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Abstract
Prostate perfusion has the potential to be an important pathophysiological marker for monitoring
disease progression or assessing therapeutic response of prostate cancer. The feasibility of arterial
spin labeling (ASL), an MRI approach for measuring perfusion without an exogenous contrast
agent, is demonstrated in the prostate for the first time. While various ASL methods have been
previously demonstrated in highly perfused organs such as the brain and kidneys, the prospect of
obtaining such measurements in the prostate is challenging due to relatively low blood flow, long
transit times, susceptibility induced image distortion and local motion. However, despite these
challenges, this study demonstrates that with a whole body transmit coil and external receiver
array, global prostate perfusion can be measured with ASL at 3T. In five healthy subjects with a
mean age of 44 years, the mean total prostate blood flow (PBF) was measured to be 25.8 ± 7.1
mL/100 cm3/min, with an estimated bolus duration and arterial transit time of 884 ± 209 ms and
721 ± 131 ms, respectively.
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INTRODUCTION
Prostate cancer is the most common malignancy and the second leading cause of death for
men in the United States (1). Early tumor growth is strongly associated with angiogenesis
(2), a key pathophysiological characteristic associated with tumor grade and metastatic
potential (3,4). Angiogenesis results in the development of vessels and elevated blood
supply to support tumor growth. Therefore, to the ability to measure prostate blood flow
(PBF) has the potential to improve early diagnosis (5), assess disease aggressiveness and
monitor disease progression. Meanwhile, a wide variety of antiangiogenic drugs have been
developed and used as treatment options for prostate cancer (6–8). These drugs can suppress
tumor angiogenesis or destroy tumor vasculature, resulting in decreased blood flow. PBF
may be an important biomarker for monitoring the efficacy of these and other therapeutic
interventions (9).

There are several imaging techniques available for determining prostate perfusion
including 15O-PET (positron emission tomography) (5), dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) (10,11) and arterial spin labeling (ASL).
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Compared to other perfusion imaging modalities, ASL (12–14) is non-invasive as it does not
require the use of an exogenous contrast agent, making it a potentially useful tool in the
longitudinal monitoring of tumor progression or treatment (9). Previous applications of ASL
in the study of cancer have shown successful use in evaluating tumor angiogenesis and
assessing grade in both the brain and highly perfused peripheral organs (15–19).

The purpose of this study was to evaluate the feasibility of performing ASL prostate
perfusion imaging with a surface array receive coil at 3T. The main challenge of using ASL
in the prostate is intrinsically low signal to noise ratio which is exacerbated by the relatively
slow blood flow to the prostate from multiple feeding vessels (20). To our knowledge, this is
the first demonstration of using ASL to study perfusion in the human prostate.

METHODS
Subject

Five healthy male adults, ages 44 ± 16 years (mean ± standard deviation), participated in an
institutional review board approved protocol, involving a multiple inversion ASL perfusion
study. Written informed consent was obtained from each participant.

MRI Scanner and FAIR Sequence
All studies were performed on a 3T Siemens TIM Trio, transmitting with the whole body
coil and receiving with combined surface array (two rows of 3 elements) anteriorly and the
spine array (two rows of 3 elements) posteriorly.

All perfusion studies used a modified spatially-confined FAIR sequence (21). The sequence
diagram and the location of the inversion and imaging slabs are illustrated in Figures 1a and
1b, respectively. In the labeling portion of the sequence, a weaker slice selective gradient
was used to invert a 230 mm slab, referred to as the spatially-confined inversion slab. In the
control portion of the sequence, a stronger slice selective gradient was applied for the
inversion of a 50 mm slab covering the imaging volume, referred to as the imaging section
inversion slab (Figure 1a). The inversion RF pulse for tagging was a hyperbolic secant pulse
with a duration of 15.36 ms, amplitude of 22 µT and a labeling efficiency of 95%. The
gradient amplitude for a 100 mm inversion slab was 0.7 mT/m (22). In both labeling and
control acquisitions, one pre-inversion and two post-inversion saturations were performed
over the imaging section inversion slab to minimize the subtraction error due to a non-ideal
inversion profile. After a user-specified delay time (TI), images were acquired with an echo
planar imaging (EPI) readout with a real-time prospective motion correction technique to
reduce large bulk subject motion effects (23).

ASL Prostate Perfusion Study
The blood supply for the prostate originates primarily from four arteries: inferior vesical,
middle rectal, internal pudental and inferior gluteal arteries, all of which are the branches of
internal iliac artery (20). Therefore, the labeling site for ASL imaging is the superior/
posterior region of the prostate (Figure 1b). Imaging slices were consistently positioned
perpendicular to the rectal wall for all subjects with the most superior slice covering the base
of the prostate.

