NJ. Shah et al. /Journal of Magnetic Resonance 229 (2013) 101-115 103

Fig. 2. A view of the interior of the BrainPET insert constructed as a ring of 32
individual cassettes. The BrainPET insert fits into the bore of the magnet of the MRI
scanner and is positioned at the isocentre. Each cassette contains six detector
modules in a row with a total length of 19.2 cm located towards the front end of the
cylinder. Each cassette is individually radiofrequency shielded with a thin copper
coating; this is to prevent RF noise generated by the PET electronics from disturbing
the MRI signal and to reduce the influence of the MRI-related RF and gradient pulses
on the PET system. The cassettes are connected to the MR filter plate by a 10 m,
double-shielded cable.

human brain imaging with PET. The inner diameter of the BrainPET
is 36 cm, this being the space for the MR head coil. For functional
MRI, a custom-built mirror system is clipped onto the receive coil
of the MR-head coil which allows for visual stimulus presentation.
Hybrid MR-PET systems based on the above insert became avail-
able in late 2006 at 3 T and have enabled the acquisition of simul-
taneously acquired MR-PET data [10-12] some of which are
presented below.

2.1. Multimodal imaging - hybrid MR-PET

As noted already, for the diagnostic evaluation of brain tumours,
structural MRI is the routine approach. To overcome a challenging
task for MRI, additional information from PET in cerebral gliomas,
for example, may be very helpful in differentiating between
tumour tissue, oedema and post-therapeutic changes in neigh-
bouring tissue. Employing PET with amino acid tracers such as
18E_Fluoroethyl-i-tyrosine (FET) or !''C-i-methionine (MET) has
been shown to be a powerful tool to resolve the diagnostic short-
comings of standard MRI examinations [1,13]. It should neverthe-
less be noted that although it does not form part of a standard
examination, use of TH-MRSI can also add valuable information
[14]. Elevated concentrations of the cell membrane marker choline,
for example, would support the presence of a tumour whereas a
low choline peak in combination with high concentrations of the
neuronal marker N-acetyl aspartate (NAA) would rather indicate
an inflammatory process [15]. In brain tumours, especially in glio-
blastoma multiforme and anaplastic astrocytoma, the intracranial
mass may be heterogeneous and consist of multiple compartments
with differing degrees of malignancy. MRS is of help in the
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guidance of biopsies in inhomogeneous gliomas of WHO grade IV
and also in low grade gliomas that show negative or nonspecific
MET uptake with PET [16]. During therapeutic follow-up, amino
acid PET and MRSI appear to be helpful in disentangling oedema,
necrosis due to radiation therapy and the recurrence of tumour
growth.

Diffusion tensor imaging (DTI) can contribute valuable diagnos-
tic information regarding the involvement of white matter and fibre
tracts [13,17,18]. Fibre tracking based on DTI data provides spatial
information on the impairment of vital white matter fibre tracts,
such as the pyramidal tract, by the tumour mass. Tumour infiltra-
tion or dislocation of such fibre tracts may considerably influence
neurosurgical planning; a hybrid MR-PET examination that in-
cludes DTI is of considerable importance in this regard. Further,
planning of neurosurgical intervention can be influenced by fMRI
to identify eloquent brain areas close to the tumour and its resec-
tion zone. The joint findings from a hybrid MR-PET imaging session
will impact considerably on the decision reached by the neurosur-
geon regarding the necessary aggressiveness/extent of the neuro-
surgery, the approach to be taken e.g. anterior versus posterior,
and the option of awake craniotomy with the possibility of direct
cortical stimulation versus resection under general anaesthesia.

2.2. Clinical and neuroscientific applications of MR-PET at 3T

Metabolic imaging for the differential diagnosis of brain tu-
mours can benefit enormously from the intrinsic temporal and
spatial co-registration of MR and PET data acquired in hybrid
MR-PET systems [7-9]. Additionally, in the case of heterogeneous
brain tumours or for differentiation between active tumour mass
and scar tissue after radiation therapy, MR spectroscopy may help
to cross-validate and/or extend the PET data. As already noted, the
hybrid approach reduces measurement time and greatly aids pa-
tient compliance; some patients are simply unable to undergo
two separate scans. The feasibility of combining anatomical infor-
mation from an MP-RAGE acquisition, metabolite-specific informa-
tion from MR spectroscopy, and FET-PET in the investigation of
brain tumours in humans using a hybrid MR-PET scanner was re-
cently demonstrated [12].

MR-PET data from a representative patient from our study
comprising a collective of over 50 tumour patients are shown in
Fig. 3. The top row of Fig. 3 shows the diffusion parameter FA
superimposed on a T;-weighed MP-RAGE dataset; the crosshairs
mark the location of the tumour as determined from FET-PET
which shows almost no enhanced tracer uptake in the regions de-
picted by MRI that are hypointense in the MP-RAGE acquisition.
The bottom row of Fig. 3 shows the location of the tumour as well
as activation of default mode networks from resting-state fMRIL

MR spectroscopy may also provide metabolic information in
addition to FET-PET and detect regional abnormalities of choline,
creatine and myo-inositol concentration in large homogeneous
low grade gliomas (Fig. 4). This may be an early sign of malignant
transformation of a low grade glioma.

These measurements have shown that the acquisition of multi-
modal MR~PET data sets can contribute significantly to the differ-
ential diagnosis of pathological brain lesions. Based on the MR
images, the pathological region can be further evaluated by FET-
PET and MR-spectroscopy. In cross validation, both image modali-
ties show that the lesion depicted in the MR images (Fig. 4) could
be due to inflammation rather than being a malignant tumour
thereby illustrating the benefits of multi-modal imaging.

Localisation of functional areas in presurgical fMRI! is also an
application that benefits from hybrid MR-PET. The appropriate
choice of therapy for a brain tumour mandates that the diagnosis
encompass the anatomical location, size, spread to different ana-
tomical compartments, and evaluation of tumour malignancy.



104

NJ. Shah et al. /Journal of Magnetic Resonance 229 (2013) 101-115

Fig. 3. Images acquired on a hybrid MR-PET scanner comprising a 3 T MAGNETOM Tim-Trio MR and a BrainPET insert. Top: the diffusion parameter, FA, superimposed on a
T,-weigthed MP-RAGE dataset; the crosshairs mark the location of the tumour as determined from FET-PET which shows almost no enhanced tracer uptake in the regions
depicted by MRI that are hypointensive in the MP-RAGE acquisition. Bottom: the location of the tumour as well as activation of default mode networks from resting-state
fMRI are depicted. PET images acquired within 45 min scanning time after injection of 200 MBq of the amino acid O-(2-[18F]Fluorethyl)-L-Tyrosin (FET).

T1 (+KM)

T2 (Flair)

Fig. 4. Patient with a large astrocytoma WHO Grade II in the right temporal lobe. FET PET (upper left) demonstrates low amino acid uptake in the tumour suggesting a
favourable prognosis. MRS (chemical shift imaging) shows a regional abnormality in the tumor with increased concentration of choline, creatine and myo-inositol (lower

row) which may be an early sign of malignant progression.

Moreover, in contrast to common non-brain tumours, therapy op-
tions for these tumours are partially set by their proximity to areas
of major brain function, such as motor function, somatosensory,
and language, the exact locations of which are dependent upon
the individual. Simultaneous MR-PET measurements with opti-
mum temporal and spatial co-registration open up an opportunity
to measure the size and the location of the tumour, in relation to
regions involving essential brain functions, based on high-
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resolution MRI and fMRI Tracer uptake rate, as shown in the PET
images, also facilitates insights into the pathophysiology of the tu-
mour, in particular into its degree of malignancy. In Fig. 5, an
example of speech area localisation is shown.

The speech area was localised by employing standard, BOLD-
based fMRI during stimulation with a speech localisation paradigm
comprising a block design of 4 x 36 s stimulation periods nested
into five resting periods of 18 s duration each [19]. Briefly, in order
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Fig. 5. Data from a 38-year old women suffering from a left, fronto-temporal
oligoastrocytoma. Top row: The MRI data from a T;-weighted MPRAGE sequence
(1 mm isotropic resolution) shows an oligoastrocytoma fronto-temporal on the left
side. 2nd row: The language localisation paradigm yields a strong BOLD signal at
the position of the speech associated areas. 3rd row: The FET-PET reveals a tracer
enhancement at the location of the tumour (200 MBg, 50 min scanning time).
Bottom row: Fusion of the three imaging modalities; this transverse slice (bottom,
left) shows a bright occipito-temporal area of fMRI activation which corresponds to
the activation of the Wernicke speech area far from the tumour. On the same slice, it
can be seen that the tumour is beginning to infiltrate the Broca language area at its
fronto-lateral border. This additional information can guide decisions regarding the
appropriate therapy for this patient.

to fully stimulate the complex speech area, the paradigm com-
prises two parts, word and sentence generation. For word genera-
tion, generic terms were presented on a display and the patient
was required to find matching examples. In the sentence genera-
tion paradigm, simple pictures were presented which had to be
transferred into sentences.

The data from a 38-year old woman suffering from a left, fronto-
temporal oligoastrocytoma are shown in Fig. 5. The transverse slice
(bottom, left) shows a bright occipito-temporal area of fMRI activa-
tion which corresponds to the activation of the Wernicke speech
area far from the tumour. On the same slice, it can be seen that
the tumour is beginning to infiltrate the Broca language area at
its fronto-lateral border. This additional information can guide
decisions regarding the appropriate therapy for this patient.

2.3. Multimodal imaging - simultaneous fMRI-EEG at 3T

Functional MRI, relying on the measurement of the BOLD effect,
has successfully been used to probe functional aspects of the brain
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including the assessment of different sensory, cognitive, emotional
and social tasks [20,21]. However, the main drawback of fMRI is
the fact that the BOLD effect is an indirect measure of brain
function with a low temporal resolution due to the delayed haemo-
dynamic response. This restriction can be overcome by the simul-
taneous measurement of fMRI and electrophysiology [22-24].
Electrophysiological measures (e.g. EMG and EEG) assess neuronal
function on a millisecond timescale, thus providing the temporal
resolution missing in fMRI. fMRI on the other hand provides excel-
lent spatial resolution that is lacking in EEG data. Combining fMRI
and EEG measures thus allows one to probe a scientific question in
one individual with two modalities spanning a high spatial resolu-
tion (MRI/fMRI) and a very fine temporal resolution (EEG) at the
same time under exactly the same physiological, psychological
and technical conditions. Neuroscientific studies involving para-
digms where a parallel paradigm version might evoke confounding
factors, studies using pharmacological challenges or paradigms
relying on novelty effects also profit from a simultaneous approach
due to the elimination of order and learning effects. The simulta-
neous approach is also important for the investigation of the “rest-
ing state” [25,26]. It allows for the analysis of the underlying
neuronal phenomena of oscillation amplitude fluctuations in the
EEG data which reflect functional states and can be used for the
definition of such states. Furthermore, these have been shown to
affect behaviour when occurring in a task context. Simultaneous
EEG-fMRI has proved to be particularly useful in studies of sleep
and epilepsy where significant events, such as epileptic spikes or
sleep onset, can be identified in the EEG and used for appropriate
analysis of the fMRI data [27]. Without the high temporal resolu-
tion EEG data for event identification, effective analysis of the fMRI
data would not be possible.

