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Quantitative hemodynamic PET imaging
using image-derived arterial input
function and a PET/MR hybrid scanner
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Abstract

Positron emission tomography (PET) with 15O-tracers is commonly used to measure brain hemodynamic parameters

such as cerebral blood flow, cerebral blood volume, and cerebral metabolic rate of oxygen. Conventionally, the absolute

quantification of these parameters requires an arterial input function that is obtained invasively by sampling blood from

an artery. In this work, we developed and validated an image-derived arterial input function technique that avoids the

unreliable and burdensome arterial sampling procedure for full quantitative 15O-PET imaging. We then compared hemo-

dynamic PET imaging performed on a PET/MR hybrid scanner against a conventional PETonly scanner. We demonstrated

the proposed imaging-based technique was able to generate brain hemodynamic parameter measurements in strong

agreement with the traditional arterial sampling based approach. We also demonstrated that quantitative 15O-PET

imaging can be successfully implemented on a PET/MR hybrid scanner.
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Introduction

Functional brain imaging with positron emission tom-
ography (PET) and magnetic resonance imaging (MRI)
has been used extensively to map regional changes in
brain metabolism and circulation. The use of 15O-tracer
based PET imaging technique remains the gold stand-
ard technique for quantitative imaging of brain circu-
lation and metabolism.1–3 In this technique, 15O-water
scans are performed to measure the cerebral blood flow
(CBF),2,4 15O-carbon monoxide scans are used to meas-
ure the cerebral blood volume (CBV),5 15O-oxygen
scans are acquired in conjunction with the other two
tracers to estimate oxygen extraction fraction (OEF)
and cerebral metabolic rate of oxygen (CMRO2).1

The standard quantitative 15O-PET imaging protocol
relies upon derivation of an arterial input function
(AIF) through an invasive arterial blood sampling pro-
cedure, which is technically challenging, and inherently
noisy6 and which poses as a hurdle for such studies due
to both technical and ethical considerations. In one of
our early studies, a complete quantitative analysis was

not possible for 13 out of 81 patients due to the
difficulties in quantifying the AIF through arterial sam-
pling.7 A popular approach to avoid the arterial
blood sampling procedure is the adoption of semi-
quantitative methods that estimate brain metabolic
parameters without the need of AIF.6–8 In these meth-
ods, a constant whole brain metabolic parameter is
assumed and used to calibrate the regional parameters.
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On the other hand, evidence suggests that global CBF
and brain metabolism may vary for many reasons.9–16

Therefore, it is important to obtain absolute quantifi-
cation of the physiological parameters with estimated
AIF. For that reason, we develop and validated an
image-derived AIF (IDAIF) estimation technique to
quantity brain hemodynamic parameters.

The IDAIF technique we are developing17,18 relies
on co-registered MR images, i.e. anatomical T1-
weighted MR and time-of-flight (TOF) MR angiogram
(MRA), to identify the main arteries within the PET
field of view. This technique is potentially sensitive to
registration errors. A PET/MR hybrid scanner may
resolve the co-registration problem since both images
were acquired at the same time on the same scanner. On
the other hand, whether this kind of scanner can give
the same level of quantification as PET only scanners
operating in 2D mode, especially for 15O-PET using
inhaled radioactive gases, remains unknown because
of the higher scatter fraction associated with the lack
of septa. One study19 indicated the feasibility of per-
forming quantitative 15O-PET imaging using a PET/
CT scanner which only operate in 3D mode. Another
recent study indicated that proper attention to the
outside scatter compensation is needed for accurate
quantification.20 Therefore, cross scanner comparisons
remains important for 15O-PET imaging. In addition,
arterial sampling is more difficult on a PET/MR scan-
ner since measuring the radioactivity in the sampled
blood is more challenging due to the strong magnetic
field and requires specialized equipment. An image-
based technique that avoids arterial blood sampling
is ideal.

In recent years, a number of MR techniques for
brain hemodynamics have been developed.21–24

However, the accuracy of these measurements remains
controversial, since comparison studies to PET tech-
nique are either not done,24,25 or have not been very
successful.26 One of the potential problems of such a
validation study is the fact that these parameters can
vary over time; and the conventional approach dictates
that MR and PET data be acquired at different time. A
PET/MR scanner will change this picture since MR and
PET can be acquired simultaneously.