After a multi-planar scout imaging series and before the multi-inversion ASL perfusion
imaging, anatomic T2-weighted images were acquired in the axial, sagittal and coronal
planes using a turbo spin echo (TSE) acquisition to assist ASL positioning (TR/TE =
6000/11 ms, resolution = 0.86 × 0.86 × 3 mm3, flip angle = 140°).
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The multiple inversion perfusion studies consisted of five different inversion times: 0.7, 1.0,
1.3, 1.6, and 2.0 s, the order of which was randomized for each subject. Imaging parameters
for the ASL acquisition included: TR/TE = 3000/9 ms, FOV = 220 × 220 mm2, matrix size
= 64 × 64, in-plane imaging resolution = 3.44 × 3.44 mm2, slice thickness/gap = 5.0/1.0 mm,
number of slices = 5, phase oversampling = 10% with A-P direction, acquisition order =
descending, GRAPPA iPAT factor = 2 with 24 reference lines, partial Fourier = 7/8,
selective inversion slab = 50 mm and a spatially-confined inversion slab = 230 mm.
Volumetric, static B0 shimming was performed over the entire imaging slab. Proton density
images (M0) were also acquired by using the same EPI imaging parameters but with a longer
TR (8 s). For all ASL perfusion imaging studies, no intensity normalization correction was
performed to avoid changing background noise levels or imaging contrast which could
affect the following error analysis.

During each study, acquired imaging volumes were visually inspected in movie play mode
on the console of the scanner to observe how often local motion occurred in the prostate
region. To compensate the adverse effects of local motion on EPI image quality, more
volumes were acquired for each inversion time in subjects in which more frequent motion
was observed. Across subjects, the number of acquired EPI volumes for each inversion time
ranged from 240 to 300, resulting in acquisition times between 12 to 15 min.

At the end of the perfusion scans, anatomic T2-weighted images were acquired matching the
ASL perfusion imaging series in terms of slice thickness, position and orientation using a
TSE sequence (TR/TE = 2030/119 ms, resolution = 0.86 × 0.86 × 5 mm3, slice gap = 1 mm,
number of imaging slices = 5, flip angle = 120°). These anatomic images were used as the
reference for prostate ROI definition.

Imaging processing and Data Analysis
Post-processing of the ASL data was performed using SPM 2 (Functional Imaging
Laboratory, University College London) including both motion correction between volumes
and co-registration of the ASL data with the reference anatomic images. Iterative non-linear
least squares model fitting was performed in Matlab 7.1 (The MathWorks, Inc., Natick,
Massachusetts) for measured perfusion signals from the multiple inversion time experiment.

Image Pre-processing—All ASL imaging series were first evaluated for subject bulk
motion. Pairs of labeled and control images with sudden and/or large motions (>0.5 mm
translation and 0.5 degree rotation) were excluded from data analysis. For some imaging
series, there existed small but continuous translations and/or rotations throughout the
acquisition of a series, resulting in relatively large accumulated differences between images
at the beginning of the series and those at the end. Such imaging series were co-registered to
further minimize the effects of motion on the perfusion calculations. At last, a final visual
inspection was performed to remove those pairs of label/control images with obvious local
prostate motion. The number of discarded pairs of label/control images varied from subject
to subject, ranging from 8% to 15% of total label/control pairs. To be consistent, a total of
110 pairs of label/control images were used in the final analysis for all subjects by excluding
any extra volumes from the end of each time series.

Each ASL label-control image series was pair-wise subtracted to obtain a perfusion-
weighted imaging series which was further averaged across subtracted pairs of a given
inversion experiment to produce a mean perfusion weighted image.

Iterative Model-fitting—Iterative non-linear least squares model-fitting was performed in
MatLab 7.0 to fit the mean perfusion signal versus inversion time to a three-phase, single
blood compartment model (24):
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[1]

[2]

[3]

where ΔM(t) is the measured mean perfusion signal in specified ROIs surrounding the
prostate at inversion time t, Δt the transit time, τthe bolus duration, f prostate blood flow
(PBF), M0 the fully relaxed magnetization of the prostate tissue and T1b the longitudinal
relaxation time of the arterial blood which was assumed 1660 ms (25). By using a single
blood compartment model, the clearance of labeling blood bolus via venous outflow was not
considered.

To avoid the adverse effects of labeled blood signal from larger arteries and subtraction
errors due to small residual motion, trimmed mean ASL signals were used for ASL model
fitting, by excluding the 5% of voxels with the lowest values and the 5% with the highest
values for measured perfusion signals at each inversion time (26). Due to the fact that this
was a multi-slice acquisition, the slice dependent longitudinal decay of the perfusion signal
was compensated for prior to signal averaging and model fitting (27).