Simultaneously acquired EEG/fMRI data are also a prerequisite
for a single trial analysis approach to integrating EEG and fMRI
data. Based on the single trial e.g. prepulse—pulse inhibition (PPI)
of the startle reflex or P300 latency or amplitude, an electromyog-
raphy (EMG) or EEG-informed fMRI analysis becomes feasible
[22,28-30]. In a classical approach to EEG and fMRI data analysis,
averaging of trials is usually performed meaning that the trial-
to-trial evoked response variability is averaged out [31]. Fluctua-
tions in evoked responses such as the P300 as well as spontaneous
activity changes e.g. during “resting state” investigations mirror
fluctuations of an internal and predictive contextual representa-
tion [32], thus making this variability meaningful and these data
could broaden the functional understanding of neuronal networks.

The examples above show how both modalities complement
each other effectively. However, the simultaneous acquisition of
fMRI and EEG data is technically challenging and comes at a price
with regard to data quality. From a technical perspective recording
EEG during fMRI requires an MR-compatible EEG-system (which
are commercially available) and great care during recording inside
the scanner to ensure safety of the volunteers and acceptable data
quality [22,29]. In terms of quality, EEG data acquired simulta-
neously with fMRI data suffer two types of artefacts: (a) the so-
called cardioballistic artefact or pulse related artefact caused by
slight pulse-induced head motion and by pulsation of scalp vessels
within the magnetic field, and (b) the gradient artefact caused by
switching of the gradients during the EPI sequence favoured for
fMRI [33]. As shown in Fig. 6, both artefacts can be successfully re-
moved from the EEG by different methods such as Artefact Average
Template Subtraction [34], Optimal Basis Set [35] or Independent
Component Analysis [36,37]. As MRI moves towards ultra-high
field imaging the question of whether the simultaneous approach
would still be feasible needs to be addressed. EEG data acquired
at 7T [36] and 94T [38] show that the cardiac-related pulse
artefact increases linearly with field strength and is more
challenging to remove from the data, but that in principle EEG
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Fig. 6. The upper part of the figure shows uncorrected EEG-data acquired in a 3 T MR scanner: The left side shows data prior to the start of the MRI acquisition, distortion due
to the cardio-ballistic artefact in the static field can be seen. The right side of the image shows the gradient artefact. The lower part of the figure shows the same section of
data that has been corrected for cardio-ballistic artefact and gradient artefact.
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and event-related potential (ERP) data recording is feasible [38]. An
example of the variation in the ECG wave and the cardiac-related
pulse artefact in the EEG channels over different field strengths,
up to 9.4 T, recorded in a 23-year old healthy volunteer is shown
in Figs. 7 and 8.

2.4. Simultaneous MR-PET-EEG

Even though MRI and EEG complement each other with regard
to their spatial and temporal resolution (see Fig. 1), the underlying
molecular basis of a probed task or resting state analysis is not
accessible using these methods. As already noted, observing the
molecular basis at transmitter system level is the domain of PET;
it is the gold standard for the investigation of brain metabolism
via 18-FDG-PET, the striatal D2-receptors via 11C-raclopride or
the GABAergic system via 11C-flumazenil, for example. Though
PET yields highly specific information at the molecular level, its
spatial resolution is low and it comes with the disadvantage of
some radiation exposure for the volunteers/patients. Thus, neuro-
scientific hypotheses have to be probed in a very efficient manner
when investigating healthy subjects. The new technological
development of hybrid MR-PET scanners fosters this approach.
Explicitly, a comprehensive imaging protocol covering e.g. C11-
flumazenil PET with structural MR-imaging (T;-weighted,
T,-weighted), UTE (ultra-short echo time) sequence for attenuation
correction, diffusion tensor imaging, spectroscopy and task-related
fMRY], as well as resting state fMRI in a time frame of 60 min total
acquisition time is feasible. Moreover, this combination of MR
and PET yields results with highly specific molecular information
and superb spatial resolution but the temporal aspect, in the
sub-second range, is still missing. This is where implementation
of EEG recording in the hybrid MR-PET scanner is useful. As de-
scribed in the preceding section, the EEG signal is modulated by
task/patient/pharmacological manipulations on a millisecond
timescale allowing investigation of rapid fluctuations in brain
dynamics reflecting functional changes. Integration of all three
methods allows a more comprehensive understanding of brain
function.

The trimodal approach of integrating an MR-compatible EEG-
system in the hybrid 3 T MR-PET system has been successfully
implemented. The PET electronics do not disturb the electrophysi-
ological signals and the attenuation of the PET signals caused by
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Fig. 7. The ECG signal at different field strengths, illustrating the increase in
amplitude and signal distortion as field strength increases. Black corresponds to O T,
purple to 4T, green to 7 T, blue to 8 T and red to 9.4 T.
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Fig. 8. EEG signal at temporal and occipital electrodes at different field strengths,
illustrating the increase in amplitude and signal distortion as field strength
increases. Black corresponds to 0 T, purple to 4 T, green to 7 T, blue to 8 T and red to
94T.

the EEG electrodes is negligible. A trimodal approach holds great
promise especially for the investigation of cognitive, social or emo-
tional paradigms using pharmacological challenges. In such exper-
iments, pharmacological intervention might lead to a change in
receptor status thereby precluding a second, subsequent run under
similar/identical physiological conditions. Additionally, it cannot
be discounted that the putative pharmacological challenge might
change the cerebrovascular volume and flow thereby modifying
the underlying assumptions, the PET parameters, and the BOLD-
based measurement. A truly simultaneous approach ensures the
same physiological conditions for all measurements and, addition-
ally, allows investigation of perfusion changes via MR-based meth-
ods such as arterial spin labelling (ASL).

2.5. Multimodal Imaging at 94T

Notwithstanding the ubiquity of 3 T MRI or the utility of hybrid
MR-PET at 3 T, the tantalising prospect of hybrid MR-PET at 9.4 T
holds great promise. In the pursuit of this endeavour, however, a
number of hurdles must be overcome and the first of these is
‘straightforward’ high-resolution, proton-based imaging at this
high field strength. Thereafter, combining ultra-high spatial resolu-
tion structural imaging with non-proton imaging and spectroscopy
simultaneously with PET and EEG could open up new horizons. The
prospects and perspectives for the feasibility of multimodal MR-
PET-EEG at 9.4 T are explored and the results from initial investi-
gations are presented in the following.

2.6. High-resolution, structural imaging with ultra-high field MRI

A particular strength of ultra-high field MRI is the opportunity
to focus on specific brain regions in great detail. The cerebellum
may be taken as an example for illustrative purposes. The impor-
tance of the cerebellum and its major role in movement control
and in cognitive-emotional processing are well known [39] with
multiple cerebellar functions integrated in the cortical layer. The
cerebellar cortex can be affected by many neurological and psychi-
atric disorders, such as stroke, tumours, autism, and schizophrenia
[39,40].
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Fig. 9. MRI of cerebellum at 9.4 T. (A and B) Phase and magnitude images of fixed tissue. The granular and molecular layers have distinct phase, T; and M, contrast. (C and D)
In vivo imaging at 9.4 T using a 2D multiple-echo gradient echo sequence. Anisotropic resolution of 0.2 x 0.2 x 1.5 mm?>. TR = 120 ms, TE = 6.5 ms (C), 17.5 ms (D), 70°. At
closer inspection, in regions where the slice orientation is favourable, the cerebellar grey matter shows two layers with distinct T, properties.

The convoluted structure of the cortical layer is divided into
three layers, from the inside to the outside, as follows: granular,
Purkinje, and molecular. Genetic disorders such as ataxias [39]
and aceruloplasminemia [41], in which layer dependent variations
in iron deposition have been shown using histological examination
[42], also affect this region. Therefore, non-invasive methods deliv-
ering precise anatomical images of the cerebellar cortical architec-
ture could potentially provide new markers for diagnosis and
follow-up. In the results demonstrated below, an adaptation of a
2D protocol [43] for 9.4 T has been extended to establish a 3D pro-
tocol where visualisation of layers is possible irrespective of their
orientation with respect to the imaging plane. This is shown in
Figs. 9 and 10. The visibility of cerebellar layers is striking in
(0.2 mm)® imaging of fixed tissue. Through quantitative imaging
we can attribute the contrast to different My, and structural (iron
content, cell size and packing) properties of the molecular and
granular layers. Both phase and magnitude contrasts are shown
in Fig. 9A and B. Despite the use of relatively thick slices
(1.5 mm), glimpses of layer structure can be gained in 2D images
in vivo (Fig. 9C and D), but only for regions where the slice orien-
tation is favourable. This limitation is eliminated in 3D imaging
with (0.32mm)* isotropic resolution, shown in Fig. 10. In this
example, the echo time is shorter than that required for maximum

contrast in order to avoid blurring due to signal misregistration by
background field gradients. With improved shimming, acquisition
at a longer TE will improve layer visibility and bring imaging of
cerebellar layers into 9.4 T MRI routine.

The availability of hardware capable of parallel transmit allows
the development and use of advanced imaging techniques at 9.4 T.
In general, ultra-high field MRI opens up the opportunity for MR
microscopy in vivo. However, high spatial encoding mandates long
acquisition times. In addition to the use of rapid imaging tech-
niques, one may address this problem by reducing the region-of-
interest by means of selective excitation. The pioneering work in
the field of spatially-selective excitation of arbitrary regions [44]
indicates reduction of the complexity of the Bloch dynamics to
yield a solvable linear system with two drawbacks: (i) one has to
deal with an inverse problem, and (ii) its applicability to flip angles
beyond a few degrees is limited when Nyquist acceleration is con-
sidered, which is generally the case. While inverse solutions come
with all too well known hurdles such as numerical accuracy and
the need for regularisation [45-50], MRI at ultra-high field would
be significantly impaired if large flip angle excitations are
excluded.