In our previous study, we validated an IDAIF tech-
nique in the context of 15O-water PET imaging and
demonstrated that our proposed technique can be
used successfully to quantify CBF.17 In this study, we
further develop and validate the IDAIF technique for
15O-oxygen and 15O-carbon monoxide, we also perform
cross scanner comparison between a Biograph mMR
PET/MR hybrid scanner (mMR) (Siemens, Erlangen,
Germany) and a conventional EXACT 962 HRþPET
only scanner (HRþ) (Siemens Medical Solutions USA,
Inc., Malvern, PA, USA).

Materials and methods

Human subjects

Participants aged 18–35 years with no evidence of
neurological disease were recruited from the surround-
ing community for this study. In the current analysis,
12 participants (age 23� 5, four females) were included.
In addition, one female participant (age 46) with cere-
bral vascular disease was also included in this study to
extend the dynamic range of observed hemodynamic
parameters. All imaging procedures and assessments
were approved by Washington University Human
Research Protection Office, and written informed con-
sent was obtained from all individuals in accordance
with the ethical standards of the Helsinki Declaration
of 1975 and its later amendments.

Imaging

The experimental design for each subject was illustrated
in Figure 1. All imaging sessions were performed in the
resting state, without manipulation to the physiological
state of the participants. Whenever possible, within
each participant, two sets of 15O-PET imaging were
performed on an HRþ scanner, and another two sets
of 15O-PET images were acquired on an mMR scanner,
with simultaneous acquisition of MR data including
Magnetization Prepared Rapid Gradient Echo
(MPRAGE) T1-weighted imaging (TR¼ 2400ms,
TE¼ 2.13ms, TI¼ 1000ms, flip angle¼ 8�, and a
voxel size of 1.0� 1.0� 1.0mm3) and TOF-MRA
(TR¼ 22ms, TE¼ 3.6ms, flip angle¼ 18�, and a
voxel size of 0.26� 0.26� 0.5mm3). The scans on the
two scanners were performed immediately after one
another. The mMR arm of the study was not per-
formed on one of the participants (#4) due to claustro-
phobia concerns and his MR scans were acquired on a
Siemens Tim Trio 3T scanner (Siemens Medical
Solutions USA, Inc., Malvern, PA, USA) instead
using identical MR sequences.

On the HRþ scanner, each set of 15O-PET imaging
included a 5-min static scan beginning 2min after brief
inhalation of 40–75mCi of 15O-carbon monoxide in
room air; a 2-min dynamic emission scan (60� 2 s)
after brief inhalation of 40–75mCi of 15O-oxygen in
room air; and a 2-min dynamic emission scan
(60� 2 s) after rapid intravenous injection of
25–50mCi of 15O-water in saline. The minimum inter-
val between two 15O-tracer administrations was 12min
to allow decay of the previous tracer. The image acqui-
sition on the HRþ scanner was performed in 2D mode
(septa extended). Two sets of 15O-PET imaging with a
total of six tracer administration were performed
during each HRþ imaging session whenever possible.
Some scans were skipped due to cyclotron failure or
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other technical issues. A transmission scan was per-
formed before the first tracer administration, and a
second transmission scan was performed at the end of
the imaging session. A filtered back-projection algo-
rithm was used to reconstruct the emission data with
random, attenuation, scatter, and decay correction.
During these HRþ imaging studies, whenever possible,
arterial blood was withdrawn at 5mL/min from the
radial artery through narrow bore tubing to a lead
shielded scintillation detector that measured positron
emissions with 1 s temporal resolution.27 Blood sam-
pling started simultaneously with tracer administration.