Measurement Error Analysis—Error propagation analysis was performed to evaluate
the measurement error due to random (white) noise (σrandom), or temporal (physiological)
noise (σtemporal) by using an approach previously presented in the literature (28):

[4]

[5]

where Erandom and Etemporal represent random an d temporal measurement errors
respectively, Nvoxel represents the total number of averaged voxels, NPWI the number of
averaged perfusion weighted images, τ the assumed temporal bolus duration of labeled
blood, and TI the inversion time. The random noise σrandom was estimated from 50
background voxels and the temporal noise σtemporal was estimated by using the standard
deviation over time of the measured mean perfusion signals in the prostate.

Random and temporal errors were calculated and evaluated as the percentage of estimated
PBF for each subject by using measurements at delay times of 1.6 s with an assumed bolus
duration 0.8 s. The estimations of PBF using measurements from a single inversion time
used the following simplified single blood compartment model (29):

[6]

where ΔM represents the measured ASL difference signal between labeling and control
images in specified ROIs at inversion time TI, and the other parameters are as defined in
equation 1–5.

Data Analysis—The distortion of the EPI ASL images induced by residual B0
inhomogeneity can result in poor co-registration with the T2-weighted images. Therefore,
the regions of interests (ROIs) were manually drawn using the proton density images
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acquired with the same EPI readout while using the T2-weighted images as a reference. The
manually drawn ROIs were defined conservatively to ensure that they were within the
prostate, covering both peripheral and central zones. Mean perfusion signals within these
defined ROIs were obtained for each subject.

RESULTS
Perfusion results from one subject are presented in Figures 2a and 2b. The perfusion-
weighted imaging maps of a single slice near the center of the prostate are displayed for the
other four subjects in Figure 3. The group mean ASL signal changes with inversion time are
shown in Figure 4a after compensating for relaxation decay, and the estimated arterial transit
time and temporal bolus width are presented in Figure 4b.

The mean PBF estimated by using a single inversion time measurement of 1.6 s was 25.8 ±
7.1 mL/100 cm3/min (mean±standard deviation). For each subject, estimated measurement
errors due to random and temporal noise, as well as subject age and prostate volume, are
presented in Table 1. The estimated measurement errors due to random/thermal noise are
quite small, less than 10% for all subjects. In contrast, temporal/physiological errors are
much higher than random errors, and can be as high as 36.6% of the estimated PBF.
Therefore the major source of measurement error arises from the temporal and not random
sources.

DISCUSSION
For the first time, the feasibility of measuring prostate perfusion using ASL has been
demonstrated. The measured signal changes with inversion time reflected the inflow of
labeled blood into prostate tissue where an initial signal increase with increasing inversion
time was followed by signal decreases at later inversion times. As an important index of
tissue viability, tissue perfusion has the potential assist in the diagnosis and prognosis of
prostate cancer. As a non-invasive and non-radioactive approach, ASL is suitable for the
longitudinal monitoring of vascular/perfusion changes associated with disease progression
or therapeutic response.

Based on the fact that the longitudinal relaxation time of prostate tissue (1597±42 ms) (30)
is very close to that of arterial blood (25), a single blood compartment model was selected
for both iterative nonlinear least squares model fitting of the multi-inversion data and PBF
quantification using a single inversion time measurement. To improve the results obtained
with this model, several sequence timing parameters were also optimized. The effect of T2*
on PBF quantification was minimized by using both parallel imaging and partial Fourier to
reduce the TE to as short as 9 ms (31). Meanwhile, to ensure that there was sufficient
refreshment of the fast inflowing blood in big upstream arteries within the labeling region, a
TR of 3 s was used. It should be noted that arterial transit times can be shortened due to
tumor angiogenesis (11), and may change during longitudinal monitoring of therapy. When
using the FAIR technique in prostate cancer studies, these potential variations in transit time
should be considered to avoid either overestimation or underestimation of prostate blood
flow.

The results of this study indicate that compared to the brain or other organs, such as the
kidney, blood flow in the prostate is quite low, and transit times are considerably longer.
Despite these challenges, estimates of overall prostate blood flow determined with ASL are
comparable with those in the literature when using either contrast enhanced MRI (23 ± 21
mL/100 cm3/min (11) and 32 ± 36 mL/100 cm3/min (10)) or 15O-PET (15.7 ± 7.5 mL/100
cm3/min (5)).
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Although prostate perfusion quantification is not the major focus of this paper, the
performed studies provide valuable information that can guide the selection/optimization of
ASL parameters for future quantification studies. To simplify PBF quantification and
improve quantification accuracy, a single-subtraction quantification method, such as
Q2TIPS (32), could be applied in the future. Based on the estimated arterial transit time and
temporal bolus width determined in this study, the Q2TIPS method could be employed using
a labeling time of approximately 0.7 s and a relatively long post-bolus delay time of 0.8 s.
Without considering limitations in SNR, an even longer post-bolus delay time would be
preferred to avoid intravascular artifacts. To further improve quantification, a prostate
specific tissue-blood partition coefficient could be measured and used as well in future
studies. In its absence, the fully relaxed magnetization of the prostate was used for
quantification in this study.