A more recent approach [51] exploits the notion that an appro-
priately designed MR signal acquisition or simulation of a spin

Fig. 10. A detailed view of the cerebellum imaged at 9.4 T. (A and B) In vivo imaging at 9.4 T using a 3D GRE sequence. Resolution of 0.32 mm isotropic. TR = 28 ms,
TE = 14 ms, 25 deg. Right: orthogonal views of a 3D slab including the occipital cortex and the cerebellum. Left: magnified region.
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Fig. 11. The figure compares full and zoomed FOV GRE images obtained after global and 3D selective excitation. Both volumes were acquired within the identical
measurement time whereby the zoomed image exhibits a spatial resolution that is a factor of two better in all three dimensions.

population which resembles the desired target pattern, is in accor-
dance with the mirrored dynamics. A judicially time-reversed,
measured signal — which includes off-resonance and T, relaxation -
provides an RF pulse that will, in reality, excite the desired target
pattern. By reversing problem formulation, as opposed to invert-
ing the mathematical formulation while considering the z-
magnetisation, the above problems are addressed. The results
obtained with this approach are presented in Fig. 11.

2.7. Metabolic imaging of **Na, 70, and 3'P

Sodium, oxygen, and phosphorus are involved in major physio-
logical processes of mammalian cells. These physiological pro-
cesses are amenable to interrogation by various MR techniques
probing the isotopes 2*Na, 0, and *'P which can be employed
to gain insight into the metabolism of cells in vivo [4,5,52-54].

For the physiological function of cells, the homeostasis of the
cellular electrolytes is essential. The Na+/K+-ATPase is an ion pump
residing in the plasma membrane which during each cycle actively
transports three sodium ions out of the cell and two potassium
ions into the cell. It is driven by adenosine triphosphate (ATP)
which is hydrolysed into adenosine diphoshate (ADP) and phos-
phate. Diseases leading to an under-supply of energy to the cell re-
sult in a lack of ATP and thus an impairment of the Na+/K+-pump
and concomitant water inflow. Hence, cell function and its impair-
ment are reflected in the ratio of intra/extra-cellular sodium and
unbound/bound phosphate.

The energy carrier for cell metabolism, ATP, is synthesised via
oxidative phosphorylation, in which phosphate bonds to adenosine
diphosphate. H, from different origins of cell metabolism finally
accumulates as water.

In order to make the above-mentioned isotopes readily detect-
able with MR, several obstacles have to be overcome. For example,
although one can readily image natural abundance H,'’0 with ul-
tra-high field MRI, one needs to systematically introduce highly
enriched 170 gas to modulate the H,'70 signal due to the low nat-
ural abundance of 70 of only 0.037%.

2.8. Sodium MRI

The second most abundant MR active nucleus in the human
body is sodium (**Na). Although its role in the physiology of the
human body is fundamental, its low concentration and fast bi-
exponential relaxation have always limited its use in neuroimag-
ing. In order to acquire data from the fast decaying component,
pulse sequences with short echo times are needed. A comparison
has been performed between the gradient echo, 3Dradial-, density
adapted 3Dradial, Cones, SPRITE, and twisted projection imaging
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(TPI) pulse sequence wherein the latter sequence has shown itself
to be the most signal-to-noise efficient [55]. In combination with
dedicated RF coils, such as phased-array receivers, ultra-high field
sodium MRI opens new horizons for the understanding of neuro-
logical diseases.

Fig. 12 shows transverse, co-registered slices measured with the
same TPI sequence on 9.4 T and 4 T whole-body machines. The so-
dium image at 4 T (right) shows recognisable CSF but the SNR in
tissue is too low to visualise any structures. In contrast, the SNR
of the 9.4 T image (left) is very good indeed and is similar to a nom-
inal PET resolution [56].

Single quantum excitation pulse sequences (those described
above) yield a strong signal from the CSF, but for medical diagnosis
the intracellular sodium is of particular interest. Triple-quantum
filtering has been suggested as a means to observe primarily the
intracellular sodium [57]. Recently, a single sequence for the inte-
grated acquisition of triple-quantum filtered (TQF) and single
quantum (SQ) sodium has been developed [58]. TQF sodium
imaging of focal brain ischemia was recently demonstrated on a
non-human primate model [59]. In this case, the TQ sodium signal
increased in the ischemic hemisphere compared to the contralat-
eral hemisphere shortly after (0.6 h) the onset of ischemia. In con-
trast, the single quantum signal acquired in the same regions
showed only a negligible change. The possibility to measure SQ
and TQ signals at the same time will therefore make investigation

Fig. 12. Sodium distribution in the brain shown in transverse, co-registered slices
measured with the same TPI sequence on 9.4 T and 4 T whole-body machines. The
sodium image at 4 T (right) shows recognisable CSF but the SNR in tissue is too low
to visualise any structures. In contrast, the SNR of the 9.4 T image (left) is very good
indeed and is actually better than a nominal PET resolution.
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of intracellular sodium a new and real possibility in medical
imaging.

3. Discussion

One very significant problem faced in multimodal imaging is
the bringing together of the different acquisition timeframes. In
fMRI, because of its short acquisition time, EPI is the technique that
is most often chosen. In a typical fMRI setup employing a block de-
sign, brain function is extracted from a few alternations of the so-
called “on-off” cycles. PET, on the other hand, usually requires a
longer acquisition time and there is no cycling in the form of a
block design. It is clear then, that a simple-minded approach to hy-
brid MR-PET in this way will not achieve usable results. However,
it may be argued that attempting to measure brain function with
two complementary modalities is to miss the point. It is important
to extract different information from the two modalities such as
tumour extent from PET and perfusion or functional localisation
from MRI

For organs such as the brain, which can be regarded as a rigid
object for the purposes of image registration, the value of hybrid,
simultaneous MR-PET can indeed be questioned. After all, co-reg-
istration of datasets acquired on two entirely separate machines is
reasonably straightforward. First and foremost, however, when
scans are performed in simultaneous mode, patient/subject com-
pliance increases significantly since the patient has to undergo
only one examination; dropout rates for a second examination,
which can be high depending on how sick the patient is, are no
longer a consideration since both scans run simultaneously. In sci-
entific terms, however, the strength of hybrid scanning comes from
the fact that the same physiological conditions pertain for both data-
sets. For example, it is known in receptor density mapping using
PET that the lack of information about perfusion is a very signifi-
cant confound. In hybrid mode, this problem can be elegantly ad-
dressed by using PET to measure receptor density (where MRI is
simply unable to compete) and MRI to measure perfusion as well
as running other sequences. Further, under the same physiological
conditions, it becomes possible to examine glucose utilisation with
FDG and simultaneously carry out a measurement with MRI using,
say, >'P as the nucleus of interest, to obtain information on ATP/
ADP turnover rates. A comprehensive metabolic workup can thus
be achieved if 70 and **Na are also used although clearly the de-
mands on the hardware will increase substantially.

In order for PET to be quantitative, a major prerequisite is accu-
rate attenuation correction. In contrast to classical PET, where
attenuation correction is based on a transmission scan measured
with a source typically filled with %8Ge, or in PET/CT where the
attenuation map is measured by CT, hybrid MR-PET does not offer
the possibility of transmission scanning. The use of T;-weighted
MR images obtained with MPRAGE or FLASH has been investigated
to produce attenuation maps. However, unlike CT there is no obvi-
ous relationship between the MR image intensity and the attenua-
tion coefficient valid for 511 keV photons. Several solutions for
MR-based attenuation are reported in the literature.

Template-based methods utilising attenuation maps obtained
from classical PET-based transmission scans have already been
proposed for situations where a transmission scan is not available
[60]. Such a template-based approach which includes bone per se
and which can easily been included in the workflow of the recon-
struction of PET images from a hybrid MR-PET scanner has been
developed in Juelich [61]. A 3D template derived from the averaged
MPRAGE datasets from eight different subjects, and a correspond-
ing template of an attenuation map obtained from transmission
scans of the same subjects recorded with an HR + PET scanner, is
used. Employing Statistical Parametric Mapping (SPM) [62], the
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MPRAGE template is warped onto the MPRAGE dataset of the pa-
tient under investigation. The deformation data derived from
SPM are applied to the transmission template derived from the
HR + scanner such that an individualised attenuation map is ob-
tained after addition of the attenuation map of the MR coils. The
attenuation map of the MR coils is measured by transmission scan-
ning in the HR + PET scanner in a prior, one-off experiment.

An alternative solution suggested by Hofmann et al. [63] em-
ploys a database of MR~CT image pairs and the T;-weighted MR
image of the subject to be studied, a pseudo-CT may be determined
which fits to the individual brain and is transformed to the desired
attenuation map valid for 511 keV photons.

The above-mentioned methods may fail in the presence of bone
lesions and deformations since standard MR sequences deliver no
signals from bone and air making it impossible to assign the corre-
sponding attenuation data to these compartments. Motivated by
the desire to obtain reliable delineation of bone, the use of ultra-
short-echo time (UTE) sequences has been proposed [64,65]. UTE
images acquired with two echo times of 0.07 and 2.46 ms, for
example, differ primarily with regard to bone signal allowing its
specific consideration when constructing an attenuation map. Soft
tissue and air can be further classified from these images. Compar-
isons between the UTE-based and CT-based attenuation correction
yielded differences for the whole brain of ~5%, but with local
differences of up to +40% [65]. Recently, a four-class tissue segmen-
tation technique combining the UTE approach with the Dixon
water-fat technique has been reported [66].

The availability of hybrid MR-PET systems has led to the devel-
opment of rigid body motion correction techniques for simulta-
neous MR-PET data acquisition [67,68]. Motion information
obtained from MRI data is utilised in the PET image reconstruction
process. It is often desirable for such reconstruction methods to
group data into “frames” in which motion is negligible; the data
in each frame are then effectively free of motion. Segmentation
of the continuously recorded list mode stream of PET data then
corresponds to the dynamics of head motion and the computa-
tional burden required for the motion correction is reduced. Mo-
tion tracking of the head in the confines of a hybrid MR-PET
scanner presents some challenges which, although not trivial to
overcome, can be successfully addressed; tracking using camera-
based systems can be employed [69,70].

In the foreseeable future, the domain of ultra-high field MR-PET
is likely to be mainly brain imaging; simultaneous MR-PET imag-
ing capability opens up new directions of research, some of which
have already been alluded to above, but particularly pharmacolog-
ical challenge. Brain activation processes, where repetition of the
task in a separate scanner will not necessarily employ the same
areas or employ them to the same level, will almost certainly be
involved. Columnar-level functional resolution from MRI/fMRI
combined with tracer information from PET is a very exciting
prospect.