On the mMR scanner, another two sets of 15O-PET
scans were performed with lower dose to reduce the
radiation exposure and allow optimal counting statis-
tics (15–37mCi for oxygen and carbon monoxide, and
15–35mCi for water). The emission data were acquired
in list mode immediately after tracer administration to
allow custom reconstruction post acquisition. By
default, the mMR scanner used an MR derived attenu-
ation map for attenuation and scatter correction.28

However, it has been shown that MR-based attenu-
ation correction led to significant signal reduction
while the amount of reduction was location and indi-
vidual dependent,29,30 which may be problematic for
quantification. To avoid this problem, in this study,
we used e7tools (Siemens, Knoxville, Tennessee, US)
to perform custom reconstruction of the emission
data acquired on the mMR scanner using coregistered
attenuation map derived from the transmission scans
performed on the HRþ scanner. The transmission
scan obtained on the HRþ scanner was coregistered
with the MPRAGE scan,31 which is in turn registered
to the non-attenuation corrected emission scan
obtained on the mMR, so that the attenuation map
to emission scan transformation matrix could be
obtained. An ordered-subset expectation maximization
algorithm32 with three iterations and 21 subsets was
used for image reconstruction with standard

normalization, dead time, random, and scatter correc-
tion33 in a fashion similar to our previous work.30

Similar to our previous works,1,34 the radioactive
gases used in this study was pumped into a shielded
rubber air bag in an MR compatible ionization cham-
ber at the participant’s side. When the activity reaches
the intended range (15–37mCi), the participant is asked
to inhale the gas through a plastic ventilator hose
(approximately 1.6m in length).

Image processing

FreeSurfer v5.1 (Martinos Center for Biomedical
Imaging, Charlestown, Massachusetts, USA) was used
to segment the MPRAGE image to enable regional
analysis. For each participant, within modality image
registration, e.g. 15O-water to 15O-water, was per-
formed for data acquired on the same scanner before
the PET to MR registration was performed independ-
ently for each tracer. PET to MR and TOF-MRA to
MR image registration were performed using a vector
gradient method.31 Within modality registration was
achieved using standard techniques implemented with
an in-house software.35 Atlas registration
(12-parameter affine) was performed via the
MPRAGE against an atlas template. Similar to our
earlier works,17,18 a modified adaptive segmentation
algorithm36 was used to automatically segment the
MRA images to identify arteries. To reduce inter-scan-
ner difference in the spatial resolution of PET images,
the PET data were smoothed to a common resolution
of 8mm full-width-half-max (FWHM) using an estab-
lished protocol37 before further analysis. Regional
time-activity curves (TACs) were extracted for
FreeSurfer ROIs and arterial ROI. Based on the arter-
ial ROI and the PET resolution (8-mm FWHM), the
recovery coefficient for the arterial ROI (ra) is also
determined. This parameter varies from one participant
to another and depends on the exact definition of the

Figure 1. Imaging protocol on the Siemens EXACT HRþ scanner (a) and the Siemens Biograph mMR scanner (b). The MR session

include MPRAGE, time-of-flight (TOF) MRA.
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ROI. The value for this parameter is approximately
0.12 in this study.

Models

To facilitate discussion, a summary of the variables and
acronyms used in this article is summarized in Table 1.
For 15O-water imaging, IDAIF is derived using previ-
ously described method17 with joint estimation of blood
flow for whole brain (rCBFWB), cortical gray matter
(rCBFCG), deep white matter (rCBFDW), and the
arterial ROI background tissue blood flow (rCBFa)
by minimizing the cost function (Q) defined as
equation (1):

QðrCBFWB, rCBFCG, rCBF3DW, rCBFaÞ

¼ w1

XK
i¼1

CPET
ARTðiÞ � CMOD

ART ðiÞ
� �2

þ w2

XK
i¼1

CPET
CG ðiÞ � CMOD

CG ðiÞ
� �2

þ w3

XK
i¼1

CPET
DW ðiÞ � CMOD

DW ðiÞ
� �2

ð1Þ

An optimization procedure searches for the optimal
set of regional blood flow values that minimizes the
differences between observed ROI TAC (i.e. CPET

ROI )
and model-based ROI TAC (i.e.CMOD

ROI ). The model
ROI TAC can be calculated from AIF and rCBF
using standard CBF model.2 For any given estimation
of whole brain blood flow (rCBFWB), the IDAIF
(Ca(t)) can be derived according to equation (2) and
the measured whole brain TAC:

CaðtÞ ¼
1

rCBFWB
�
dCWBðtÞ

dt
þ
1

l
CWBðtÞ, ð2Þ

where � is the water partition coefficient between blood
and brain tissue. For more details of the IDAIF
estimation and CBF estimation, please refer to our pre-
vious work.17

