

the in vivo cancer diagnosis and grading [123, 131]. The
hope is that in the not-so-distant future such information
will become available, first in research and then in clinical
practice. As discussed before, the assumption is that these
concepts will be transported also to imaging of the brain.

However, as also discussed, and not only in the case of
J-PET, with much more emphasis on (and need of) high
spatial resolution approaching 1 mm in the brain, the
optimal system may have: (1) the major component that is
the total body (a.k.a. long axial length) dynamic multi-
organ imaging systemwithmoderate spatial resolution; (2)
brain imager as a separate high-sensitivity and high-
resolution scanner; and (3) a set of ultra-high-resolution
inserts that would operate in a magnification mode with
the detectors in the main detector, as shown in sketches
above. In fact, brain imaging could be also done with
magnifying inserts, but it would be suboptimal, especially
in imaging the deep brain structures. Still it may be an
economical good performing solution. In that simplest
variant, the PET system of the future may have total body
length coverage using robust economical technology so-
lution like used in J-PET, appended with a set of selected
magnifying inserts. While challenging from the recon-
struction algorithms’ and calibration point of view, this
may be is the acutely needed balanced solution between
the functionality, performance, and cost to push forward.

Summary

We are still on a development path and there is still a lot to
be done in order to develop optimal brain imagers. Opti-
mized for particular imaging tasks and protocols, and also
mobile, that can be used outside the PET center, in addition
to the expected improvements in sensitivity and resolution.
To be more efficient, flexible, adaptable designs are

Figure 21: Illustration (not-to-scale) of the large angular coverage differences between the standard-sized PET detectors (∼25 cm axial length)
placed at about the standarddistance from the headduring head imagingprotocols in the clinical PET scanner (presented as gray boxes at left)
vs the most compact geometry (blue boxes) and the ∼0.75–1 m long axial length scanner when used in brain imaging (orange boxes). This
angular coverage factor translates into substantial sensitivity boost.
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preferred. This task is facilitated by improving TOF per-
formance that allows for more open adjustable limited
angular coverage geometries without creating image arti-
facts. As achieving uniform very high resolution in the
whole body is not practical (including prohibitive costs)
the total body + brain schemes like the ones discussed
above with the J-PET example, should be actively investi-
gated. Indeed, it may be the pragmatic choice when having
further dissemination of the PET modality in mind and
especially the accelerated acceptance of the total body
concept, in research but then in clinical practice. And brain
imaging of the next generation is an important part of that
discussion.
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Addendum 1: Limits of spatial reso-
lution in PET

The basic idea of the next-generation PET systems is to take
the spatial resolution of the system to its limit imposed by
the physics of the PET process, the motion correction
accuracy, and the statistical event limitations in creating
high-resolution images composed of many small 3D pixels
with high enough event statistics in each pixel to produce

“good quality” images. The key physical contributing
factors are: positron range and a-collinearity between the
emission directions of the two 511 keV annihilation
photons (Figure 22).

In addition, one needs to minimize the detector
contribution by its proper design. In technical terms, it
means to implement: (1) smallest possible physical size of
the system, limiting the maximal distances between
the opposed coincident radiation sensors detecting the
two 511 keV annihilation photons from the coincidence
pairs, and (2) high intrinsic spatial resolution of the
detector modules, including the depth-of-interaction
(DOI) measurement. And DOI resolution is especially
important in compact systems.

Using the approximate theoretical formulas one can get
an estimate that sub-mm resolution for a brain-sized or breast-
sized imagers is possible. In addition, there is experimental
evidence that implementing the above optimization strategy
works in several successful implementations in small animal
PET scanners, such as PawPET and few other [examples:
132–134]. In these implementations, still not yet fully perfected,
the reconstructed spatial resolution of 0.5–0.7mmFWHMwas
achieved using F-18-based imaging agents.

Many papers dealt in the past with spatial resolution
limits of the PET detectors [Example: 135]. An example of
the empirical formula for the spatial resolution limit for a
pixelated PET detector is:

FWHM = 1.25
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(d/2)2 + b2(0.0022D)2 + r2 + p

√
,

where d is width of the pixel, D is the distance between the
opposed coincidence detector modules in the contribution
term expressing the a-collinearity of the two coincident
annihilation photons, r is the positron range, and b is the
blurring effect due to motion and the last term is due to
parallax effect (p). 1.25 is the empirical factor related to the
degradation of the point spread function (PSF) due to the
non-uniform sampling of the LOR in the FOV and the image

Figure 22: Left and center: The positron range for several positron labels. Right: a-collinearity between the two 511 keV annihilation photons
emitted back-to-back introduces error in position definition of the annihilation point, that increases with the diameter/size of the detector.
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reconstruction process. This value is estimated assuming
an analytical reconstruction algorithm such as the filtered
back projection (FBP). From the formula, there are several
key contributions to the reconstructed spatial resolution:
physical processes (positron range and a-collinearity of the
two annihilation photons), detector defined pixelation and
DOI resolution, and also motion-induced error.

From the formula, an improvement can be achieved by
making a more compact detector, using smaller-sized
detector pixels, lowering the parallax effect, and avoiding
blurringdue to themotion. As formulaprovides, error due to
the a-collinearity of the two annihilation photons increases
with the distance between the modules. Therefore, closer
structures are preferred, also from the sensitivity point of
view, as well as due to smaller size, lower weight and
reduced cost.

Below are shown two examples of the predictions from
the above formula:

(1) for a 25 cm diameter (tight brain size) detector and F18,
2 mm transversal detector resolution pixel size, and
assuming no blurring due to motion or parallax ef-
fects, the resolution limit is 1.75 mm FWHM.