This enthusiasm for new avenues of research must, however, be
tempered with reality. There are numerous challenges to be faced
at ultra-high field. Amongst them, power deposition from the
radiofrequency pulses must be very carefully monitored. The use
of transmit arrays will undoubtedly help mitigate the problem of
inhomogeneous excitation, but these arrays will probably entail
more scatter and will attenuate the photons from the point-
of-view of PET. Construction and operation of MR-compatible de-
vices to measure blood radioactivity continuously will be concom-
itantly more challenging. The radiation exposure in PET means that
it may be difficult to obtain the necessary approvals for experi-
ments on normal, healthy volunteers. Finally, aside from the regu-
latory issues relating to ultra-high fields, the issue of patient
comfort in a long magnet will inevitably make it more difficult to
find compliant volunteers and, in the long run, patients.
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4. Perspectives

In order to discuss the research and clinical perspectives of MR-
PET, the discussion can be broken down into two parts: (a) 3 T MR~
PET and (b) ultra-high field MR-PET.

MR-PET at 3T is a new clinical technology that is finding its
place at a rapid pace; on the order of 100 hybrid, whole-body
MR-PET machines have either already been sold or are on order.
These machines do not have the same PET spatial resolution of
the BrainPET introduced here but they do have a larger bore and
are thus capable of hybrid MR-PET of the body. As such, it can
be expected that a large number of studies will look into the effi-
cacy of these instruments and technology will be developed to en-
able co-registration of organs that are not amenable to rigid
transformations. The problems associated with attenuation correc-
tion remain. Indeed, the methodologies developed for the brain are
not easy to carry over and MR-based tissue segmentation remains
problematic.

MR-PET measurements related to brain function are the first to
benefit from this hybrid modality. Patient/volunteer compliance is
an aspect that is not to be underestimated, especially in the clinic
where it may simply not be possible to subject the patient to two
scans in two different modalities where each one has a probable
duration of about an hour.

For research applications, perhaps the obvious way forward, that
of measuring the brain function with two different modalities, is not
recommended. Rather, the aim of paradigm developers has to be to
exploit the strengths of each modality and to engage, for example, in
experiments where “novelty” would be lost through training effects
if two separate scans had to be performed in two different scanners.
Importantly, in such a construct, the same physiological conditions
pertain to both sets of data acquired in a hybrid scanner. Another
area of application is pharmacological MRI; here, the pharmaceuti-
cal agent could be labelled and its distribution followed with PET
during which time MRI could be performed to include, for example,
fMRI, DTI, and ASL to obtain information about brain function,
anatomical connectivity and perfusion changes, respectively.
Furthermore, the addition of EEG to measure changes in neural
activity with a high temporal resolution allows for a more complete
examination of the effects of pharmacological challenges on brain
function when data from all three modalities are integrated.

Finally, there is huge potential for MRI to ‘learn’ from PET and
vice versa. The promise of hybrid MR-PET, in this regard, is illus-
trated here with preliminary results from an ongoing study looking
at simultaneous arterial spin labelling using MRI and H,'°0 PET.
Several studies have compared ASL-MRI and H,'>0O PET for the
evaluation of ASL reliability and reproducibility [71-73]. However,
none of the previous studies had the possibility to perform both
methods simultaneously to minimise physiological variations. A
simultaneous ASL-MRI and H,'>0 PET approach can be imple-
mented in hybrid MR-PET for a proper quantitative comparison
of both methods. H,'0 PET is regarded as the “gold standard”
for perfusion measurements but requires the injection of a tracer
and is not so straightforward to repeat. In contrast, questions re-
main regarding the accuracy and reproducibility of ASL; a compar-
ison of the two datasets simultaneously in a hybrid scanner would
thus bring enormous benefits by freeing up PET for other investiga-
tions and leaving the measurement of perfusion to a tested and cal-
ibrated ASL measurement. Results from a first, preliminary
qualitative comparison of CBF images obtained with both modali-
ties in hybrid mode reveals a basic similarity. Fig. 13 shows how
the PET and ASL fit well within the colour scale ranging from 0
to 120 ml/100 g/min. In the ASL images some spatial distortions
can be seen. Further analyses remain to be performed in order to
examine the correlative relationship between both approaches.
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One of the most important features of PET is its ability to pro-
vide quantitative images of biological and/or physiological func-
tions. The drawback of the technique is, however, the need for an
arterial input function, which requires continuous or frequent
blood sampling from the arterial line. Several reports presented
the potential of extracting the input function from PET images
[76-78], but a critical issue is the ambiguity of the small recovery
of the carotid artery, attributed to the insufficient spatial resolution
of PET images relative to the structure of the carotid artery lines.
The small recovery could be corrected if the inner diameter or
the cross section is determined. High resolution MRI would make
an important contribution to this, and this will be one of the signif-
icant applications of the hybrid MR-PET systems. It was shown
that both the volume measured by the black-blood T; imaging
using 3 T MR], and the time-of-flight MRA, provided the recovery
coefficient that is consistent with the one obtained from quantita-
tive C'>0-based blood volume images [79]. It should also be noted
that these three methods provided quantitative values for cerebral
blood flow and cerebral metabolic rate of oxygen that are in good
agreement with those with the continuous arterial blood sampling.
There was a significant amount of spillover in the carotid artery
time-activity curves from the surrounding tissues; spillover correc-
tion has also been important, as noted in previous work [80].

In order to further underline the perspectives of multi-modal
imaging, the results from another preliminary, on-going MR-PET
preoperative study are briefly reported. The aim is to investigate
the highly multiparametric MR imaging space for tumour research.
Specifically, the visibility of tumour substructure in this high-
dimensional space is being investigated. The experience gained
from the 3 T hybrid system could open the way for informed deci-
sion-making as to which MR contrasts might have the highest im-
pact in high-field MR-PET tumour imaging.

The studied cohort comprises patients with tumours close to
cortical areas responsible for motor activity and language. A multi-
parametric MRI examination was performed simultaneously with
FET-PET on the 3 T Siemens hybrid system described above. The
MR protocol included high-resolution (1 x 1 x 1 mm?) acquisi-
tions: 3D MP-RAGE (T;-weighted, pre and post-contrast), 3D SPACE
(To-weighted) and 2D multi-echo GRE (magnitude and phase).
Lower-resolution FLAIR, diffusion, perfusion and fMRI information
were also obtained. The total acquisition time was 1 h.

In this preliminary analysis, 6 MR-based contrasts were in-
cluded: three of them are mixed-contrast (MP-RAGE post contrast,
SPACE and late-echo GRE, which are Ty, T, T; and proton-density-
weighted, respectively) and three quantitative maps consisting of
magnetic susceptibility, T; and water content.

SPACE is a relatively new turbo-spin-echo-type sequence with
very long echo train, the applicability of which to fast 3D tumour
visualisation with T, contrast has been recognised [81]. The com-
parison between pre- and post-contrast MP-RAGE intensities pro-
vides qualitative information on blood-brain-barrier disturbance
and tumour vascularisation. Evidence regarding the usefulness of
gradient-echo data with SWI post-processing for tumour charac-
terisation has recently begun to emerge [82,83]. It was thus found
that using SWI in conjunction with contrast agent showed intratu-
moral susceptibility enhancement effects, that were not visible in
other MR images, as well as contrast enhancement that is visible
with standard MR imaging [83]. The frequency of intralesional sus-
ceptibility enhancement was found to correlate with the grade of
tumour malignancy determined by both PET and histopathology
as the “gold standard”. This novel technique may be a promising
tool for the noninvasive differentiation of low-grade and high-
grade brain tumours; this remains to be proven in a much larger
study encompassing many different types of tumours but the per-
spectives look promising.
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Fig. 13. Comparison of quantified images of cerebral blood flow (CBF) obtained in the hybrid 3 T MR-PET scanner equipped with a BrainPET insert as described above. Top:
CBF images (from left to right: transaxial, coronal, sagittal) obtained with PET recorded for 60 s after injection H,'50. Bottom: simultaneously obtained CBF images using MRI
and ASL. Quantitative measurements of cerebral blood flow with PET and H,'®0 in comparison to MRI and ASL was performed in the hybrid 3 T BrainPET MR scanner
described above. For MRI two dedicated head coils located inside the PET detector were employed, one outer bird cage coil for combined transmit and receive and one inner 8
channel coil for receive, which are both optimized in regard to minimal attenuation for PET, were used. For ASL, a pseudoContinuous Arterial Spin Labelling (pCASL) sequence
was used for its higher SNR. pCASL applies a 1.4 s train of RF and gradient pulses to invert the magnetisation of blood water flowing through the labelling plane [74]. In our
experiments the position of the labelling plane was selected based on a quickly acquired time-of-flight angiogram to ensure optimal orientation of the carotid and vertebral
arteries. A delay of 1 s was inserted between labelling and readout to guarantee blood perfusion of the majority of the voxels. The pre-saturation pulses are applied to the
imaging region before labelling to avoid spin perturbation in imaging planes caused by the labelling train. By using readouts with single-shot 2DEPI;, 100 measurements with
50 pairs of label-control volumes were obtained. The total measurement time for pCASL acquisitions was 6 min. After 2 min run of pCASL 555 MBq H,'°0 was injected as PET
perfusion tracer and the PET data were recorded for 3 min in listmode. ASL quantification was performed by using ASLtbx in MATLAB [75]. The first 60 s of PET data after the
tracer entry into the brain were reconstructed in a summed image so that the autographic method for the calculation of quantitative CBF images could be used. For this
purpose an arterial input function was obtained by continuous blood sampling from the radial artery using an MR-compatible blood monitor and corrected for delay and
dispersion.