For 15O-carbon monoxide and 15O-oxygen imaging,
the IDAIF (Ca(t)) is derived according to the following
equation:

CaðtÞ ¼ CPET
ARTðtÞ � CPET

BG ðtÞ � ð1� raÞ
� �

=ra ð3Þ

where CPET
ARTðtÞ is the PET measured arterial ROI TAC;

CPET
BG ðtÞis the measured background ROI TAC; and ra is

the recovery coefficients of the arterial ROI. Regional
CBV is calculates as rCBV¼CROI/Ca. Regional cere-
bral oxygen extraction fraction (rOEF) is calculated

Table 1. Variables and acronyms used in this article.

AIF Arterial input function

ART Arterial ROI

BG Background

Ca Arterial input function

CH2O
a

15O-water component of the

arterial input function

CO2
a

15O-oxygen component of the

arterial input function

CBF Cerebral blood flow

CBV Cerebral blood volume

CMRO2 Cerebral metabolic rate of oxygen

CMOD
ROI TAC of an ROI calculated from a model

CPET
ROI TAC of an ROI measured by PET imaging

CROI ROI TAC

C(t) ROI TAC

HRþ Siemens EXACT962 HR þ PET only scanner

ICC Intraclass correlation coefficient

IDAIF Image-derived arterial input function

k Decay constant in the systematic

oxygen metabolism model

� Partition coefficient of water of the brain

mMR Siemens Biograph mMR PET/MR hybrid scanner

MPRAGE Magnetization Prepared Rapid Gradient Echo

MRA MR angiogram

MRI Magnetic resonance imaging

PET Positron emission tomography

OEF Oxygen extraction fraction

Q Cost function in the 15O-water IDAIF model

r Pearson correlation coefficient

ra Recovery coefficients of the arterial ROI

rCBF Regional blood flow

rCBFa Background tissue blood flow

rCBFWB Whole brain mean blood flow

rCBFCG Cortical gray matter blood flow

rCBFDW Deep white matter blood flow

rCBV Regional blood volume

rCBVWB Whole brain mean blood volume

rCMRO2 Regional metabolic rate of oxygen

rCMRO2WB Whole brain mean metabolic rate of oxygen

rOEF Regional oxygen extraction fraction

ROI Region of interest

t time

TAC Time-activity curve

TOF Time-of-flight

� Time

�t Delay constant in the systematic

oxygen metabolism model

w1,w2,w3 Weighting factors in the
15O-water IDAIF model
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using a linearized version38 of the original OEF model:1

1�
0:835 � rCBV

l

� �
rCBF �

Z t

0

CO2
a ð�Þd�

�

�0:835 � rCBV �CO2
a ðtÞ

�
� rOEF

¼ CðtÞ þ
rCBF

l

Z t

0

Cð�Þd�� rCBV �CO2
a ðtÞ

�
rCBF � rCBV

l

Z t

0

CO2
a ð�Þd�� rCBF �

Z t

0

CH2O
a ð�Þd�

ð4Þ

where CO2
a ðtÞ and CH2O

a ðtÞ represent the radioactivity in
the arterial blood that are contributed by 15O-oxygen
and 15O-water, respectively; and C(t) represents the
regional TAC for a particular ROI. Since we do not
directly measure the respective contribution of
15O-oxygen and 15O-water to the overall blood radio-
activity in the 15O-oxygen PET study, a modeling based
approach39 is used instead according to the following
equations:

CH2O
a ðtÞ ¼ k � Caðt��tÞ � e�kt ð5Þ

CO2
a ðtÞ ¼ CaðtÞ � CH2O

a ðtÞ ð6Þ

With rCBF and rOEF estimated from the PET data,
rCMRO2 can then be calculated as the product of
rCBF, rOEF and blood oxygen content.1 For k and
�t in equation (5), we used the reported value,39 i.e.
k¼ 0.0722min�1; �t¼ 20 s.