(2) as in (1) but for 1 mm intrinsic detector resolution pixel
this limit value changes to 1.19 mm FWHM.

In the paper by Shibuya et all, the authors calculated the
non-collinearity contribution only: ”For example, the limit
of PET spatial resolution are calculated to be 0.5 mm for a
10-cm diameter scanner, 1.2 mm for a 40-cm diameter
scanner, and 2.1 mm for an 80-cm diameter scanner.” These
results are consistent with the formula we use above. To
achieve better resolution than formula predicts,modeling of
the positron range and of the a-collinearity is expected to
provide some improvement.

DOI contribution. The need for good DOI resolution is
illustrated in the plots below showing calculated radial
spatial resolution for several LSO crystal thickness designs
(source: Johan Nuyts, Lowen, Belgium) (Figure 23).

In this compact brain scanner example, the inner
diameter of 25 cm and 3mmand 1.5mm scintillation pixel
sizes were assumed. DOI resolution in the 1–7 mm range
was assumed. To maintain ∼1.5–2.00 mm resolution in the
whole brain volume in such a tight detector structure, DOI
resolution should be 2–3 mm. Many studies investigated
how to achieve good DOI resolution [examples: 136–138].

In addition, it is important to take into account other
contributing practical limiting to the usable spatial
resolution, that are often underestimated, and are related to
the brain position recording and motion correction through
the duration of the scan, and the ability to apply these
accurate time sensitive corrections to the recorded data
stream, before the image reconstruction process. Patient
comfort is an important contributing factor, especially
during long scans during dynamic brain imaging sessions.
It is critical in order for the high-resolution imaging
protocols to be successful, to develop a robust, concurrent
or complementary and yet partially overlapping motion
correction system that can be used in different imaging
situations. There is a lot of experimental evidence that
excellent intrinsic spatial resolution cannot be realized as
readily in clinical environment, unlike in the controlled
phantom studies, if there is inadequate human motion
correction.

A very important and often forgotten element of the
spatial resolution discussion is the impact of the statistical
power of the detected signal, limited by the injected
doses, biological uptake of the particular imaging agent,

Figure 23: The need for good DOI resolution is illustrated in these plots showing calculated radial spatial resolution for several DOI values
(private communication: JohanNuyts, Loewen, Belgium). In this compactbrain scanner example, the inner imager diameter of 25 cmand 3mm
(left plot) and 1.5mm (right plot) LYSO scintillation pixel sizeswere assumed. TheDOI resolution dominates the performance of the scanner. To
maintain ∼2–3 mm resolution in the whole brain volume in such a tight detector structure, DOI resolution should be in 2–3 mm range.
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sensitivity of the system, and timing of the imaging scan
(when done and for how long). To benefit from the ∼1 mm
range spatial resolution there has to be enough detected
events during the scan to fill all the small 3D voxels in the
reconstructed volumes and per each time bin (if dynamic
analysis is performed). Insufficient number of events in the
image voxels results in very noisy images, that cannot be
utilized unless software filtering algorithms that add
controlled image blurring, which is in fact negating the
advantages of the intrinsically high spatial resolution. This
argument can be also formulated as that achievable event
statistics in fact sets the limit on the useful spatial
resolution for the imaging tasks, also depending on the
imaging agent.

High uptake of the specific imaging agents justifies the
push for the best achievable detector performance, even if
in the majority of cases the very high resolution will not be
usable and the filtering of data in the processing phase, as
mentioned above, will be equivalent to using system with
moderate spatial resolution to start with.

However, asmentionedearlier, thepractically achievable
spatial resolution using the intrinsically high-resolution
PET scanner, either in the clinic or even in the research
center where better precautions can be taken, may still
ultimately depend on how accurate is the motion
correction of human subjects. Many novel approaches
are investigated, with optical markerless techniques and
using directly the PET scanner data leading, with sub-mm
results reported [90–95].

Addendum 2: The TOF advantage

PET is converting into TOF PET to benefit from the increased
sensitivity and resolution. Many papers describe the
progress and discuss the future [10–16]. Just very recently,
a paper was published showing first reconstructionless
images obtained at 32 ps FWHM [17].

The variance reduction of a TOF-PET system over a non-
TOF PET system can be computed analytically for the center
of a uniform cylinder and, assuming D >> Δx, and it equals:

VARnonTOF
VARTOF

=
̅̅̅
21n 2

√
2a

D
Δx, where D is the diameter of the

cylinder and is the TOF spatial resolution. Therefore, the
variance gain of one TOF-PET system over another is
inversely proportional to the ratio of their TOF-resolutions.
There is some confusion of the advantage that TOF offers
due to the two different measures used to compare systems
with different TOF performance. One measure is the
“sensitivity”, proportional to the above-defined variance
gain, and the second is the Signal-to-Noise ratio (SNR)
gain, expressed as square root of the variance gain. The

SNRmeasure is amore accurate description of the practical
situation in detecting image features against the noise
background in the reconstructed tomographic images.
For comparing scanners, SNR is thought to be a more
appropriate measure. Between 200 and 400 ps, the
sensitivity gain is factor 2, and SNR gain is \sqrt(2) = 1.4.
There is also an additional issue how SNR is defined.
Usually for detection, SNR is defined as the ratio between
contrast and background noise. While contrast is
important for detection, it is more related to the tracer.
Due to relatively small object size, in brain imaging, the
advantage of TOF is not that large, and as discussed before,
it comes at a high expense and may actually cause a
net sensitivity decrease due to creation of additional
mechanical issues, and resultant cracks in angular
coverage.
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