SWI uses a compound magnitude-phase contrast obtained in cell proliferation and infiltration, Swanson et al. were able to de-

post-processing and this might mask features which vary in oppo- scribe trends in survival rates as well as response to radiation ther-
site directions in the two contrasts. Here, the full information apy for glioblastoma patients [87,88]. The ‘gradient’ between the
accessible from a multi-echo GRE is used instead. delineation of the tumour in T;-Gd and T, images can be expressed

Susceptibility, T; and quantitative water content were obtained in a way involving cell proliferation and infiltration. The significa-
as follows. Susceptibility mapping was performed starting from tion of the ‘gradient’ is that the T;-Gd circumference approximates
phase information. Software developed in-house, following to a the edge of the ‘solid tumour’ and that the T, circumference repre-
large extent the method of de Rochefort [84] was used. From the sents not only the extent of oedema but also a zone of a low con-
magnitude information, T is obtained from a mono-exponential centration of ‘isolated tumour cells’. That tumour cells extend
fit of the signal intensity after sinc correction and water content much farther then even the imageable abnormality is evidenced
is obtained from the intensity of the signal extrapolated to by malignant cells cultured by Silbergeld and Chicoine [89] from
TE = 0 m after transmit and receive efficiency correction and nor- as far as 4 cm away. The relation between tumour delineation
malisation to CSF [85]. and outcome prediction is nonlinear and probably not reflected en-

The processing of multiparametric MR information was carried tirely in the principal component analysis of our study. However,
out in a manner similar to that described in [88]. Briefly, after by taking into account additional information about the region
coregistration, each contrast was normalised to the mean of its his- considered to be oedema, for example its substructure revealed
togram and the multiparametric space is described using its prin- by clustering analysis and inhomogeneities in its water content, a
cipal components. This can be performed for the whole volume or better discrimination between oedema and cell infiltration might
separately for specific ROIs. Finally, clustering was performed on become feasible.

the most significant principal components. Results obtained on the region corresponding to PET hyperin-

The results obtained with the above procedure are illustrated in tensity, which is attributed to solid tumour and is to be removed
Fig. 14. Different MR contrasts are shown for a representative slice, at surgery, are reported here. Water content in normal appearing
complemented by the FET-PET results (integral intensity over the white and grey matter was compared to water content within
whole measurement time). The principal components were deter- the tumour region for 10 patients. The tumour ROI was identified

mined for a ROI containing the tumour. This was carried out for the by FET-PET hyper-intensity using simple thresholding. Despite
MR data only (middle row) and for the combined MR and PET data the fact that the tumours studied here were located to a large ex-
(bottom row). Components with amplitudes above 5% of the main tent in the white matter, the water content within tumour tissue
one were kept. Cluster analysis using 9 clusters (MR data only) or (84.6%) was found to be very close to that of normal appearing grey
14 clusters (MR and PET data) shows similar structure within the matter for the same patients (84.0%) and of comparable variability:
solid tumour (high intensity in PET) as well as substructure in standard deviation = 0.8% in tumour tissue versus 0.7% for GM.
the region considered to be oedema [86]. Interestingly, water content in the normal appearing grey matter

Interestingly, by using only the tumour delineation observable in the patients was found to be very close to that of GM in the nor-
in T1-Gd and T, images and a bio-mathematical model including mal population, but the water content of white matter was slightly
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Fig. 14. Upper row: Representative slice with different contrasts or quantities. From left to right: MP-RAGE (post contrast), SPACE, GRE (TE = 50 ms), quantitative
susceptibility (a.w.), T5 (ms), quantitative water content (%) and FET-PET (a.u.). All MR images have resolution of 1 x 1 x 1 mm?. Middle row: four most significant principal
components (PC) obtained from the MR contrasts for the tumour region. Farthest right: results of k-means clustering (9 clusters) on the PC. Bottom row: similar to middle

row, when PET data are also included (5 PC, 14 clusters).

higher. Thus, the mean values over the 10 patients were 70.7%(1.1)
for WM and 84.0%(0.7) for GM compared to 69.2%(1.7) for WM and
83.7%(1.2) for GM in healthy controls. Given the very tight regula-
tion of water content in healthy tissue, the 1.5% increase in water
content found in the normally appearing white matter of patients
might be significant. However, since there was a substantial age
difference between the volunteers (26 years old on average) and
the patients (51 yrs) on which these results were obtained, the is-
sue requires further investigation.

T; contrast was found to be highly efficient in delineating puta-
tive substructure within the tumour region. Furthermore, the T,
values within the tumour are very different from those of normal
tissue and their variability is high. T; contrast at 9.4 T in normal
tissue is much richer than at 3 T. The higher equilibrium magneti-
sation can be used for imaging with small voxel size whilst main-
taining a high SNR. The combination of these factors holds promise
for the potential increase in usefulness of T5 and phase contrast for
tumour delineation at 9.4 T.

Irrespective of field strength, the question regarding the signif-
icance of the regions found by cluster analysis remains. Further
study is required in this respect with the most promising investiga-
tion being a comparison between MR-based clusters and regions of
different dynamics of the tracer uptake, as reflected by the time-
activity curves in PET.

5. Conclusions

The use of hybrid MR-PET technology in humans, at 3 T and at
9.4 T, capable of simultaneous acquisition of MR and PET datasets
has been presented and discussed. Clinical and neuroscientific
examples from a 3 T MR-PET system underscore the potency of
the new scanners. The approach of triple modal imaging by includ-
ing EEG to cover the temporal dimension has also been elucidated.
Use of an ultra-high magnetic field of 9.4 T, together with a PET in-
sert, has also been outlined and feasibility has been shown. Lastly,
the potential of new technological advances available at ultra-high
field have been discussed. The utility of MR-PET at an ultra-high
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field of 9.4 T has been demonstrated as has the potential integra-
tion of EEG at this field.

The case for multimodal imaging at 3T and at 9.4 T is a sound
one that brings more advantages than disadvantages.
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INTRODUCTION

Quantitative cerebral blood flow (CBF), oxygen extraction fraction
(OEF), and metabolic rate of oxygen (CMRO,) images can be
assessed using positron emission tomography (PET) and
150-labeled radiotracers. These parametric images are essential
for understanding the pathophysiological status of cerebral
vascular disorders, and this technique has been promoted as a
clinical diagnostic tool in some countries. Parametric images
have been measured via PET by administering multiple
150-labeled tracers,"? such as in the steady-state method®*
or the three-step autoradiography method.>*® The validity
of the technique has been demonstrated W|th three-step
autoradiography on healthy volunteers at rest” An order of
1-hour period, however, is typically required to complete the
whole study, because three independent scans are required in
addition to >10-minute intervals between scans to allow for
decay of the residual radioactivity of the preceding tracer. Thus,
applicability is limited in clinical settings, particuiarly for patients
with acute stroke.?

We recently developed a novel PET method of dual-tracer
autoradiography (DARG)® for guantitative assessment of CBF,
CMRO,, OEF, and cerebral blood volume (CBV), based on
sequential administration of dual tracers during a single PET
scan, with additional CBY data obtained from a C'°O scan to
compensate for radioactivity from the vascular space. The method
allows for shortened examination time compared with previous
three-step approaches,’ and was shown to provide quantitative
OEF values that were in good agreement with those assessed by
the arteriovenous oxygen difference in normal monkeys over a
wide physiological range, suggesting the validity of quantitative
functional values obtained by this method. Of the importance is
that the naise property in the calculated functional images by this
method is same as that by the three-step autoradiography. A
limitation of this method is however attributed to the need for
additional C'>0 scan. An assumption of the fixed fractionations of
arterial and venous vasculature components, as has been done in
most of other methods could also cause systematic errors in
pathological conditions such as the ischemia, which most likely
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cause dilatation of vasculature and/or the arteriovenous
malformation.

In the present study, we developed a formula that eliminates
the need for the CBV information, which has been required in the
previous DARG approach. This computational refinement for the
dual-tracer approach has been done using the basis function
method (DBFM). Attention was made so as to minimize the
systematic errors attributed to the assumption of fixing the
arterial- and venous-fractionations. The technique would also be
advantageous for significantly shortening the duration of the total
clinical examination. The validity of the present method, in terms
of quantitative accuracy and quality of generated images, was
tested using the data obtained from anesthetized monkeys and
young normal volunteers.

THEORY

The present formula was developed to compute CBF, CMRO,, and
CBV simultaneously, thus eliminating the need for additional scan
for CBV assessment. The distributions of tracer in the vascular
space (V& (mL/g) for water and V§ (mL/g) for oxygen components)
were estimated from dynamic image data acquired during
sequential administration of H3°0 and '>0,. The kinetics for both
130, and H3?0 are expressed using the single-tissue compartment
model® as:

Ci(ty=E-f-A.(t) ® o +f - Aw(t) ® ot

1

+V§ - Ao(t) + Vi - Awlt) M
where Ci(t) (Bg/mL) is the radioactivity concentration in a voxel in
a given tissue region, As(t) (Bg/mL) and A,(t) (Bg/mL) are the
arterial input functions of '°0O-oxygen (**0,) and ""O-water (H3°0)
contents, respectively, f (mL per minute per gram) is the CBF, E is
the OFF, p (mL/qg) is the blood/brain partition coefficient for water,
and ® indicates the convolution integral. The first and second
terms on the right side represent the tissue radioactivity of oxygen
and water, respectively. The last two terms signify the radioactivity
of "0, and H3?0 in blood vessels. In this study, p was fixed at
0.8mL/g.’

The first two terms on the right side in equation (1) have
nonlinear relationship with f, and we formulated two basis
functions'’ to calculate parametric images from the dynamic
data. The corresponding basis functions were as follows:

F1(f,t)=f-AW®e"§"

. @)
Fz(ﬂt):f‘Ao ®e 7.
Equation (1) can then be transformed for each basis function

into a linear equation in E, V3, and WY as:

(3)

For the physiologically reasonable range of f, that is, 0<f<2.0
mL per minute per gram, 200 discrete values for f were given. For
a given value of f, three values of £, V5, and V¥ were obtained
using the standard linear least squares optimization technique.
The oprimized f value was determined from the 200 discrete
values, so that the residual sum of squares between left- and right-
hand terms in equation (3) became minimum, thus a unique set of
optimized parameters for f, £, V5, and V& could be obtained.
Metabolic rate of oxygen is then calculated from the obtained f, E,
and the arterial oxygen concentration. The present formula can be
applied to either of the two procedures: H3°0 injection (or C'°0,
inhalation) followed by "0, inhalation (the H}°0-"°0, protocol),
or '°0, inhalation followed by H3>0 injection (or C'*0, inhalation)
( the "0,~H3>0 protocol).

Ci(t)=F, +E-F, + V5 - Ao + Vi - Ay.
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MATERIALS AND METHODS

The validity of the present method was first evaluated using the data
obtained from a series of PET scanning on anesthetized monkeys, in which
the global OEF values obtained using this approach were compared with
those derived using the catheter-based method for measuring the
arteriovenous difference (A-V difference) of oxygen contents. Second,
image consistency was evaluated by comparing the quantitative values of
regional CBF and CMRO, for young normal volunteers derived by the
present DBFM and those by the previously proposed DARG methods.
Third, the error sensitivity of the present method was evaluated by a
simulation study, and was referred to the results for the DARG technique.