Analysis

For each participant, CBF, CBV and CMRO2 were
estimated using both IDAIF and arterial sampling
based AIF whenever possible. The quantification with
arterial sampling data was performed following the ori-
ginal 15O-PET imaging quantification models.1,2,34,40

To validate the proposed IDAIF technique, estimated
whole brain hemodynamic parameters were compared
between the two approaches based on data acquired on
the HRþ scanner. Both Pearson correlation (r) and
intraclass correlation coefficient (ICC) were calculated
to assess the agreement between the two sets of param-
eters. For scanner comparisons, hemodynamic param-
eters estimated using the IDAIF technique were
assessed for agreement. Agreement between quantifica-
tion methods and across scanners were assessed using
r and ICC based on the first measurement obtained, to
account for the fact that not all dataset had repeated
measurements on the same scanner. To assess the
variability of the hemodynamic parameter measure-
ments, inter-subject standard deviation (SDi), within-
scanner intra-subject standard deviation (SDw), and

between-scanner intra-subject standard deviation
(SDb) were estimated. To allow comparison among
these variability measures, only the set of participants
that had repeated measurements on both scanners were
included for these assessments. In addition, spatial cor-
relation between parametric maps of CBF, CBV, and
CMRO2 were evaluated at individual level between the
two scanners.

Results

IDAIF validation

Arterial blood sampling procedure was fully successful
for six participants and partially successful for another
participant. Arterial data were not available on the
cerebral vascular disease patient. Measured rCBFWB

(r¼ 0.88, p¼ 0.0091, ICC¼ 0.86) and rCMRO2WB

(r¼ 0.86, p¼ 0.03, ICC¼ 0.82) were in strong agree-
ment between IDAIF based approach and arterial sam-
pling based approach (Figure 2(a) and (c) and Table 2).
The agreement of measured rCBVWB (r¼ 0.81,
p¼ 0.03, ICC¼ 0.44) between the two approach was
less strong (Figure 2(b) and Table 2), possibly due to
the narrow range of this parameter in healthy young
participants and the relatively high level of noise in this
measurement. Based on paired Student’s t-test, the two
sets of measurements were not different statistically
(p> 0.05). Inter subject variability as well as within
subject reproducibility data were also reported in
Table 2.

mMR to HRþ comparison
15O-oxygen scan failed in two participants on the mMR
scanner due to technical reasons. Strong agreement was
observed between hemodynamic parameters measured
on the two scanners. The Pearson correlation coeffi-
cients and ICC were r¼ 0.95, p¼ 0.000002, ICC¼
0.93 for rCBFWB; r¼ 0.95, p¼ 0.000002, ICC¼ 0.94
for rCBVWB; and r¼ 0.92, p¼ 0.0002, ICC¼ 0.88 for
rCMRO2WB (Figure 3 and Table 3). Hemodynamic
parameters obtained on the two scanners did not
differ from each other based on paired Student’s t-test
(p> 0.05). Inter subject variability as well as within
subject reproducibility data were also reported in
Table 3. Example parametric images for a healthy
young participant (#7) and the CVD patient (#11)
obtained from both scanners were shown in Figure 4
along with MR images. The voxel-wise spatial correl-
ation within a whole brain mask was strong at single
subject level for all three physiological parameters
between the two scanners: rCBF, 0.92 (0.83–0.94);
rCBV, 0.97 (0.95–0.0.98); and rCMRO2, 0.89 (0.87–
0.92). The voxel-wise correlation was assessed with

Su et al. 1439



Figure 2. Comparison of arterial sampling and IDAIF based measurements of cerebral blood flow (a), cerebral blood volume (b), and

cerebral metabolic rate of oxygen (c). These data were obtained on the HRþ scanner.

Table 2. Comparison of whole brain mean hemodynamic parameters measured using an arterial sampling approach and the IDAIF

approach.

CBF (ml/100 g/min) CBV (ml/g) CMRO2 (mmol/100 g/min)