Our initial experience of performing ASL studies to measure prostate perfusion indicates
that it is challenging to get high quality and reliable results not only because of low
perfusion and long transit times, but also because of the following issues: 1) surface arrays,
such as those used in this study, have low SNR in the prostate; 2) variable susceptibility near
the rectal wall due to the presence of gas results in geometric distortions and signal loss even
when parallel imaging and short echo times have been used; and 3) local prostate/rectal
motion, which can generate substantial subtraction errors, results in large temporal
measurement errors. In the current study, to address the issue of motion, increasing numbers
of volumes were acquired in the presence of greater prostate motion to provide a sufficient
number of volumes for averaging after rejection. The need to discard data reduces the
chances that sufficient averages could be obtained to significantly increase the SNR beyond
that presented with the current methods and coils. Therefore, it is unlikely that data suitable
for sub-region analysis of the prostate, necessary for quantifying anything other than global
prostate perfusion, could be obtained unless modifications to the methods are implemented.

Some of the challenges detailed above may be addressed by using an endorectal coil (ERC)
which has significantly higher SNR than surface arrays, potentially decreases local prostate
motion and, when inflated with susceptibility matching fluids, reduces B0 induced
distortions (33,34). The increased SNR may also make it possible to obtain sub-region
measures of perfusion. A potential disadvantage of the ERC coil is that the inhomogeneous
sensitivity profile may result in increased temporal errors induced by residual local motion.

Improvements in the acquisition and post-processing methods may also benefit prostate ASL
perfusion studies. The use of other imaging readout methods, such as true fast imaging with
steady state precession (TrueFISP) and turbo spin echo (TSE), and the application of non-
rigid co-registration in post-imaging processing can also help improve imaging quality and
therefore the reliability of PBF quantification. All of these options are currently under
investigation.

This study shows a relatively large inter-subject variability in the estimated arterial transit
time, temporal bolus, PBF and measurement errors. In addition to the relatively low SNR of
these acquisitions, the variability could result from the large range of subject ages, subject-
dependent local motion, and possibly from variations in subject-dependent vascular
geometry (20). For example, considerably lower prostate perfusion was obtained for one
subject exhibiting only modest motion between volumes during the perfusion acquisition.
The low perfusion in this case may, primarily, be a result of subject-dependent vascular
geometry, the influence of which requires further study.
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CONCLUSION
The preliminary data in this study indicates that prostate perfusion can be measured with
ASL; however, further technical developments and studies are required to improve imaging
quality and reduce the sources of variability in the determined PBF before ASL prostate
perfusion imaging method can be applied clinically.
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Abbreviations used

ASL arterial spin labeling

PBF prostate blood flow

FAIR flow-sensitive alternating inversion recovery

Q2TIPS QUIPSS II with thin-slice TI1 periodic saturation

EPI echo planar imaging

ROI region of interest

SNR signal-to-noise ratio

DCE dynamic contrast enhanced

TSE turbo spin echo

TrueFISP true fast imaging with steady state precession

ERC endorectal coil

PET positron emission tomography
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Figure 1.
(a) ASL sequence diagram for labeling and control imaging acquisition, (b) the spatial
definition and planning of slabs used for spatially-confined inversion, imaging section
inversion, and imaging. The stronger gradient for the imaging section inversion (control)
and the weaker gradient for the spatially-confined inversion (labeling) are superposed on the
sequence diagram. The arrangement of the slabs relative to feeding arteries in the superior
region of the prostate is overlaid on the anatomic T2-weighted image. The four major
arteries supplying blood to the prostate are indicated by asterisks (*). The ‘a.’ in (b) is an
abbreviation for artery.
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Figure 2.
Prostate perfusion imaging results from one subject: (a) proton density images with overlaid
ROIs (top row) and perfusion-weighted imaging maps acquired at different delay times from
one subject; (b) a plot of ASL signal changes as a function of delay time and the
corresponding model fitting curve.
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Figure 3.
Proton density images and perfusion-weighted imaging maps of a single slice near the center
of the prostate for the other four subjects included in this study.
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Figure 4.
Results from multiple inversion perfusion studies for all five subjects: (a) measured ASL
signals as a function of inversion time after compensating for longitudinal relaxation; (b)
mean and standard deviation of estimated arterial transit time and temporal bolus duration.
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