Subjects

The subjects consisted of two groups, namely, six normal monkeys of
macaca fascicularris under anesthesia and seven young normal volunteers.
All monkeys were males with a mean body weight of 5.2 £ 0.8 kg and ages
ranging from 3 to 4 years. Animals were maintained and handled in
accordance with the Human Care and Use of Laboratory Animals
guidelines (Rockville, National Institute of Health/Office for Protection
from Research Risks, 1996). The study was approved by the local
Committee for Laboratory Animal Welfare, National Cardiovascular Center,
Osaka, Japan. The protocol also followed the Guidelines for Animal
Experimentation of the National Cerebral and Cardiovascular Center,
Osaka, Japan.

All normal human subjects were males with a mean age of 253 +2.4
years and mean body weight of 64.2 + 6.8 kg. None had symptoms at the
time of PET examination, or histories of cerebral or other relevant diseases.
All subjects gave written informed consent, approved by the ethics commi-
ttee of the National Cerebral and Cardiovascular Center, Osaka, Japan.

Positron Emission Tomography Experiments (Animal)

Details regarding the primate animal study have been previously
reported.9 Briefly, anesthesia was induced with ketamine (10mg/kg,
intramuscularly) and maintained during the experiment using
intravenous  propofol (4mg/kgh) and vecuronium (0.05/mgkgh).
Animals were intubated and their respiration was controlled by an
anesthetic ventilator (Cato, Drager, Germany). The PET scanner used was
the ECAT HR (Siemens-CTl, Knoxville, TN, USA), installed in the animal PET
laboratory of the National Cerebral and Cardiovascular Research Center.
Positron emission tomography scanning was performed in 2D mode. After
a 900-second transmission scan, a dynamic scan was started following the
inhalation of C'>0. After 10 minutes, a 6-minute dynamic PET scan was
performed during sequential administration of >0, (2,200 MBq) and H3°0
(370 MBq) for 3 minutes each. After 10 minutes, another order of scan,
namely, H3°0 followed by *O, administration scan was performed. The
administration order, either H’0-'°0, or 0,~H}’0, was randomized
across subjects. Arterial blood was withdrawn continuously from the
femoral artery through a catheter (0.6-mm inner diameter) using a syringe
pump (Harvard Apparatus, Holliston, MA, USA, model 55-2309) with a
withdraw speed of 045mbL/min (27mlL in total) and the blood
radioactivity concentration was measured with a continuous input
function monitor system made of GSO scintillation crystals.’? Arterial and
sinus bilood samples of 0.2mL each were drawn simultaneously during
each scan. The sinus blood was sampled through a 3-F catheter, which was
introduced via the femoral vein to the cerebral sinus using a high-
resolution digital X-ray imaging system (GE Medical System, Waukesha, Wi,
USA). To avoid mixing with venous blood draining from extracranial
tissues, the tip of the catheter was carefully placed at the angle of the
cerebral sigmoid and transverse sinuses, and its position was confirmed at
the conclusion of each PET protocol. Their oxygen contents were measured
to obtain the global OFF (gOEFAy).>"®

In three of the six animals, A-V sampling was performed during the PET
scan with the ®0,~H}°0 protocol at normocapnia (PaCO,=40 mm Hg)
and also while the respiratory rate was sequentially adjusted to achieve
hypocapnia (PaCO,<33 mmHg), mild hypercapnia (45<PaCO,<50 mm
Hg), and deep hypercapnia (PaCO, > 50 mm Hg). At least 30 minutes were
allotted to reach a steady-state P,CO,, after which the '0,-H3>0 PET scan
was initiated.

Positron Emission Tomography Experiments (Young Normal
Volunteer)

Young normal volunteers were studied at the Radiology Department of the
National Cerebral and Cardiovascular Research Center. Young, healthy
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volunteer subjects were scanned with an ECAT 47 scanner (Siemens-CTl).
The scanning was carried out in 2D mode, After a transmission scan, a
static scan was started at 2 minutes after the end of 4-minute inhalation of
3,000 MBq of C'°0. After a pause of 10minutes to permit radioactive
decay, two sets of dynamic scans of 540 and 510 seconds were carried out,
first during sequential inhalation of C'®0, (3,000MBg) and 'O,
(4,500 MBq), and second an inhalation of '°0, (4,500 MBq) followed by
intravenous H3>0 (1,100 MBq), respectively. Since the "0 label in C'°0, is
rapidly transferred to the water pool in the lung capillary bed,™ the 0,
inhalation is considered essentially identical to the intravenous
administration of H}°0. Thus, C'°0,-'°0, procedure is noted as H}°0
(C'*0,)-"°0, protocol in this article.

Arterial blood was continuously drawn from the brachial artery using a
catheter (0.5-mm inner diameter) and syringe pump (Harvard Apparatus,
model 901) at a speed of 2.0 mL/min during the PET scan. The total blood
withdrawn was ~30mL. The blood radioactivity concentration was
measured using the GSO input function monitor system.’?

Data Processing

Dynamic sinogram data were corrected for dead time in each frame and
for detector normalization. Tomographic images were reconstructed using
the filtered back projection method with 4- and 7-mm Gaussian filtering
for monkeys and human subjects, respectively. Attenuation correction was
applied using transmission data. Scatter correction was also applied by
means of the deconvolution scatter function technique.'® Reconstructed
images, with a matrix size of 128 x 128 x47 and a voxel size of
1.1mm x 1.1 mm x 34mm for monkeys and 1.8mm x 1.8 mm x 3.4 mm
for normal human subjects, were transferred to a LINUX computer for
further analysis using in-house programs.

Measured arterial blood time-activity curves (TACs) were normalized to
become consistent to PET images, and were also corrected for dispersion
(t=3 and 14seconds for monkeys and humans, respectively).'® After
correcting for delay,>'” the blood curves were separated into >0, (Ao) and
H3%0 (Aw) contents as described previously,'®'? in which the recirculation
water, that is, the arterial H3’0 concentration was estimated using
manually sampled at nine points and plasma separated activity
concentration in the monkey data (details are presented in'®) and for
human data according to a physiological model validated previously with
fixing rate constant values as: k=0.13 per minute (production rate of
recirculating water), At=20seconds (delayed appearance time of
recirculating water), k,=0.38 per minute (forward diffusion rate of
recirculating water to body interstitial space) and p,, = 1.38 (k. /ka, where
is k, a backward diffusion rate of recirculating water)."®

Cerebral blood flow, OEF, and CMRO, images as well as those for Vc? and
V¥ were calculated according to the DBFM formula described above, using
reconstructed images and the obtained input functions, and the
hemoglobin concentration and saturation of oxygen in the arterial blood.
Additionally applying CBV data from C'0 scan data, CBF, OFF, and CMRO;
images were also generated using the DARG formula.’ With DBFM, blood
volume was estimated as V5, and the obtained images were converted to
CBV images as: CBV =Ry (1-E-F)/V5? where Ry (=085 is the
peripheral-to-central hematocrit ratio and F, (=0.835)% is the effective
venous fraction. Images without applying physical decay correction were
applied to both DBFM and DARG calculations.

Data Analysis

Regions of interest (ROIs) were drawn on CBF images obtained from
experiment on monkeys to cover the whole brain. These ROIs were then
transferred to the OFF and CMRO, functional images obtained using the
DBFM and DARG methods. Quantitative CBF, OEF, and CMRO, values
generated from DBFM were then compared with those from DARG. Also,
OEF values obtained from DBFM were compared with those using the A-V
sampling technique (OEF,_y) using Bland-Altman plots.

In young normal volunteers, circular ROls of 6-mm diameter were placed
bilaterally on the temporal, frontal, parietal, occipital, and cerebellar, brain
stem, caudate, lentiform, thalamus, and central semioval regions, in which
attention was made to avoid the region with large CBV such as the sinus
region. Values for CBF, and CMRO; in the same ROls were summarized for
the cortical gray matter, deep gray matter, cerebellum, and white matter
regions, and were compared between DBFM and DARG using Bland-
Altman plots.

The N-index, which denotes the noise level of parametric images,?'
was obtained from the standard deviation of an image’s spatial values,
which was derived by subtracting two statistically independent and
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physiologically equivalent images. This calculation was carried out for CBF,
OFF, and CMRO, from young normal volunteers using even- and odd-
numbered frames, and the obtained N-index values were compared
between the DARG and DBFM formulae.

All data are presented as mean values* 1s.d. Pearson’s correlation
analysis and linear regression analysis were used to evaluate relationships
between the two CBF values. P<0.05 was considered statistically
significant.

Simulation
Error propagation was evaluated for three error sources, namely: effects of
the imperfect delay adjustment,'” by shifting time in an input function
from — 4 to 4 seconds, where a positive error represents an overcorrection
of delay time; errors in dispersion correction in the input function,'® by
shifting the time constant from — 4 to 4 seconds, where a negative error
represents undercorrection, as described previously;”** and errors in the
assumed blood/tissue partition coefficient (p),>'° by varying p from 0.7 to
0.9mL/g."°

The input function for this simulation study was defined based on
typical arterial TACs obtained from a human study with water (A,,) and also
with oxygen (A)2 and by adding the Aw and Ao with a time lag of
3minutes between the administrations of H3°0-""0, and '"0,-H3%0.
Applying the kinetic formulation of equation (1), tissue TACs were
generated for a ‘normal’ (CBF =0.50 mL per gram per minute, OEF =04,
and CBV=0.04mL/g), ‘ischemic’ (CBF=0.30mL per gram per minute,
OEF = 0.6, and CBV=0.06 mL/qg), ‘hyperperfusion’ (CBF = 0.70 mL per gram
per minute, OEF = 0.3, and CBV = 0.04 mL/g), and ‘diaschisis’ (CBF =0.20 mL
per gram per minute, OFF = 0.4, and CBV = 0.04mL/g) conditions.® Values
of CBF, OEF, and CMRO, were then calculated using the true input function
and these TACs, by assuming p =0.8 mL/g. Errors in calculated functional
values were then plotted as a function of the percentage differences of the
assumed values for delay, dispersion, and the partition coefficient.

Additional simulation was carried out to evaluate errors in the
estimation of recirculating H3°0 in the arterial blood. Arterial input
functions were generated by changing the rate constant (k) that
corresponds to the whole body oxygen metabolism, and the delay (A?)
by +10%, from the fixed value (i.e, k=0.13 per minute and At=20
seconds), and regional tissue TACs were calculated according to the
equation (1), by assuming a ‘normal’ condition. Cerebral blood flow and
CMRO, values were calculated according to the procedure mentioned
above, and the %errors were estimated.