PID
AS ID AS ID AS ID

1 2 1 2 1 2 1 2 1 2 1 2

2 57.1 44.1 52.0 50.8 0.035 0.034 0.036 0.035 117.3 168.5 129.3 127.9

3 31.4 31.4 38.1 38.8 0.033 0.033 0.034 160.8 151.0 151.8 170.7

4 44.0 46.0 45.9 43.2 0.034 0.034 0.033 0.034 122.8 119.9 120.9 117.1

5 36.1 32.9 36.9 40.9 0.033 0.034 0.031 0.031 104.7 139.0 112.7 109.5

7 49.0 53.8 44.5 42.6 0.035 0.035 0.043 0.041 155.0 142.7 155.6 169.1

9 39.0 34.5 32.9 31.6 0.034 0.033 0.030 0.027 120.6 144.5 113.5

10 31.3 33.8 33.0 33.5 0.031 0.031 0.026 0.025

Mean 41.1 39.5 40.5 40.2 0.034 0.034 0.033 0.032 132.1 144.2 134.1 138.9

SDi 9.5 8.5 7.2 6.4 0.002 0.001 0.005 0.005 24.5 17.7 18.9 29.1

SDw 4.2 1.5 0.001 0.001 21.2 7.9

For each hemodynamic parameter, Mean, SDi, and SDw, were only estimated for the set of subjects that had within scanner test–retest data for both

methods. AS: arterial sampling based measurements; ID: IDAIF based measurements; SDi: inter-subject standard deviation; SDw: within-scanner,

intra-subject standard deviation.
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the PET data smoothed to 12mm FWHM as in our
previous studies.6,41 Strong spatial correlation was
also observed in our regional analysis as summarized
in the Supplementary Material.

Discussion

PET imaging using 15O-tracers, primarily 15O-water,
was the primary tool in the early days of human
brain mapping although it is less used nowadays with
the development of functional MRI.42 Nevertheless,
along with 15O-oxygen, 15O-carbon monoxide and
18F-fluorodeoxyglucose (FDG), 15O-water provides
the only truly quantitative approach to measure
human brain circulation and metabolism in health
and disease.43–45 With the recent association of aerobic
glycolysis with Alzheimer disease and other neuro-
logical disorders,8,41,44 there is a renewed interest in
this technique, which is an essential component in
assessing glycolysis in conjunction with quantitative
FDG imaging. Therefore, it is our goal to modernize
this technique to avoid arterial sampling and to use

PET/MR hybrid scanners. The very fact that we were
only able to obtain the complete set of arterial sampling
data in 6 out of the 13 participants studied here under-
scored the weakness of the traditional approach,
although it also limited our sample size. Nevertheless,
we demonstrated that the IDAIF approach successfully
generated hemodynamic parameters in strong agree-
ment with the traditional arterial sampling technique.
It is worthwhile to point out that although the arterial
sampling based approach was used as the gold standard
here, it could be compromised by the fact that the arter-
ial blood is commonly collected from a radial artery,
which does not directly supply the brain as we have
elaborated before.17

Traditionally, 15O-PET studies are performed on
PET scanners that were able to operate in 2D
mode,1,2 i.e. with septa extended. However, in the inter-
est of better sensitivity and lower radiation dose,
modern PET scanners are no longer equipped with
septa and only operate in 3D mode, which results in
substantially higher scatter fraction.46 Because of this,
the quantitative accuracy of 3D PET scanners47

Figure 3. Comparison of measurements of cerebral blood flow (a), cerebral blood volume (b), and cerebral metabolic rate of

oxygen (c) obtained on the HRþ and mMR scanners.

Su et al. 1441



especially in the context of 15O-PET remains a con-
cern.19 To address this concern, Ibaraki et al. demon-
strated that with proper scatter correction, 3D PET was
able to perform quantitative brain 15O-PET study with
the same degree of accuracy as that in traditional 2D
PET scanners.19 In this work, we confirmed the previ-
ous work and demonstrated that quantitative hemo-
dynamic and metabolic parameters estimated using
the mMR scanner, which operated only in 3D mode,
were in strong agreement with those obtained using
HRþ scanner operating in 2D mode. We further
demonstrated that there was a strong voxel-wise correl-
ation between parametric images generated from the
two scanners. It is worthwhile pointing out that,
although PET/MR hybrid scanner is the targeting
scanner of this study, the proposed IDAIF method-
ology is applicable to PET/CT scanners and older
PET only scanners provided that the necessary anatom-
ical imaging data are acquired.

In our estimation of rCMRO2 using IDAIF, we used
an empirically determined exponential model39 as well
as population average values for the required param-
eters to separate water and oxygen components in the
IDAIF. It should be pointed out that the original
model and the associated parameters was derived
assuming a slow inhalation of the labelled oxygen,

and a relatively long scan duration.39 Adopting the ori-
ginal model and parameters in our work may lead to
biases and noises in the estimated rCMRO2. A change
of imaging protocol using the slow inhalation proced-
ure may reduce this problem.

As discussed in our previous work,17 the IDAIF
technique is sensitive to registration errors between
PET and structural MR and the assumed scanner reso-
lution. A translational error of 1mm or a 1�rotational
error could lead to �10% underestimation of the AIF
because of underestimation of arterial ROI signal and
hence causing over estimation of the hemodynamic par-
ameters. An underestimation of the FWHM of scanner
point spread function by 0.5mm will lead to �10%
overestimation of the recovery coefficient (ra) for the
arterial ROI, �10% underestimation of the AIF, and
�10% overestimation of the hemodynamic parameter.
Another potential source of variability for IDAIF esti-
mation is the variability in TOF-MRA imaging. In a
separate study where we acquired multiple TOF-MRA
scans during the same imaging session, the estimated
arterial ROI recovery coefficient (ra) is quite consistent
with coefficient of variation on the order of 2%. This
observation suggests the TOF-MRA scan is reprodu-
cible. In this study, in general, the observed within
scanner reproducibility is better when the mMR

Table 3. Comparison of whole brain mean hemodynamic parameters measured on two different PET scanners (i.e. HRþ and mMR).

CBF (ml/100 g/min) CBV (ml/g) CMRO2 (mmol/100 g/min)

PID
HRþ mMR HRþ mMR HRþ mMR

1 2 1 2 1 2 1 2 1 2 1 2

1 37.3 46.5 39.4 40.6 0.035 0.036 0.035 121.8 120.2 136.1 122.1

2 52.0 50.8 49.0 0.036 0.035 0.037 128.9 127.5 133.3

3 38.1 38.8 38.6 41.8 0.033 0.034 0.033 0.032 151.3 170.1 134.6 128.2

5 36.9 40.9 38.6 37.1 0.031 0.031 0.033 0.032 112.3 109.2 137.0 123.0

6 37.5 37.2 37.3 38.8 0.033 0.036 0.035 0.036 100.1 103.9 99.6 105.6

7 44.5 42.6 41.7 41.2 0.043 0.041 0.039 0.039 155.1 168.5 149.6 152.1

8a 44.8 41.4 53.3 59.1 0.033 0.031 0.034

9 32.9 31.6 35.6 36.4 0.030 0.027 0.029 0.030 144.0 113.2 137.9 151.2

10 33.0 33.5 37.2 0.026 0.025 0.025 139.4 123.3 111.2

12 63.4 67.8 70.4 67.6 0.042 0.040 0.039 0.039 229.2 201.7

16a 50.7 51.1 53.2 0.034 0.033

11b 17.7 24.7 0.022 0.024 62.3 89.1

Mean 41.9 43.4 44.4 45.3 0.035 0.035 0.035 0.034 130.8 130.8 132.4 130.4

SDi 9.5 10.8 11.8 11.5 0.005 0.005 0.004 0.004 22.6 30.3 17.0 18.1

SDw 3.0 2.0 0.002 0.001 11.7 7.7

SDb 3.1 0.002 10.3

a15O-oxygen scan failed on the mMR scanner due to technical reasons. bCerebral vascular disease patient. Mean and SD are assessed excluding the

patient. For each hemodynamic parameter, Mean, SDi, SDw, and SDb were only estimated for the set of subjects that had within scanner test–retest

data on both scanners. SDi: inter-subject standard deviation; SDw: within-scanner, intra-subject standard deviation; SDb: between-scanner, intra-subject

standard deviation.
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scanner is used. This is consistent with our expectation
due to the reduced registration errors and higher signal-
to-noise ratio for a more modern PET scanner. The
within scanner reproducibility also appears to be
better when IDAIF approach is used in general. This
may reflect the uncertainty in the arterial sampling
approach.