RESULTS

The present DBFM as well as DARG programs successfully
calculated functional images of CBF, OEF, CMRO,, and CBV for
PET data on both monkeys and young normal volunteers. The
computation time for parametric images was ~ 30 seconds using
a standard PC installed with GNU/Linux (fc16.x86_64 64 bit,
CUP:Intel Core i7 3.07 GHz, Memory: 16 GB).

Quantitative values for whole brain in monkeys were 0.32 £ 0.11
and 0.27 £0.09mL per gram per minute in CBF for DARG and
DBFM, respectively, 0.56 +£0.06 and 0.57 £ 0.06 in OEF for DARG
and DBFM, respectively, and 0.029 £0.004 and 0.026 + 0.004 ml
per gram per minute in CMRO, for DARG and DBFM, respectively.
The OEF value by the A-V method was 0.54 + 0.06. The paired
t-test did not show any significant differences in these values
between DARG and DBFM for either order, that is, H3°0-">0, and
50,-H}°0 (P>0.05, n=6). Also, there were no significant
differences in OEF between the PET and the A-V methods, for
either order (P>0.05, n=6). During normocapnia, the P,CO,,
P.0,, S.0,, and hemoglobin values were 389+ 1.4, 119+ 12mm
Hg, 97.3%+1.2%, and 13.6%1.0g/dL, respectively. All these
values were considered within the normal range.

Figure 1 shows the Bland-Altman plot of OFF as estimated by
the DBFM and the A-V method obtained during P,CO, variation.
The regression line obtained was: OEF = 0.99 OEF,_—0.01 (r=0.96,
P<0.001, n=12). The intercept was not significantly different
from zero (P> 0.05), and the slope of the line was close to unity.

Figure 2 shows the Bland-Altman plots of regional CBF and
CMRO, values as estimated by DARG and DBFM for young normal
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Figure 1. Bland-Altman plots of oxygen extraction fraction (OEF)
comparing arteriovenous difference (gOEF(A-V)) and dual-tracer
basis function method (DBFM) (gOEF(PET)). Solid and broken lines
show mean difference and its respective 2s.d, respectively.
Mean +s.d. values are —0.014+0.038. The regression analysis
exhibited a significant positive correlation with a slope close to
unity (y=0.99 x4 0.01, r=0.96, number of plots=12). DBFM was
performed with an administration order of O,-H,O. PET, positron
emission tomography.

volunteers. The plots did not show significant differences between
DBFM and DARG. Cerebral blood flow or CMRO,-dependent
changes have not been seen in the plot. Differences in CBF were
3.57% * 6.44% and 3.84% * 3.42% for the H}’0 (C'*0,)-"°0, and
'%0,-H3°0 protocols, respectively, and those in CMRO, were
—2.79%+11.2% and — 6.68% + 10.5% in the H}*0 (C'°0,)-"°0,
and "20,-H1’0 protocols, respectively. Results of the Pearson’s
regression analysis for CBF were: CBFggy = 1.07 CBFparg—0.015 mL
per minute per gram (r=0.99, P<0.001) and CBFgrm=1.04
CBFparg—0.003 mL per minute per gram (r=0.99, P<0.001), and
those for CMRO, were: CMRO, gepm = 0.93 CMRO, parg—0.0022 mL
per minute per gram (r=0.93, P<0.001) and CMRO, ggy = 0.92
CMRO; pare—0-0007 mL per minute per gram (r=0.95, P<0.001)
corresponding to the H3>0 (C'0,)-"°0, and ">0,~H}°0 protocols,
respectively. The mean and s.d. values for CBF, OEF, CMRO,, and
CBV values are summarized in Table 1. The paired t-test showed
no significant difference in CBF between the DBFM and DARG
methods for either order. Significant difference was seen in CMRO,
and showed smaller values in DBFM with the ">0,~H2>0 protocol
but not for the H}’0 (C'>0,)-"°0, protocol. The CBV values by
DBFM were essentially within the same order of those obtained by
the conventional C'>0 blood volume scan (noted as DARG in
Table 1), but showed significant differences in some regions. No
significant difference was seen in V5-derived CBV values between
the H3?0 (C'®°0,)-"°0, and *0,-H}>0 protocols.

Figure 3 shows a representative comparison of CBF, OEF, and
CMRO, images generated by DBFM and DARG from a young
normal volunteer. The parametric images generated by DBFM
were of comparable quality to those obtained using DARG. The
CBV images obtained by C'>0 scanning as well as those calculated
from V§ and V¥ for a "°0,-H}°0 protocol on a typical youn
healthy volunteer are compared in Figure 4. CBV images from v§
showed similar distribution to those produced using the C'*O
scan, thought the images were noisier. Cerebral blood volume
images calculated from VY, on the other hand clearly demonstrate
the structure only the internal carotid and middie cerebral arteries,
but values are small and in a noise level in other areas.
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A comparison of image quality, as defined as the N-index
divided by the mean value of each of CBF, OEF, and CMRO, is
given in Figure 5. Values were slightly but significantly greater
with DBFM compared with DARG, except CBF assessed by the
130,-H3>0 protocol, which did not show significant difference
between DBFM and DARG.

Results of the simulation study for the ‘normal’ condition are
shown in Figure 6. Error sensitivity to errors in delay time, the
dispersion time constant, and the partition coefficient value were
different, but showed the same tendency between the H}°0
(C'*0,)-"%0, and ®0,-H}>0 protocols for both DARG and DBFM.
The magnitude of errors in the calculated functional parameters
are within a range of <5% for + 2 seconds errors in the delay, for
+ 2seconds errors in the dispersion, and for 0.75 to 0.85mL/g
errors in the partition coefficient. The error propergation from
each error source to the functional parameters are almost the
same in the ‘hyperperfusion’ condition, but significant magnifica-
tion was seen in the ‘ischemic’ condition, and was 1.1 to 1.2 times
for CBF, 1.6 to 2.0 for OEF, and 1.4 to 1.6 for CMRO,. For the
‘diaschisis’ condition, the magnification factors were only 0.1 to 0.5
times for all CBF, OEF, and CMRO, parameters. Regarding the
errors in the recirculating H3*0 estimation, a change in the oxygen
production rate (k) by *10% resulted in errors of +2.5% and
2.1% in CBF and CMRO,. A change of the delay by + 10% resulted
in errors of 3.0% and 1.2%, respectively.

DISCUSSION

This study demonstrated that the DBFM method developed in this
study provided quantitative functional images of CBF, CMRO,, and
OEF from a single, short-duration dynamic PET scan with
sequential administration protocols of H}0 (C'°0,) and "0,
and ">0, and H3°0 within a short-time interval. Oxygen extraction
fraction values obtained by the DBFM method agreed well with
those derived by the A-V oxygen difference in the experiment
utilizing six normal monkeys (Figure 1). Cerebral blood flow and
CMRO, calculated by DBFM also agreed with those by the
previously proposed DARG method in young normal volunteers
(Figure 2). No significant difference was seen between the DBFM
and DARG methods in all functional parameters, except for CMRO,
values assessed with the '°0,-H}>0 protocol, indicating signifi-
cantly smaller values with DBFM than DARG. The magnitude of the
difference was —6.68% + 10.5% in average, which is within an
acceptable range for practical use. The simulation also demon-
strated that the DBFM and DARG methods were similar in terms of
the sensitivity to three known error sources of the delay and
dispersion, and the uncertainty in the assumed partition
coefficient. A previous study’ demonstrated that calculated
functional values were identical between DARG and the three-
step autoradiography of Mintun et a? when the administration
interval was longer than 3 minutes in DARG. Dual-tracer basis
function method should therefore be able to provide functional
values comparable to those of the three-step autoradiography. It
should however be noted that the image quality (or the statistical
noise) of CBF, OEF, and CMRO, images was degraded in DBFM
than in DARG as quantitatively evaluated by N-Index (Figure 5).
This is attributed that four parameters have to be determined in
DBFM while only two in DARG. However, difference of N-index
values was only 10% to 20% in average, and not visible in the
calculated parametric images shown in Figure 3.

An important advantage of DBFM over DARG is that the former
does not require independent scan of CBV using C'°0 inhalation.
This allows shortening the entire scan period. A single dynamic
scan for 6 minutes on animal experiments and 9 minutes on
young volunteers presented in the present study are significantly
shorter than previous protocols. Although additional time is
needed for transmission scan and other technical procedures, the
entire study period of <15 minutes is probably practically
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Figure 2. Bland-Altman plots of cerebral blood flow (CBF) (upper: A, B) and metabolic rate of oxygen (CMRO.) (lower: C, D) for H°0
(C'50,)-"°0, (left: A, €) and >0,-H3°0 (right: B, D) protocols comparing dual-tracer autoradiography (DARG) and dual-tracer basis function
(DBFM) regional values in young normal volunteers. Solid and broken lines show mean difference and its respective 2s.d., respectively.
Mean # s.d. values are 0.024 £ 0.030 mL per minute per gram for CBF by H3°0 (C'°0,)-"°0,, 0.021 £ 0.019 mL per minute per gram for CBF by
150,-H3°0, — 0.000685 + 000536 mL per minute per gram for CMRO, by H3?0 (C'°0,)-"°0,, and — 0.00339 + 0.00426 mL per minute per gram
for CMRO,, by '®0,-H3°0. Significant difference was observed in CMRO, by '°0,-H3°0 in paired t-test (D), not in others. The regression analysis
exhibited a significant positive correlation with a slope close to unity (For CBF: y = 1.07x-0.015 mL per minute per gram (r = 0.99, P<0.001) and
y=1.04x-0.003 mL per minute per gram (r=0.99, P<0.001) by C**0,~'°0, and '°0,-H1°0 protocols, respectively, and for CMRO,: y = 0.93x-
0.0022 mL per minute per gram (r=0.93, P<0.001) and y = 0.92x-0.0007 mL per minute per gram (r=0.95, P<0.001) by C'*0,-'°0, and

150,-H3%0 protocols, respectively).

possible and feasible. The DBFM technique is similar to Ohta
et al**% in terms of estimating three parameters of CBF, CMRO-,
and CBV from a single session of the scan. The essential difference
is that the DBFM stands for the sequential administration of two
tracers of '*0, and H3®0 (or C'°0,) within a short interval, which
contributes to improve the accuracy and statistical stability. Such
shortened PET scan makes the simultaneous assessment of CBF
and CMRO, applicable to a number of physiological and/or
pharmacological stimulation studies in clinical settings. Two
radioactive compounds, however, need to be synthesized within
a short interval, with a high level of purity. An automated system,
desirably combined with a dedicated cyclotron, would be the
need to improve the logistics of the examination, under the
concurrent operation of the radioactivity supply and the PET
scanning.’®* Noninvasive determination of the arterial input
function without the arterial blood sampling is also a key issue for
practical use of this technique.® Further evaluations are
warranted.

The present DBFM methods avoids the need for assumption of
fixed fractionation of arterial- and venous-parts of the blood
volume, as well as the fixed peripheral-to-central hematocrit value,
which has commonly been made in the previous DARG and other
three-step approaches.®' Systematic errors could have been
caused by these assumptions in pathologic tissues, such as
ischemia and/or the AVM (arteriovenous malformation). The
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ischemia could cause vasodilatation, with a possible change in
relative fractionation of arterial-to-venous volumes. The AVM is
often characterized by increased arterial blood volume, which
likely cause changes in the arterial-to-venous volume
fractionations and also in the peripheral-to-central hematocrit
ratios. Cerebral blood volume-equivalent information of V5 and
V¥, has been determined in DBFM, thus likely avoiding the
systematic errors attributed to the possible alterations in those
assumptions. Similar values of CBF and CMRO, between the C'>0-
based CBY correction in DARG and by DBFM methods in young
healthy volunteers, on the other hand, empirically supports the
validity of such assumptions in normal controls.

By definition, V§ and V&' estimated from the DBFM are different
from CBV, and also different from each other. The former contains
both the arterial and venous volume, but more weighted with the
arterial part. The latter contains only the arterial blood volume.
Further studies should be carried out to evaluate the significance
of V§ and V¥ parameters, particularly in patient populations.

Interval of the two administration for the two tracers of H}*0O
(C%0,)-"%0, and *0,-H}’0 in DBFM was 3 minutes in animal
study, and 6 minutes in young normal volunteer studies. The
longer interval in the volunteer study was due to the limitation in
radio-synthesis procedures. Use of C'*0, rather than H3*0 would
have an advantage in clinical studies, because the venous
cannulation for H3>O saline infusion can be avoided, thus making

© 2013 ISCBFM



Rapid measurement of CMRO, and CBF by DBFM

N Kudomi et al

®

Table 1. CBF, OEF, and CMRO, values in normal human subjects (n=7) in cortical gray matter, deep gray matter, cerebellum, and white matter
regions calculated using DARG and DBFM
DARG DBFM
H’0-"0, %0,-H3°0 (C'*0,) HY0-"°0, "%0,-H5°0 (C°0,)
CBF (mL per gram per minute)
Cortical gray 0.530+0.028 0.514 £ 0.064 0.536 £0.026 0.519£0.041
Deep gray 0.522+£0.033 0.511+£0.038 0.522+£0.037 0.505 +0.035
Cerebellum 0.539 £ 0.040 0.528 +0.041 0.573 £ 0.048 0.535 +0.040
White matter 0.278 +0.042 0.279+£0.044 0.275 £ 0.044 0.289 £ 0.039
OFF
Cortical gray 0.39+0.05 0.41+0.04 0.39£0.06 0.39+0.03
Deep gray 0.43£0.05 0.43+0.05 0.38 £0.05 0.40 £ 0.05
Cerebellum 0.39£0.04 0.41£0.07 0.40 £ 0.05 0.41+0.06
White 0.38+0.03 0.40+0.03 0.38+0.06 0.3910.03
CMRO, (mL per gram per minute)
Cortical gray 0.0415+0.0045 0.0420 + 0.0041 0.0393 £ 0.0043 0.0399 £ 0.0044*
Deep gray 0.0478 £ 0.0070 0.0469 +0.0071 0.0450 £ 0.0075 0.0452 = 0.0063*
Cerebellum 0.0406 + 0.0039 0.0435 £ 0.0038 0.0447 + 0.0039 0.0428 + 0.0028*
White 0.0207 £ 0.0041 0.0212 £ 0.0036 0.0201 £ 0.0040 0.0208 £ 0.0044
CBV (g/mlL)
Cortical gray 0.0444 £ 0.0088 0.0410 + 0.0078 0.0574 + 0.0102*
Deep gray 0.0496 +0.0102 0.0444 £0.0113 0.0628 £ 0.0110*
Cerebellum 0.0644 £ 0.0038 0.0303 £0.0102* 0.0502 = 0.0079*
White 0.0188 £ 0.0044 0.0224 +0.0080* 0.0336 + 0.0038*
CBF, cerebral blood flow; CBV, cerebral blood volume; CMRO,, metabolic rate of oxygen; DARG, dual-tracer autoradiography; DBFM, dual-tracer basis function
method; OEF, oxygen extraction fraction.
n=7; values are presented as mean = s.d.; *significant difference (P<0.05) between DARG and DBFM; CBF by the DBFM method was calculated from VS
images as CBY =Ruq (1 — E- FING.

the safety control easier. An alternative protocol of inhaling two
radioactive gases, namely '>0,-C'>0, could be method of choice.
The inhalation protocol, however, requires a sophisticated system
that enables the stable administration.

One limiting factor of eliminating the additional C'>0 scan in
DBFM is that the calculated CBF, OFF, and CMRO, images have
enhanced statistical noise. Systematic errors could also be
enhanced, if errors in the delay and dispersion of the arterial
input function occurring in the catheter tube and connectors
etc are not adequately compensated. It should also be noted that
the blood volume-equivalent images (V5) indicated a large
level of statistical noise (Figure 4). Optimization of image
reconstruction procedures is required to minimize the enhance-
ment of the statistical noise. Improvement of electronics in the
PET device for shorter coincidence time window and smaller
dead-time count losses are also essential for better quality of
images.

Another limitation of the technique is the need for the accurate
determination of the arterial input function, as is for other
techniques using '"O-labeled compounds. Recent improvements
in the spatial resolution and counting rate performance allows the
noninvasive determination of the arterial whole-blood input
function from the carotid-artery TAC,>® from which contribution
of metabolized H}°0 TAC may be compensated by means of the
physiological model.'® However, an essential technique is needed
to ensure the correction for the partial volume effect.
Reconstruction of the input function from tissue TACs would
also be an alternative. Mathematical formulation with minimal
number of parameters that describe the shape of the input
function could contribute to provide better accuracy as has been
demonstrated in a recent work.>? Further systematic studies are to
be carried out.

The present study was carried out in 2D mode, although the PET
scanner has ability of 3D acquisition. The reason for this was
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because we intended to minimize the amount of scatter and the
random coincidence rates, attributed to the radioactive gas in the
face mask system. The recent PET scanner can provide only 3D
acquisition. Thus, extensive works are needed to improve the
accuracy of the scatter correction method. It is also important to
reduce the coincidence time window for reducing the random
coincidence counting rate, and to minimize the dead-time count
losses. These should be achieved not only by the improvement of
the PET device, but also by the geometrical optimization of the
face mask system including the radioactivity gas transportation.

The OEF values of 0.57 £ 0.06 observed in monkeys are higher
than those in human. The anesthetic agent of propofol was shown
to reduce both CBF and CMRO, with similar magnitude, thus
resulting in unchanged OEF in young adults.®® Altman et af®*
obtained OEF values of 0.53 £0.13 using the arterio-sinus blood
sampling technique, which is close to the values obtained in this
study. It was also shown that OEFs measured using the steady-
state PET technique ranged from 0.42 to 0.58 in normal tissues of
anesthetized monkeys,*>° which are within the agreement with
this study. Cerebral blood flow values ranged from 27 to 37 mL
100 per gram per minute, and CMRO, from 2.4 to 3.4mL 100 per
gram per minute,**>? are also consistent with the results from the
present study.

Two administration orders of the two tracers are fixed in healthy
young volunteer studies, at first H3>0 (C'°0,)-">0, and then *0—
H3>0, because of the need for a dose calibration each time before
C'%0, or 0, gas supply, after H?O saline is produced. This is a
source of errors attributed to systemic physiological effect like
fatigue or habituation in patients. However, no essential difference
was observed between the two protocols in the DBFM method.

A range of CBF and the step of basis functions should be
carefully selected for the accurate and precise estimation of
functional parameters, as has been discussed for neuroreceptor
studies.*®*' The range for CBF was set from 0 to 2mL per minute
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per gram, with the step value of 0.1 mL per minute per gram in the
present computation, which have been confirmed to interpret
the human data presented in this work. For the set of solutions in
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Figure 3. Representative view of cerebral blood flow (CBF), oxygen

extraction fraction (OEF), and metabolic rate of oxygen (CMRO,)
images for a normal subject using dual-tracer autoradiography
(DARG) and dual-tracer basis function (DBFM) techniques with H,0-
0, and 0,-H,O modes. Axial images are sectioned at (A) parietal
level, (B) basal ganglia level, and (C) cerebellar level.

the present formula, we found no other local minimums in the
residual sum of squares, for the physiologically acceptable range
for CBF (0 to 2 mL per minute per gram), OEF (0 to 1) and CBV (0 to
1mL/g).

Optimization of administration doses and their ratios
of two tracers of >0, and H3°0 (C'®0,) would be a subject of
further investigation. Several factors should be taken into
account, including the contribution of the residual tracer
from the first administration into the second tracer contribu-
tion, random counting rate, and dead-time count losses. These
are likely dependent on the physical performance of a PET
device, and therefore need to be investigated for PET device-
specific manner. The present study, however, demonstrated
that the almost equal administration dose could yield stable
results.

In conclusion, quantitative CBF, OEF, and CMRO, could be
calculated using the DBFM method from a single PET scan
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CBF OEF CMRO,

Figure 5. Comparison of noise levels between dual-tracer auto-
radiography (DARG) and dual-tracer basis function (DBFM) for
cerebral blood flow (CBF), oxygen extraction fraction (OEF), and
metabolic rate of oxygen (CMRO,) images by means of N-index.
White and black circles correspond to values from the H3*0 (C'°0,)-
0, and 0,-H3>0 protocols, respectively. The paired t-test shows
significant differences in all functional parameters for both protocols
between DARG and DBFM except CBF by the *0,~H3>0 protocol.

Figure 4. Representative view of cerebral blood volume (CBV) (upper and middie) and V&' (lower) images in a normal subject, derived by CO
scan (upper) and dual-tracer basis function (DBFM) (O,-H,0) (middie and lower) methods.
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