It is noted that the inter-subject variation in whole
brain rCBV was greater using the IDAIF approach
while the same trend was not observed for rCBF and
rCMRO2. We attribute this observation as a conse-
quence of the less reliable registration between
15O-CO images to the anatomical MR due to the lack

of spatial contrast other than the vasculatures. As we
mentioned earlier, registration uncertainty will lead to
variability in AIF estimation and the associated physio-
logical parameters. On the other hand, within scanner
reproducibility remains good for rCBV due to the fact
that within modality registration is robust for 15O-CO
images, and in our implementation, within modality
registration is performed before each modality
is aligned to the anatomical reference, i.e. the
MPRAGE data. In this study, substantial inter-subject
variability is observed for rCBF and rCMRO2, while
the test–retest reproducibility is high. It should be noted
however the observed inter-subject variability is in line

Figure 4. Example hemodynamic parametric images from a normal control (NC, #7) participants (top two rows) and a cerebral

vascular disease patient (CVD, #11) (bottom two rows). Also included were the T1-weighted MR images and the TOF-MRA data at

the level of internal carotid artery. It can be observed that the left internal carotid artery was occluded for the CVD patient, and in

addition to the overall reduction in CBF and CMRO2, asymmetry can be observed in the CVD patient, whose left hemisphere had

lower CBF and CMRO2, and higher CBV. The parametric images obtained on the mMR scanner had better signal to noise ratio.
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with previous studies by our group44 as well as by
others.19 The contrast of large inter-individual variabil-
ity versus small between scan variations may be attrib-
utable to natural variability of these parameters among
individuals and the fact that these parameters may be
stable over a short period of time but could vary over
longer intervals. By study design, we did not record a
comprehensive battery of physiological parameters as
some previous studies19 did and partly due to the diffi-
culty we encountered in obtaining arterial access.
Therefore, we could not test the hypothesis that the
inter-subject variability in hemodynamic parameters is
a consequence of the variability in physiological states
of the participants.

Our choice of a PET/MR hybrid scanner as the
target platform for 15O-PET imaging was motivated
by several factors. In addition to the better sensitivity
and signal to noise ratio provided by a modern PET
system, the simultaneous PET and MR acquisition
capability allows substantial reduction in total study
time for complex imaging protocols involving both
modalities. The simultaneous acquisition also allows
improved spatial alignment between the structural
information provided by MR and the physiological
information derived from the PET. This is especially
important since our IDAIF technique relies on the
coherent analysis of PET and MR data and is sensitive
to any mismatches between the two modalities as we
have discussed before.17 As a new generation of PET
imaging technology, however, one of the major con-
cerns for using PET/MR in quantitative studies is the
attenuation correction, especially for neuroimaging.
In this aspect, we30 and others48,49 have demonstrated
that current MR-based attenuation correction can
lead to spatially varying biases of as much as 20% in
reconstructed PET images. Because of this concern,
instead of using MR-based attenuation correction
provided by the scanner, the measured attenuation
map acquired in the HRþ arm of the study was used
in an offline reconstruction procedure. Lack of bone
information in the MR-based attenuation map is a
particular issue for our IDAIF technique, because
we derive AIF from the internal carotid arteries, part
of which goes through bones. Not accounting for bone
attenuation, the AIF can be under estimated and
hence leads to over estimation of physiological param-
eters. A suboptimal attenuation map may also affect
the quantitative accuracy through its impact to scatter
correction. In several ongoing studies, we are acquir-
ing a separate CT scan for attenuation purposes to
address this issue. A recent study demonstrated that
using CT-based attenuation map, emission data
acquired on a PET/MR system can be reconstructed
to minimize the quantitative difference from scans per-
formed natively on a PET/CT scanner.50 It is worth

noting that, in this study, the benefit of using a correct
attenuation map might be negatively impacted by the
potential registration error between the separately
acquired attenuation map and emission data. More
advanced techniques that derive bone information
from MR are also under investigation and hold great
potential to resolve this issue.51,52

In summary, we developed and validated an image-
derived AIF technique in the context of quantitative
15O-PET imaging, and demonstrated the proposed
technique was able to generate brain hemodynamic
parameter measurements in strong agreement with the
traditional arterial sampling based approach. We fur-
ther demonstrated quantitative 15O-PET imaging can
be successfully implemented on a PET/MR hybrid
scanner. In fact, although technical challenges remains,
PET/MR may be an ideal platform to realize the full
quantitative potential of PET imaging.
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